PROCEEDINGS
RFBR and DST Sponsored
“The 2-nd Russian-Indian Joint Workshop
on Computational Intelligence and Modern Heuristics in
Automation and Robotics”
10 – 13 September, 2011

Coordinators
Prof. Vadim A. Zhmud
Prof. R. Venkata Rao
Orginized by

Department of Automation
Novosibirsk State Technical University
Novosibirsk, Russia

Department of Mechanical
Engineering
S.V. National Institute of Technology
Surat, Gujarat State, India

Novosibirsk, Russia

Proceedings of the RFBR and DST Sponsored “The 2-nd Russian-Indian Joint Workshop on
Computational Intelligence and Modern Heuristics in Automation and Robotics” 10 – 13
September, 2011
Edited by Prof. Vadim A. Zhmud (NSTU, Novosibirsk, Russia) and Dr. Ravipudi V. Rao
(S. V. National Institute of Technology, Surat, India)

ISBN 978-5-7782-0810-0
© Novosibirsk state technical university, 2011
© S. V. National Institute of Technology, 2011
Printed in printing house of NSTU: 630092, Novosibirsk, prosp. K. Marksa, 20, Russia

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

2

Information about editors

Vadim Zhmud is head of the department of
Automation in NSTU, professor, doctor of technical
sciences. He is the author of 150 science papers
including 10 patents and 6 schoolbooks. The science
interests and competence field is automation theory,
electronics, program systems, laser systems,
optimization.

Dr. R. V. Rao is working as a Professor at S. V.
National Institute of Technology, Surat. His research
interests include advanced manufacturing technology,
CAD/CAM/Robotics, non-traditional optimization
techniques, and fuzzy multiple attribute decision
making. He has authored more than 200 research
papers in various national and international journals
and conference proceedings.
E-mail: ravipudirao@gmail.com

E-mail: oao_nips@bk.ru

PREFACE
Last year the Indo-Russian Joint Workshop on “Computational Intelligence and Modern Heuristics
in Automation and Robotics (CIMHAR-2010)” was held at S.V. National Institute of Technology
(SVNIT), Surat, India during September 20-22, 2010. This year the Second Indo-Russian Joint
Workshop “CIMHAR-2011” is planned to be held in Russia, Novosibirsk, at the premises of
Novosibirsk State Technical University during September 10-13, 2011.
We are happy to present the Proceedings of the “CIMHAR-2011”. The opportunity to discuss
the results is possible due to the support of the Russian Foundation of Basic Research (RFBR), Russia
and the International Division of the Department of Science and Technology (DST), India and we are
extremely thankful to these funding agencies.
Our website is http://ac.cs.nstu.ru/conf/CIMHAR/en/. The information about “CIMHAR2010” is present at the website: http://robotics.youngester.com/2010/07/free-entryindo-russian-jointworkshop.html .
The website of S.V. National Institute of Technology is http://www.svnit.ac.in/ .
The website of Novosibirsk State Technical University is http://www.nstu.ru/en/ .
The website of Russian Foundation for Basic Research is http://www.rfbr.ru/rffi/ru/ .
The website of Department of Science and Technology is http://www.dst.gov.in/ .
We hope that the brain storming and fruitful discussions among the participating researchers
on particular topics during the workshop will lead to mutual advancement of research through the
transfer of knowledge and expertise. We also hope that there will be the opportunity to continue the
series of Joint Workshops “CIMHAR” and look forward for “CIMHAR-2012” in 2012.
With the best wishes

Dr. R. V. Rao

Dr. V.A. Zhmud
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Rector’s message
Dear colleagues!
It gives me great pleasure to welcome all the
participants of the 2nd
Joint Workshop on
"Computational Intelligence and Modern Heuristics in
Automation and Robotics" in Novosibirsk State
technical University (NSTU). The collaboration between
NSTU and Sardar Vallabhbhai National Institute of
Technology (SVNIT) is becoming closer and important
for the further development of engineering science.
We have a great opportunity to get familiar with the
scientific results of each side in information, computer
technologies, automation and other fields.
The organizer of the conference from the Russian
side, the Faculty of Automation and Computer
Engineering is leading in combining higher education
with scientific researches and innovations bringing
closer research knowledge into successful application
and commercialization. Faculty members at the
Departments of Automation, Computer Engineering,
Automatic Control System, Data Acquisition and Processing Systems, Net Information Technologies
and Information Protection, having professional and academic qualifications, focus on applying their
scientific knowledge and experience in teaching and research to qualifying new generations of talented
specialists.
Our University has a great experience in international cooperation with many other local and
international educational and research institutions and companies, therefore, we are very glad to host
the “CIMHAR-2011” in our University for the best exchange of the newest knowledge, experience
and scientific results.
I wish all the participants of the “CIMHAR-2011” a successful and fruitful work!

Best wishes,
Rector of Novosibirsk State Technical University,
Professor, D.Sc. (Eng)

Nikolay Pustovoy
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Vice-Rector’s message
Dear friends!
I am very happy that Novosibirsk State
Technical University together with Sardar
Vallabhbhai National Institute of Technology
(SVNIT) (Surat, India) are organizing a fourdays Russian- Indian Joint Workshop on
"Computational Intelligence and Modern
Heuristics in Automation and Robotics"
(“CIMHAR-2011”) in Novosibirsk.
Our University is one of the most
significant technical universities in Russia. Its
scientific potential and developments in the
field of information technologies, mechanics,
new materials, aircraft construction, power
engineering and nanotechnology are widely
known.
International cooperation is a necessary
part of the successful development of higher
education, science and research for our
University in conditions of globalization.
The importance of Automation increases
every year. New methods and algorithms for
control of complex and sophisticated objects
develop fast but the need for them grows
faster. Therefore, cooperation in this field is
urgent, and the joint workshop is an efficient
step in this direction.
Moreover, I am sure that after the successful organization of the two workshops we can start
solving some other important tasks that would contribute to further development and strengthening
relations between our institutions and countries. That is, for example, organization of joint summer
and winter schools for graduate, postgraduate students and young specialists; double diploma
educational programs in English.
I wish all the participants of the “CIMHAR-2011” a successful work and enjoy their stay in
Russia.

Best regards,
Vice-Rector for International Relations
Novosibirsk State Technical University,
Professor, D.Sc (Eng)

Evgeny Tsoy
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Session-1
Intelligent Systems and Control
Optimization of the regulators
Adaptive regulators
Modern Heuristics
Artificial Intelligence
Data Mining in automation and
industrial applications
Neural / Fuzzy / Evolutionary
approaches in automation
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Industrial Robot Selection Using a Fuzzy
Multiple Attribute Decision Making
Method
R.Venkata Rao
S.V. National Institute of Technology
Abstract: This paper presents a fuzzy multiple
attribute decision making method for selection of an
industrial robot. The method offers a general
procedure that can consider any number of robot
selection attributes and the alternatives.
Keywords: Robot selection; Multiple attribute decision
making; Fuzzy logic.

I.INTRODUCTION
Robots with vastly different capabilities and
specifications are available for a wide range of
applications. The selection of robots to suit a
particular application and production environment
from among the large number available in the
market has become a difficult task. The selection
problem is particularly relevant in view of the likely
lack of experience of prospective users in
employing a robot. Indeed, robots are still a novel
concept in industry as a whole and so it is not
unusual for an industry to be a first-time robot
purchaser. Many methods for robot selection have
been developed to date. Agrawal et al. [1]
employed the TOPSIS method for robot selection.
However, the authors had not considered the
subjective attributes. Liang and Wang [2] proposed
a robot selection algorithm by combing the
concepts of fuzzy set theory and hierarchical
structure analysis. Khouja [3] presented a twophase robot selection model that involved the
application of data envelopment analysis (DEA) in
the first phase and a multiple attribute decision
making model in the second phase. Goh [4]
employed the analytic hierarchy process (AHP)
method for robot selection. Parkan and Wu [5]
presented decision-making and performance
measurement models with applications to robot
selection. Particular emphasis was placed on a
performance measurement procedure called
operational competitiveness rating (OCRA) and
TOPSIS. However, the models had not considered
the subjective attributes and no explanation was
given on how to assign the weightings to different
robot selection attributes.
Braglia and Petroni [6] carried out investment
evaluation using DEA for robot selection. Chu and

Lin [7] pointed out the limitations of the Liang and
Wang [2] method and proposed a fuzzy TOPSIS
method for robot selection. However, the authors
had converted the available objective values of the
robot selection attributes into fuzzy values, which
violates the basic rule of fuzzy logic. Bhangale et
al. [8] listed a large number of robot selection
attributes and ranked the robots using TOPSIS and
graphical methods, comparing the rankings given
by these methods. However, the weights assigned
by the authors to the attributes were not consistent.
Karsak and Ahiska [9] introduced a practical
common weight MCDM methodology using the
DEA method with an improved discriminating
power for technology selection. Rao and
Padmanabhan [10] proposed a methodology based
on digraph and matrix methods for evaluation of
alternative industrial robots. However, the digraph
and matrix approach may become complex if the
number of attributes increases.
Recently Rao et al. [11] proposed a novel
multiple attribute decision making method and
keeping in view of the above research works on
industrial robot selection, the novel decision
making method proposed in this work is now
attempted for the purpose of robot selection. The
example problem considered by Rao and
Padmanabhan [10] is considered and various steps
of the proposed novel methodology are carried out
as explained below.
Step-1:
In the present work, the alternatives and the
attributes considered are same as of Rao and
Padmanabhan [10]. The attributes are: purchase
cost (PC), load capacity (LC), repeatability error
(R), man-machine interface (MI), programming
flexibility (PF) and vendor's service contract (SC).
The quantitative information of PC, LC and R and
qualitative information of MI, PF and SC is shown
in Table 1. The qualitative attributes (i.e. MI, PF
and SC) are represented on a fuzzy conversion scale
as explained in Appendix-A (Table A-1).
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These representing values are shown in
parentheses in Table 1. LC, MI, PF and SC are
beneficial attributes PC and R are non-beneficial
attributes. The values of these attributes for
different robots are normalized using Eq. (4.2) and
are given in Table 2 in the respective columns.

weights of the attributes are computed using Eq.
(4.3) as given below.
wPCo = 0.0171; wLCo = 0.0512; wRo = 0.4162;
wMIo = 0.0955; wPFo = 0.0727; and wSCo = 0.3473.
Step-2.2: Rao and Padmanabhan [10] used AHP
for assigning the subjective weights. To make a
comparison of the results of the proposed novel
method with that proposed by Rao and
Padmanabhan (2006), the same subjective weights
are considered in this work and these are: wPCs =
0.1830; wLCs = 0.1009; wRs = 0.3833; wMIs =
0.0555; wPFs = 0.1027; and wSCs = 0.1745.

Step-2:
Step-2.1: Based on the variance values of the 6
attributes computed using Eq. (4.2), the objective

Table 1 Data of robot selection attributes [10]

Alternative

Purchase Load
Repeatability Man-machine Programming Service
cost
capacity error
interface
flexibility
contract
($ x 1000) (kg)
(mm)

Robot 1

70

45

0.16

Robot 2

68

45

0.17

Robot 3

73

50

0.12

AA
(0.5909)
AA
(0.5909)
H
(0.6818)

H
(0.6818)
VH
(0.7727)
H
(0.6818)

VH
(0.7727)
AA
(0.5909)
AA
(0.5909)

AA: above average; H: high; VH: very high;
Table 2 Normalized data of the robot selection attributes

Alternative
cost

Purchase Load
capacity error

Robot 1
Robot 2
Robot 3

0.3318
0.3223
0.3460

Repeatability Man-machine Programming Service
interface
flexibility
contract

0.3214
0.3214
0.3571

0.3556
0.3778
0.2667

0.3171
0.3171
0.3659

Step-2.3: The integrated weights of importance
of the attributes are computed using Eq. (4.4) for
different weightages given to the objective and
subjective weights of the attributes.

0.3191
0.3617
0.3191

0.3953
0.3023
0.3023

the attributes, the preference index of alternative
robot 1 is computed as given below.
P1=0.1830*(68/70)+0.1009*(45/50)+0.3833*(0.12/
0.16)+0.0555*
(0.5909/0.6818)+0.1027*(0.6818/0.7727)+0.
1745*(0.7727/0.7727)=0.8693.

Step-3:
The preference index values are computed for
different alternatives using Eqs. (4.5) to (4.7) For
example, using subjective weights of importance of
Table 3 Rankings of alternative robots

Robot

Robot 1
Robot 2
Robot 3
Step-4:

Rao and
Padmanabhan
[10]
2
3
1

WS=0
WO=1
2
3
1

Proposed decision making method
WS=0.2 WS=0.4 WS=0.5 WS=0.6 WS=0.8
WO=0.8 WO=0.6
WO=0.5 WO=0.4 WO=0.2
2
3
1

2
3
1

2
3
1

2
3
1

2
3
1

WS=1
WO=0
2
3
1

The 3 alternative robots are ranked based on the
computed values of the preference index and the
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ranks are given in Table 3. From the results given
in Table 3, it can be understood that the usage of
only objective weights of the attributes (i.e., WO=1
and WS=0) leads to robots 3, 1 and 2 as the first,
second and third choices respectively. Usage of
only subjective weights of the attributes (i.e., WO=0
and WS=1) also lead to the same choices. Usage of
integrated weights for different weightages of WO
and WS also suggest the same choices in this
considered example.
It may be observed that Rao and Padmanabhan
[10] used only the subjective weights obtained by
using AHP and the ranking order of alternative
robots obtained by them was: 3-1-2. The rankings
proposed by the novel method match exactly with
the ranks proposed by Rao and Padmanabhan [10].
However, the digraph and matrix methods
proposed by Rao and Padmanabhan [10] may
become complex because of the computation of the
permanent function of the matrix if the number of
attributes increases. Furthermore, the scale used by
them for quantifying the qualitative attributes is not
based on a fuzzy conversion scale. The novel
decision making method proposed in this work
doesn’t have these shortcomings.
V. ACKNOWLEDGEMENT
The authors are thankful to the International
Division, Department of Science & Technology
(DST), India, and Russian Foundation of Basic
Researches (RFBR) for giving the opportunity to
discuss the research work through Russian-Indian
Joint Workshop held at Novosibirsk State
Technical University, Novosibirsk, Russia.
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APPENDIX-A
Converting Fuzzy Numbers to Crisp Scores
The method uses a fuzzy scoring approach that is a
modification of the fuzzy ranking approaches. This approach is
based on the work of Chen and Hwang (1992). The crisp score
of a fuzzy number ‘M’ is obtained as follows:
x, 0 ≤ x ≤ 1
µ max (x) =

µ min (x) =

0, otherwise (A-1)
1 - x, 0 ≤ x ≤ 1

0, otherwise (A-2)
The fuzzy max and fuzzy min of fuzzy numbers are defined
in a manner such that absolute locations of fuzzy numbers can
be automatically incorporated in the comparison cases. The left
score of each fuzzy number ‘Mi’ is defined as
(A-3)
µ L(Mi) = Sup[µ min(x) ^ µ Mi(x)]
x
The µ L(Mi) score is a unique, crisp, real number in (0, 1). It
is the maximum membership value of the intersection of fuzzy
number Mi and the fuzzy min. The right score may be obtained
in a similar manner:
(A-4)
µ R(Mi) = Sup[µ max(x) ^ µ Mi(x)]
x
Again, µ R(Mi) is a crisp number [0,1]. Given the left and
right scores, the total score of a fuzzy number Mi is defined as:
µ T (Mi) = [µ R (Mi) + 1 - µ L (Mi)] / 2
(A-5)
Now, an 11-point scale is considered is developed for the
conversion of fuzzy numbers into crisp scores. The eleven
fuzzy/linguistic terms and the corresponding fuzzy numbers are
shown in Table A-1.
Table A-1 Linguistic terms and corresponding fuzzy
numbers
Linguistic term
Fuzzy
number
Exceptionally low
Extremely low
Very low
Low
Below average
Average
Above average
High
Very high
Extremely high
Exceptionally high

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11

The maximizing and minimizing sets are defined as Eqs.
(A-1) and (A-2). From Figure 2.1, membership functions of M1,
M2, M3, M4, M5, M6, M7, M8, M9, M10 and M11 are written as:
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M1(x) =

1, x = 0
(0.1 - x) / (0.1), 0 ≤ x ≤ 0.1

M2(x) =

(0.8 - x) / (0.1), 0.7 ≤ x ≤ 0.8

(x - 0) / (0.1), 0 ≤ x ≤ 0.1

(0.9 - x) / (0.1), 0.8 ≤ x ≤ 0.9

(x - 0.1) / (0.1), 0.1 ≤ x ≤ 0.2

(x - 0.8) / (0.1), 0.8 ≤ x ≤ 0.9

M10(x) =

(0.3 - x) / (0.1), 0.2 ≤ x ≤ 0.3
M4(x) =

(x - 0.7) / (0.1), 0.7 ≤ x ≤ 0.8

M9(x) =

(0.2 - x) / (0.1), 0.1 ≤ x ≤ 0.2
M3(x) =

(x - 0.6) / (0.1), 0.6 ≤ x ≤ 0.7

M8(x) =

(1 - x) / (0.1), 0.9 ≤ x ≤ 1

(x - 0.2) / (0.1), 0.2 ≤ x ≤ 0.3

(x - 0.9) / (0.1), 0.9 ≤ x ≤ 1

M11(x) =

(0.4 - x) / (0.1), 0.3 ≤ x ≤ 0.4

1, x = 1
M5(x) =

(x - 0.3) / (0.1), 0.3 ≤ x ≤ 0.4
The right, left and total scores are computed as follows for
(0.5 - x) / (0.1), 0.4 ≤ x ≤ 0.5

M6(x) =

M 1:
µ R(M1) = Sup[µ max(x) ^ µ Mi(x)] = 0.0909
x
µ L(M1) = Sup[µ min(x) ^ µ Mi(x)] = 1
x
µ T (Mi) = [µ R (Mi) + 1 - µ L (Mi)] / 2 = 0.0455

(x - 0.4) / (0.1), 0.4 ≤ x ≤ 0.5
(0.6 - x) / (0.1), 0.5 ≤ x ≤ 0.6

M7(x) =

(x - 0.5) / (0.1), 0.5 ≤ x ≤ 0.6

Similarly, the right, left and total scores are computed for other
10 fuzzy numbers are as follows:

(0.7 - x) / (0.1), 0.6 ≤ x ≤ 0.7
Table A-2 Left, right and total scores for the 11-point scale
i
Linguistic term
Fuzzy number

µ R(Mi)

µ L(Mi)

µ T(Mi)

1

Exceptionally low

M1

0.0909

1.0000

0.0455

2

Extremely low

M2

0.1818

0.9091

0.1364

3

Very low

M3

0.2727

0.8182

0.2273

4

Low

M4

0.3636

0.7273

0.3182

5

Below average

M5

0.4545

0.6364

0.4091

6

Average

M6

0.5455

0.5455

0.5000

7

Above average

M7

0.6364

0.4545

0.5909

8

High

M8

0.7273

0.3636

0.6818

9

Very high

M9

0.8182

0.2727

0.7727

10

Extremely high

M10

0.9091

0.1818

0.8636

11

Exceptionally high

M11

1.0000

0.0909

0.9545

Dr. R. V. Rao is working as a
Professor at S. V. National Institute
of Technology, Surat. His research
interests
include
advanced
manufacturing
technology,
CAD/CAM/Robotics,
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Hence, the linguistic terms with their
corresponding crisp scores are given in Table A-2.
Instead of assigning arbitrary values for various
qualitative attributes, this fuzzy method reflects the
exact linguistic descriptions in terms of crisp
scores. Hence, it gives better approximation of
linguistic descriptions that are widely used.
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Parameters Optimization of Automatic
Submerged Arc Welding Process Using TLBO
Algorithm
R. Venkata Rao, V. D. Kalyankar
Department of Mechanical Engineering, S. V. National Institute of Technology
effect of the operator decreases and the precise
setting of parameters become much more important
than manual welding processes. In order to obtain
high quality welds in automated welding processes,
selection of optimum parameters should be
performed according to engineering facts.
Generally, welding parameters are determined by
trial and error, based on handbook values, and
manufacturers’ recommendations. However, this
selection may not yield optimal or in the vicinity of
optimal welding performance. Furthermore, it may
cause additional energy and material consumption
resulting in low quality welding [3].

Abstract: The importance
of
parameter
optimization of fully automatic submerged arc
welding process is discussed in this paper. The process
involves a number of parameters such as welding
current, voltage, welding speed and wire feed rate
which may affect the bead geometry, deposition rate,
cost and quality of components. Selection of optimum
welding parameters in this process is very important
to satisfy the objectives of the process. A newly
developed advanced algorithm known as teaching
learning based optimization algorithm is applied here
for the process parameter optimization of submerged
arc welding process. The example considered was
previously attempted by various optimization
algorithms. However, the results obtained by the
proposed new algorithm outperformed the previous
results and gives the better optimal parameter setting.
Comparison between the results gives the superiority
of the new algorithm in terms of better results and
computational time.
Keywords: TLBO,
submerged arc welding.

parameter

optimization,

I. INTRODUCTION
Submerged arc welding (SAW) is preferred
over other arc-welding processes such as MMAW,
GTAW, and GMAW due to its high deposition
rates, excellent surface finish and ease of
automation [1]. The process uses a flux to generate
protective gas and slag, and also helps to control the
composition of the deposited metal by providing
alloying elements to the weld pool. Prior to welding
a thin layer of flux powder is placed on the workpiece surface. The arc moves along the joint line
with the arc fully submerged in flux. As the arc is
completely covered by the flux layer, heat loss is
minimum. This provides a thermal efficiency as
high as 95% [2]. The block diagram of fully
automatic submerged arc welding machine is
shown in Figure 1.
During SAW process, operator cannot observe
the weld pool and not directly interfere with the
welding process. The arc is generated between a
continuously fed electrode and the base metal is
hidden under a granular flux blanket. As the
automation in the SAW process increases, direct

Figure 1. Block diagram of fully automatic
submerged arc welding machine [3].

Figure 2. Schematic representation of weld bed
geometry

In principle, weld bead geometry (weld bead
characteristic) is one of the major quality properties

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

15

however only two levels of parameter values were
used and the number of experiments conducted
were very less.
Gunaraj and Murugan [4] [5] have focused their
work on selection of the optimum combination of
input variables for achieving the required qualities
of weld using submerged arc welding process.
Response surface methodology was applied by
designing a four-factor five-level central composite
rotatable design matrix with full replication for
planning, conduction, execution and development
of mathematical models. The model developed at
the end is very useful to predict the weld bead
geometry for the proposed values of input variables,
to select an optimum combination of input variables
for the desired weld bead quality and to atomize the
submerged arc welding process.
Shan et al. [14] used submerged arc welding
process for cladding of a wear resistant Fe–Mn–Cr–
Mo–V alloy on AISI1045 material. Investigations
were carried out for microstructure and surface
hardness under different welding conditions. The
results showed that the retained austenite in the
cladding increases with the increased welding
current and reduced travel speed.
Serdar et al. [3] have carried out experimental
study of submerged arc welding. Three level
factorial designs was used by considering
changeable process parameters such as welding
current, welding voltage and welding speed as
design variables. The objective function was
formed by using width, height and penetration of
the weld bead. The study was focused on the
sensitivity analysis of parameters and fine tuning
requirements of the parameters for optimum weld
bead geometry.
Datta et al. [15] have used the Taguchi’s L25
orthogonal array design and the concept of signalto-noise ratio (S/N ratio) to derive objective
functions to be optimized within experimental
domain. However the parameters of bead geometry
viz. bead width, bead reinforcement, depth of
penetration and depth of HAZ were only considered
for experimentation. Various important parameters
of submerged arc welding like arc current, voltage,
welding speed etc. were totally neglected. Hence
the result obtained may not be valid. Later Datta et
al. [16] attempted a multi-objective optimization
problem of submerged arc welding considering the
concept of slag utilization, in subsequent runs, after
mixing it with fresh unmelted flux.
Prasad and Dwivedi [17] have investigated the
influence of the submerged arc welding process
parameters like welding current and welding speed
on the microstructure, hardness, and toughness of
Cr-Mo steel weld joints. Influence of welding
conditions on various properties of weld joint was
analyzed experimentally.

mainly due to its influence on energy and electrode
consumption. Therefore, it is important to study
stability of welding parameters to achieve high
quality welding. Fig. 2 shows the schematic
representation of weld bead geometry.
In the Past, various researchers focused their
research on various parameters of submerged arc
welding and observed that very few optimization
techniques were used to optimize the process
parameters.
Murugan et al. [6] have employed the five level
factorial techniques for response surface modeling.
Mathematical model was developed for predicting
weld-bead geometry within the optimal region of
control parameters for submerged arc welding.
However no optimization technique was used for
developing the mathematical model and also the
model is not validated.
Yang et al. [7] have carried out their
investigation to study the feasibility of using linear
regression equations instead of curvilinear
techniques to model the weld features in submerged
arc welding. The work proved that linear regression
equations are equally suitable for modeling the
submerged-arc welding process.
Tsai et al. [8] applied neural network and
simulated annealing optimization algorithm to
establish the relationship between process
parameters like arc current, arc voltage, welding
speed, electrode protrusion, preheat temperature
and deposition rate. However the relationship
obtained is applicable only for hardfacing, the same
cannot be successfully implemented for butt weld
joints of thick plate.
Chandel et al. [9] have studied and predicted the
effect of current, electrode polarity, electrode
diameter and electrode extension on the melting
rate in submerged-arc welding. In the other work
Chandel [10] studied the effect of submerged arc
welding parameters on flux consumption. It was
found that the flux consumption increases with
increasing current, voltage and electrode extension.
For the same welding parameters the flux
consumption was higher for straight polarity
compared to reverse polarity. From the results it
was concluded that any welding parameter that
influences melting rate also influences flux
consumption.
Tarng et al. [11] [12] [13], have analyzed the
effect of various welding parameter on welding
performance of submerged arc welding, and
predicted the optimal setting for each welding
parameter by using the taguchi method. The various
parameters considered are arc current, arc voltage,
welding speed, and preheat temperature. The results
were confirmed experimentally. Fuzzy logic and
grey relational analysis was used in the Taguchi
method to optimize the process parameters,
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Hilkes and Gross [18] emphasized that the
successful welding of Cr-Mo steel can be achieved
by giving due weightage to certain parameters like
selection of suitable submerged arc welding wire
and flux combination, proper rebaking of fluxes and
preheating of base material.
Dhas and Kumanan [2] attempted non
conventional optimization techniques like genetic
algorithm and particle swarm optimization to
optimize the process parameters of submerged arc
welding to obtain minimum bead width.
Optimum process parameters selection has been
investigated by some significant studies via
establishing a mathematical model correlating
welding parameters with quality characteristics
using different approaches. Very few nontraditional methods such as simulated annealing,
neural network, fuzzy logic, taguchi method,
genetic algorithm, particle swarm optimization, etc.
have been used to solve the optimization problems
related to submerged arc welding process. Although
several methodologies have been reported in the
literature, but that was applied only for very few
parameters of submerged arc welding process,
without considering interdependency between
several variables.
Therefore efforts are carried out here to use the
teaching learning based optimization algorithm for
the process parameter optimization of submerged
arc welding process.

problem. In the entire population the best solution
is considered as the teacher. The working of TLBO
is divided into two parts, ‘Teacher phase’ and
‘Learner phase’. Working of both the phase is
explained below.
Teacher phase
It is first part of the algorithm where learners
learn through the teacher. During this phase a
teacher tries to increase the mean result of the class
room from any value M1 to his or her level (i.e. TA).
But practically it is not possible and a teacher can
move the mean of the class room M1 to any other
value M2 which is better than M1 depending on his
or her capability. Considered Mj be the mean and Ti
be the teacher at any iteration i. Now Ti will try to
improve existing mean Mj towards it so the new
mean will be Ti designated as Mnew and the
difference between the existing mean and new
mean is given by [19],
Difference _ Meani = ri ( M new − TF M j ) (1)
.
Here TF is the teaching factor which decides the
value of mean to be changed, and ri is the random
number in the range [0, 1]. Value of TF can be
either 1 or 2 which is a heuristic step and it is
decided randomly with equal probability as,
(2)
TF = round [1 + rand (0,1){2 − 1}]
.
The teaching factor is generated randomly
during the algorithm in the range of 1-2, in which 1
corresponds to no increase in the knowledge level
and 2 corresponds to complete transfer of
knowledge. The in between values indicates
amount of transfer level of knowledge. The transfer
level of knowledge can be any depending on the
learners capabilities. In the present work, attempt
was carried out by considering the values in
between 1-2, but any improvement in the results
was not observed. Hence to simplify the algorithm
the teaching factor is suggested to take either 1 or 2
depending on the rounding up criteria. However,
one can take any value of TF in between 1-2.
Based on this Difference_Mean, the existing
solution is updated according to the following
expression
(3)
X new,i = X old ,i + Difference _ Meani
.

II. TEACHING LEARNING BASED OPTIMIZATION
TLBO is a teaching-learning process inspired
algorithm proposed recently by Rao et al. [19]
based on the effect of influence of a teacher on the
output of learners in a class. The algorithm mimics
teaching-learning ability of teacher and learners in a
class room. Teacher and learners are the two vital
components of the algorithm and describes two
basic modes of the learning, through teacher
(known as teacher phase) and interacting with the
other learners (known as learner phase). The output
in TLBO algorithm is considered in terms of results
or grades of the learners which depend on the
quality of teacher. So, teacher is usually considered
as a highly learned person who trains learners so
that they can have better results in terms of their
marks or grades. Moreover, learners also learn from
the interaction among themselves which also helps
in improving their results.
TLBO is population based method. In this
optimization algorithm a group of learners is
considered as population and different design
variables are considered as different subjects
offered to the learners and learners’ result is
analogous to the ‘fitness’ value of the optimization

Learner phase
It is second part of the algorithm where learners
increase their knowledge by interaction among
themselves. A learner interacts randomly with other
learners for enhancing his or her knowledge. A
learner learns new things if the other learner has
more knowledge than him or her. Mathematically
the learning phenomenon of this phase is expressed
below.
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At any iteration i, considering two different
learners Xi and Xj where i ≠ j
X new,i = X old ,i + ri ( X i − X j ) If f (Xi) < f (Xj)

Step 5:

Step 6:

(4)
X new,i = X old ,i + ri ( X j − X i ) If f (Xj) < f (Xi)

Update the learners’ knowledge by
utilizing the knowledge of some other
learner according to equations (4) and (5).
Repeat the procedure from step 2 to 5 till
the termination criterion is met.
III. APPLICATION EXAMPLE

(5)
Accept Xnew if it gives better function

It is observed from the literature that very
few traditional and advanced optimization
algorithms had been applied for the process
parameter optimization of submerged arc welding
process [2] [4] [5] [8]. However, to check whether
any further improvement is possible, the proposed
TLBO algorithm is tried. To demonstrate the
effectiveness of the proposed optimization
algorithm, the submerged arc welding process
model presented by Dhas and Kumanan [2] is
considered. Bead-on-plate welds were carried out
by Dhas and Kumanan [2] on mild steel plates
using submerged arc welding machine. Data was
collected as per Taguchi’s Design of Experiments
and regression analysis was carried to establish
input–output relationships of the process. Welding
current, welding speed, arc voltage and electrode
stickout were the process variables involved in the
model and weld bead width was the response. The
regression analysis model for weld bead width as
given by Dhas and Kumanan [2] is given by
equation (6)

value.

Weld bead width (mm) =
118 + (0.0056I) −(1.3167V)
−(0.1708S) − (6.33E) +(0.0028IE)
+(0.0667VE) + (0.0083SE)
where
I = welding current (A),
V = arc voltage (V),
S = welding speed (mm/min), and
E = electrode stickout (mm).

Figure 3. Flowchart of TLBO algorithm [19].

The flowchart for the TLBO algorithm is shown
in Fig.3. The implementation steps of the TLBO is
summarized below,
Step 1: Initialized the population (i.e. learners’)
and design variables of the optimization
problem (i.e number of subjects offered
to the learner) with random generation
and evaluate them.
Step 2: Select the best learner of each subject as a
teacher for that subject and calculate
mean result of learners in each subject.
Step 3: Evaluate the difference between current
mean result and best mean result
according to equation (1) by utilizing the
teaching factor (TF).
Step 4: Update the learners’ knowledge with the
help of teacher’s knowledge according to
equation (3).

(6)

The model is subjected to the parameter bounds
for the four process variables which are given by
the equations (7)-(10)
360 ≤ welding current ≤ 390
(7)
25 ≤ arc voltage ≤ 30
(8)
400 ≤ welding speed ≤ 420
(9)
19 ≤ electrode stickout ≤ 25
(10)
Earlier in most of the cases the welding
parameter setting was done by trial and error, or by
using the handbook recommendation or using the
operator’s skill, however the parameter setting
obtained by this is not the optimum. Use of
traditional optimization techniques like linear
programming gives only the local optimum solution
only. Hence advanced optimization techniques are
required to obtain the global optimum solution.
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Dhas and Kumanan [2] used genetic algorithm and
particle swarm optimization algorithm to the above
model to obtain the optimum parameter setting and
compared the results with the mathematical results.
Genetic algorithm has given the minimum bead
width of 12.82 mm by using the welding current of
364.857A, arc voltage of 29.7828 V, welding speed
of 419.144 mm/min and electrode stickout of 19.67
mm.
PSO has given the optimum bead width of 12.75
mm by recommending the welding current of
361.0714A, Arc voltage of 26.2714 V, welding
speed of 419.238 mm/min and electrode stickout of
19 mm. To check for the possibility of further
improvement in optimum solution, the proposed
TLBO algorithm is used to attempt the same model
of Dhas and Kumanan [2].
The settings for population size and iterations is
done initially by trial runs and finally the consistent
results are obtained by using population size of 10
and the optimum solution is obtained in seven
generations only and the consistency is checked
upto 20 generations. The comparison of results of
TLBO with other algorithms is given in table 1 and
the comparison of control parameters used in
various algorithms is given in table 2.

algorithm over PSO algorithm. The TLBO
algorithm has given more than 18% improvement
over results obtained by GA and PSO.

Figure 4. Convergence of result for PSO algorithm [2].
11.1
11

B e a d W id t h (m m )

10.9

Table 1.
Comparison of results of TLBO with previous
results
Welding
current (A)
Arc
voltage (V)
Welding
speed
(mm/min)
Electrod
e stickout
(mm)
Weld
bead width
(mm)

E
xpt
3
60
3
0
4
20

GA

PSO

364.85
7
29.782
8
419.14
4

361.0
714
26.27
14
419.2
38

1

19.67

19

24.
9274

1

12.82

12.75

10.
44

9

2.5

10.7
10.6
10.5

TL
BO
36
0
25

10.4

0

2

4

6

8
10
12
Number of Iterations

14

16

18

20

Figure 5. Convergence of result obtained for TLBO
algorithm

40

VI. ACKNOWLEDGMENTS

0

The authors are thankful to Gujarat Council on
Science and Technology (GUJCOST) Gandhinagar,
India for financial support for the research project
to carry out this research work. The authors are also
thankful to International Division, Department of
Science & Technology (DST) India, and Russian
Foundation of Basic Researches (RFBR) Russia for
giving the opportunity to discuss the research work
through Russian-Indian Joint Workshop organized
at Novosibirsk State Technical University,
Novosibirsk, Russia.

Table 2.
Comparison of control parameters used in
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Data Cleaning and Estimation of Mean and
Variance with Non Detects using Data
Mining
D. Datta
Computational Radiation Physics Section, Health Physics Division
Bhabha Atomic Research Centre, Mumbai-400085
variance of the model representing the given data
set. The traditional approach to detect outliers is
based on standard statistical analysis in which one
uses tests of significance, based on extreme order
statistics [1]. Most of the cases treat univariate
normally distributed data [2] with one or few
outliers, where the outliers can occur on the low
side, high side, or either side of the sample [3, 4].
For small sample size, and when two outliers are
nearly equally outlying, neither will be detected by
these tests of significance, this phenomenon being
termed the “masking effect” [5]. An outlier is an
extreme but an extreme need not be an outlier. An
outlier may or may not be a contaminant. A
contaminant may or may not be an outlier. Outliergenerating
models
are
Accommodation,
identification and rejection [6].
Outliers in
multivariate data have been less frequently dealt
with and their detection involves complicated
calculations [7].
Tanaka et al. [8] initiated research in fuzzy
linear regression (FLR) analysis. The parameter
estimations of the FLR model were considered
fewer than two factors, namely, the degree of the fit
and the vagueness of the model. The estimation
problems were then transformed to a linear
programming method based on these two factors.
This type of analysis of FLR models is called
Tanaka's approach. The extension of FLR models
and different estimation methods have been
proposed by many researchers along with Tanaka's
approach [9–11]. A brief survey of Tanaka's
approach to FLR models is described in [12]. An
important issue involved in the treatment of
outlying observations is whether to reject these
observations and the effect of rejection of the
outlying observations on parameter estimation [12].
The identification of outliers can lead to the
discovery of useful knowledge and has a number of
practical applications in areas such as data quality
control. Original idea of fuzzy regression analysis
was proposed by Tanaka et al, in 1982 [12]. Tanaka
discussed fuzzy linear model for which fuzzy
parameters were obtained either crisp inputs or
fuzzy outputs. The problem of this category is
effectively reduced to linear programming problem,
that makes it easy to use and implement. Issue of

Abstract: Noise or outliers are commonly
encountered in any experimental analysis and it is
important to be able to identify them appropriately.
Presence of noise or outliers alters the model
associated with the specified data set and it raises an
issue of underestimation or overestimation of model
parameter. In view of this it is always necessary to
develop a scheme for detecting those unwanted results
in the experimental data set. Data set may be very
large and it amy also be heterogeneous. So, traditional
statistical analysis does not fulfill the requirement.
Data mining is the appropriate accessories for this
task. The present paper describes a data mining
technique based on fuzzy linear regression to detect
the outliers present in the data set. Data cleaning is
addressed here as outlier detection and mark them as
waste product of given data set. Data set may contain
data marked as non-detects. The paper descibes the
expectation maximizationn algorithm as data mining
algorithm and its utility to estimate mean and
variance in presence of the non-detects.
Keywords: Non-detects, Fuzzy linear regression,
Expectation and Maximization, data mining.

I. INTRODUCTION
Advancement of information technology and
development of high end computers provide very
versatile utilities to deal with large data set.
However, to have the best estimate of any physical
parameters data quality should be necessary to
improve first. Data mining is the basic theme of the
data quality objective. To improve the data quality
it is obvious that unwanted data so called as outliers
present or hidden in the target data set should
identify and marked. Further, if some of the data if
marked as below detection limit (BDL) it is
required to estimate the mean and variance of the
parameters in presence of BDL values. The task of
estimating mean and variance in presence of noise
or BDL is very challenging and tricky and that is
the reason this task also falls under data mining
scheme.
Recently, data mining has attracted a great deal
of attention as a promising tool for application to
detect the outliers present in the data set and to
account non-detects while estimating the mean and
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outlier detection is one of the latest approaches to
improve the data quality. The key aspect of fuzzy
regression is its utilization of similarity measure
between a model and a fuzzy point. This method
has inherent capability to detect and analyze
abnormal data.
Data set may contain non-detects, which are
marked as below detection levels (BDL). If one
estimates simply by neglecting BDL values
estimation is obviously biased and results an
overestimation of the desired quantity. In this
context, it is required to have some computational
scheme for estimating the mean and variance in
presence of non-detects. The aim of the present
study is to propose a data mining technique based
on fuzzy linear regression for the detection of
outliers. Paper also presents the expectationmaximization algorithm as one of the data mining
technique to estimate the mean and variance of the
desired quantity in presence of non-detects or data
having below detection levels. Paper is organized in
the following ways. Section II describes a short
review of data mining and its application in
engineering. Section III presents the theory of fuzzy
linear regression as data cleaner. Section IV
presents the theory of expectation-maximization
algorithm used as one of the data mining algorithm
for estimating the mean and variance of the
experimental data in presence of non-detects.
Section V presents case study of data cleaning
based on fuzzy linear regression. Section VI
presents a case study for illustrating the potential
capability of expectation maximization as data
mining technique to estimate the mean and variance
of the data containing non-detects. Non-detects are
those data which fall below the detection limit of
the instruments or devices used for the experiment.
Section VII describes the concluding remarks and
future scope of research in data mining.

queries, and assembles a new text. In case of
engineering discipline, DM plays an active role as
an
optimizer.
Multi-disciplinary
design
optimization (MDO) can be carried out using DM.
DM is the process of analyzing data and
transforming it into useful information. Data
mining can supply insight into the design of
complex systems and help define a suitable
formulation of the design problem. In MDO data
mining supports the decision-making process. Data
mining tools used in engineering design can be
divided into two groups:visual data mining and
non-visual data mining. Visual data mining uses
two dimensional (2D) or 3D visualization to
represent the information. On the other hand nonvisual data mining is based on statistics,
probability, and set theory (mathematics), and is
usually applied to extract specific design rules.
Present paper addresses the non-visual data mining.
Requirements and Challenges of DM: DM is
relatively new field and there are many challenges
to be faced. Extracting useful information from data
can be a complicated and sometimes a difficult
process. The DM technique should be robust,
efficient, scaleable and powerful. The performance
of the algorithm should degenerate gracefully. In
other words, the searching, mining, or analyzing
time of a DM algorithm should be predictable and
acceptable as the size of the database increases.
Mining at different abstraction levels: It is very
difficult to specify exactly what to look and what to
extract from a database. Besides, the value of a
piece of information is in the eyes of the beholder –
one person’s “gold mine” could easily be another
person’s garbage. To facilitate the mining process,
the systems should allow the users to mine at
different abstraction levels.

II. REVIEW OF DATA MINING
The explosive growth in data and database
results in the need to develop new technologies and
tools to process data into useful information and
knowledge intelligently and automatically. Data
mining (DM), therefore, has become a research area
with increasing importance [13]. DM is the search
for valuable information in large volumes of data
[13]. It is the process of nontrivial extraction of
implicit, previously unknown and potentially useful
information such as knowledge rules, constraints,
and regularities from data stored in repositories
using pattern recognition technologies as well as
statistical and mathematical techniques. Currently,
data mining techniques, tools, and researchers are
being expanded to the various fields. For example,
the DM tool, intelligent text-mining system,
extracts text fragments relevant to user queries,
automatically creates and processes a series of new

Data Mining Steps:
In general, there are three main steps in DM,
viz., (a) preparing the data, reducing the data
volume and finally, looking for valuable
information. Review of existing literatures report
the following steps of DM:
1. Predictive modeling: using inductive
reasoning techniques such as neural
networks
and
inductive
reasoning
algorithms to crate predictive models.
2. Database segmentation: using statistical
clustering techniques to partition data into
clusters.
3. Linking analysis: identifying useful
associations between data.
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4.

5.

6.
7.

(Yi )Uα =β0α +β1α(Xi1)Uα +......+ βp−1,α(Xi, p−1)Uα (5)

Deviation detection: detecting and
explaining why certain records cannot be
put into specific segments.
Deciding on the appropriate sampling
system, cleaning the data and dealing with
missing fields and records.
Applying the appropriate transformations,
dimensionality reduction, and projections.
Fitting models to the preprocessed data.

~ be given fuzzy
for i=1,.., n. Let Y~i and X
ij

data. Here the fuzzy data are regarded as the fuzzy
numbers. Using the model mentioned above, the
least-squares estimates can be obtained using the
U
real valued data (Yi )Lα and (Y)
i α for any
given α ∈ [0,1] .

III. FUZZY LINEAR REGRESSION AS DATA CLEANER

C. Component of fuzzy regression

A. Fuzzy Numbers
A fuzzy number F is a quantity whose value is
imprecise, rather than exact as is the case with
"ordinary" (single-valued) numbers. Any fuzzy
number F is defined as a convex normalized fuzzy
set of the real line R si that there exists exactly x0 ε
R with µF(x0) = 1, and its membership µF(x) is
~
piecewise continuous. A is called a normal fuzzy
~
ξ ~ ( x) = 1 A
set if there exists an x such that A
.
is
called
a
convex
fuzzy
set
if

Similarity measure is the key concept of fuzzy
regression. A similarity measure of fuzzy point with
respect to parametric curve is equal to maximum of
fuzzy point’s membership function on the set of
points belonging to the curve M(a) = sup µ l(x),
φ(x,a) = 0. The logic behind the similarity measure
is straightforward, i.e., if M = 1, the point lies on
the curve, in the case of 0, the point does not belong
to the curve. For regression analysis, in the case of
zero similarity a fuzzy point does not fit explicit
parametric dependency for that given parameter
values. For linear regression curve, the present
paper expresses the analytical solution to M(a) =
sup µ l(x), φ(x,a) = 0 for symmetric L-type fuzzy
points having the form given by M(a) = L(d(a))
with

ξ A~ (λx + (1 − λ ) y ≥ min {ξ A~ ( x ), ξ A~ ( y )}
for
~
λ ∈ [0,1] . a
is called a fuzzy number if the
a~

following conditions are satisfied: (i) is a normal
and convex fuzzy set, (ii) Its membership function

ξ a~

d (a) =

is upper semi continuous, (iii) The α level set

~
aα is bounded for each α α ∈ [0,1] . Representation
a~ = [a~ L α , a~ U α ] .
a~
of the α-level set of α is α


n −1
m

m −1 + ∑ α α
α
tj
j
 y

j


Detail of fuzzy number is described elsewhere [9].
B. Fuzzy Estimates of Regression Parameters

for i =1,……, n, where ∈i are the errors. Let
 y1 
y 
 2
and
(2)
Y = . 
 
. 
 yn 
 
We can very well write this system of equations
in matrix form as
−1
βˆ = (X ' X ) X 'Y ,where βˆ = βˆ0 , βˆ1 ,.......,βˆ p−1

x11 ....... x1,p−1 

x21 ....... x2,p−1 
. ....... . 

xn1 ....... xn,p−1 

(

)

(6)







m
m −1

m
m −1

The second key concept of fuzzy-regression is
aggregation operator (AO). Family of weighted
mean-based aggregation operators is introduced in
this paper. These AO s collect the information
about model curve passing through all fuzzy
experimental data. Members of interest of this
family are (1) geometric mean, (2) arithmetic mean
and (3) quadratic mean respectively and given by

The classical linear regression model can be
written as:
Yi = β0 + β1Xi1 + β2 Xi2 +........+ βp−1Xi, p−1+ ∈i (1)

1

1
X =
.

1


(

y − a0 + a T t

MG(a) = Π M

wi

i

(a ) such that

N

∑w
i =1

N

MA(a) =

N

i

i

i =1


wi M 2 i (a) 
∑
 i


N

Yi = β 0 + β1 X i1 + β 2 X i 2 + ...... + β p −1 X i , p −1

such that

∑w
i =1

for i =1,…,n.
(3)
One can easily write down the α level version
of the above equation.

i

(8)

1/ 2



and MQ(a) = 

for the following linear model:

= 1 (7)

∑M (a) w such that ∑w = 1
i=1

)

i

i

(9)

=1

Maximizing the MG(a) over parameter space,
we have formulated the model that fits all fuzzy
points at the same time – like least squares method.
Average degree of similarity measure of all fuzzy
points is obtained using MA(a) and maximizing this

(Yi )Lα = β0α +β1α(Xi1)Lα +......+βp−1,α(Xi, p−1)Lα (4)
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MA(a) over parameter space we have generated
model that passes through the majority of points.
Maximizing the quadratic mean, we have obtained
the model that passes through elite group of points.
All these aggregation operators (Eqns 7-9) is bound
to [0,1] and thus can be interpreted as degree of
membership of solution to the fuzzy set of best
solutions for the problem. So, the solution of fuzzy
regression analysis problem is effectively reduced
to unconstrained optimization problem, optimal
solution for which will be parametric vector
a* = arg max MP(a)

single, detection limits case, the estimation of
µ and σ at the (j+1)th iteration are given as
follows [15]:
µ j +1 =

1
xi +

n i =k +1
n

∑

1 

k

∑E

∑ (x
n 
 i =k +1

(10)

∑ E ((x
k

Q=

j

i

(xi | xi

i =1

n

σ j +1 2 =  

j

i

−µj

i =1

−µj


≤ MDL ) (11)




)2 + Q
 

)2 | xi ≤ MDL)

(12)

IV. EXPECTATION-MAXIMIZATION
Expectation maximization (EM) is an
iterative optimization method to estimate some
unknown
parameters,
say,
p,
given
measurement data U.
Basic aim is to
maximize the posterior probability of the
parameters p, given the data U, marginalizing
over J:

which is the conditional expectation value of
mean.
E j (xi − µ j )2 | xi ≤ MDL = σ j 2 [φ ( z ) / Φ ( z )] ,

∑ P ( p, J | U )

which is the conditional expectation value of
the standard deviation.

P* = argmax

with z =

(MDL − µ j )
σj

E j (xi | xi ≤ MDL ) = µ j − σ j [φ ( z ) / Φ ( z )] ,

(

(11)

)

J ∈ς n

The intuition behind EM is: alternate
between estimating the unknown, ‘p’ and the
hidden variable J. One of the most insightful
explanations of EM, that provides a deeper
understanding of its operation than the
intuition of alternating between variables, is in
terms of lower bound maximization [14]. In
this derivation, the E-step can be interpreted as
constructing a local lower-bound to the
posterior distribution, whereas the M-step
optimizes the bound, thereby improving the
estimate for the unknowns.

V. CASE STUDY- DATA CLEANING
An outlier is the one that appears to deviate
markedly from other members of the collected
dataset. Similarity measure effectively serves as
criteria for identifying outliers. If the majority of
the points shows high level of similarity measure
points are filtered as outliers. It deviates markedly
from other members in the sense that it does not
belong to the function which fits all other points.
A threshold value h is introduced to take
decisions about whether point should be regard as
outlier or not. The value of h should be bounded
between (0, 0.5). Value 0.5 is referenced because a
situation when similarity measure of point to a
curve is 0.5 is regarded as undetermined – the point
belongs to the curve at the same degree as it does
not belong to it. In practical sense, threshold value
h = 0.05 can be safely taken. It is essential to say
that various aggregation operators have different
roles in detecting outliers.
Methodology described in section III detects
outliers in an experimental data set in which
ambiguity exists. Computation has been carried out
using in-house developed software "FuzzReg"
which provides traditional least square method
solution as well as fuzzy-regression solution. Two
case studies are carried out. Results are shown in
Tables 1-4. In “FuzzReg” these solutions are
available in spreadsheet format. Outliers are

The EM algorithm in case of data set
containing missing information marked as
BDL works on the observed values assuming
that no observation is censored, that is all the
data including BDLs are considered. At the
initial iteration, using the observed n – k data
values, (n = total number of data points and k
represents the number of data below detection
levels), one can start with some convenient
value of sample mean, µ and standard
deviation, σ. The iterations are defined as
successively maximizing the expectation of the
conditional likelihood function of the complete
data for the given type of censoring [15]. For a
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marked as remark column of the spreadsheet.
Results of the case study - II are shown in Tables 58. We have used arithmetic mean as AO in case
study –I and geometric mean as AO in case studyII, because the pertinent data obtained from the
experiments related to arithmetic and geometric
model respectively. Degree of membership for
outlier qualification is taken as 0.36.
CASE STUDY – I
Table 1.
Sample Data of Experiment -I
X1

X2

-1
-1
-1
0
0
0
1
1
1
Model

Y

-1
0
1
-1
0
1
-1
0
1

selected

0.09664
0.06714
1.07
0.6868
1.688
1.241
-1.241
0.9396
1.436

with

these

data

Table 4.
Fuzzy Regression Solution
Y-expt

Remarks

2

− 0 . 7709 X

− 1 . 22 X 1 +
2

2

2
2

CASE STUDY- II
Table 5.
Log transformation of experimental data points
T
ln (t)
ν
ln(ν
ν)
11
41.2
2.398
3.718
20
41.3
2.996
3.721
28
44.5
3.332
3.795
41
45.8
3.714
3.824
52
45.9
3.951
3.826
61
46
4.111
3.829
71
52.5
4.263
3.961
80
73.3
4.382
4.295
91
76
4.511
4.331
102
75.9
4.625
4.329
111
67.8
4.710
4.217
120
80
4.787
4.382
132
81.2
4.883
4.397
141
85.8
4.949
4.452
151
80.1
5.017
4.383
161
76
5.081
4.331
171
72.5
5.142
4.284
181
67.6
5.198
4.214
192
70
5.257
4.248
201
67.8
5.303
4.217

points:
2

Table 2.
Statistical Data Processing

X1
0
0.87

Degree
of
MemberShip

0.09664
0.0861
-0.0105 1
0.06714
0.0717
0.0046
1
1.07
-1.484
-2.554 1.24⋅10−18 OUTLIER
0.686
0.661
-0.0256 1
1.688
1.709
0.021
1
1.241
1.215
-0.026
1
-1.241
-1.204
0.037
1
0.9396
0.9062
-0.0334 1
1.436
1.474
0.038
1
Residual Variance = 2.669; Aggregated membership =
0.8889
Degree of membership to qualify as outlier = 0.36
Model:

1 . 062 X 1 X

2

Y
0.66
0.90

Difference

Y = 1 . 709 + 0 . 4172 X 1 + 0 . 2768 X

Y = a0 + a1 X1 + a2 X2 + a3 X1 + a4 X1 X2 + a5 X 2

Qtys
Avg
Var

Y-model

X2
0
0.86
Table 3.

Least Square Solution
Yexperimental

Y-model

Difference

Degree of
membership

0.09664
0.06714
1.07
0.6868
1.688
1.241
-1.241
0.9396
1.436

0.019
0.644
0.569
0.387
1.439
1.789
-0.86
0.611
1.38

-0.0769
0.5776
-0.5007
-0.2989
-0.2496
0.5486
0.3758
-0.3279
-0.04792

0.9999
0.5908
0.8295
0.9549
0.9632
0.5929
0.9424
0.9468
1

Table 6.
Statistical data processing
Variables Y= ln(ν
t
ln(t)
ν)
Average
4.138
105.9
4.431
Variance
0.2577
59.5
0.8047

Coefficients of the model estimated are as
shown below:

a0 = 1.439, a1 = 0.0165, a 2 = 0.7007, a3 = −0.8106,

a 4 = 0.4259, a5 = −0.3502,
and thus least square method (LSM) based solution
is given by:
2
Y = 1 .439 − 0 .0165 X 1 + 0 . 7007 X 2 − 0 .8106 X 1

+ 0 .4259 X 1 X 2 − 0 .3502 X 2
with Residual Variance : 0.5287 and Aggregated
membership: 0.8689
2
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Table 7:

VI. CASE STUDY- ESTIMATION OF MEAN AND
VARIANCE IN PRESENCE OF NON-DETECTS

Least square method solution
Model: ln(ν
ν) = a0 + a1* t + a2 * ln(t)
Yexperimental

Y-model

Difference

In this section, utility of expectationmaximization algorithm as data miner to account
the non-detects while estimating the parameters of
the underlying distribution associated with
experimental data points in presence of below
detection level values is presented. Mean and
skewness of the data set above BDL using
traditional statistical analysis is shown in Table 9. It
is required to note that each of these data sets has
30-50% BDL values.

Degree of
membership

3.718
3.559
-0.159
3.721
3.739
0.018
3.795
3.839
0.044
3.824
3.951
0.127
3.826
4.018
0.192
3.829
4.063
0.234
3.961
4.105
0.144
4.295
4.137
-0.158
4.331
4.171
-0.160
4.329
4.2
-0.129
4.217
4.221
0.004
4.382
4.241
-0.141
4.397
4.264
-0.133
4.452
4.279
-0.173
4.383
4.295
-0.088
4.331
4.31
-0.021
4.284
4.323
0.039
4.214
4.335
0.121
4.248
4.347
0.099
4.217
4.357
0.140
Coefficients are: a0 = 2.821, a1 = - 0.000543,
a2 = 0.3102
Residual variance = 0.3053
Aggregated Membership = 0.1323

0.6926
0.9999
0.9967
0.7708
0.2425
0.04076
0.4629
0.01475
0.005696
0.1108
1
0.02061
0.0386
1.03E-05
0.5528
0.9984
0.9842
0.3336
0.5739
0.1392

Table 9.
Descriptive statistics of the data set above BDL

Data
set
1
2
3
4
5
6

Mean
1.74
2.44
1.46
1.50
1.38
1.75

Skewness
3.72
2.38
2.48
1.87
4.56
2.13

No of data
points
140
164
172
119
126
132

EM algorithm has been applied to extract the
hidden information due to below detection levels
and the parameters of the associated distribution are
computed. Results are tabulated in Table 10.
Table 8.

Fuzzy regression based solution
Y-expt

3.718
3.721
3.795
3.824
3.826
3.829
3.961
4.295
4.331
4.329
4.217
4.382
4.397
4.452
4.383
4.331
4.284
4.214
4.248
4.217

Y-model

3.449
3.696
3.829
3.972
4.055
4.107
4.154
4.188
4.223
4.251
4.27
4.287
4.304
4.315
4.325
4.333
4.34
4.344
4.348
4.35

Difference

-0.269
-0.025
0.034
0.148
0.229
0.278
0.193
-0.107
-0.108
-0.078
0.053
-0.095
-0.093
-0.137
-0.058
0.002
0.056
0.13
0.1
0.133

Degree of
membership

0.07498
0.9998
0.9989
0.6268
0.06326
0.001957
0.08634
0.4352
0.3597
0.7523
0.9594
0.456
0.4773
0.01231
0.8966
1
0.938
0.2356
0.5719
0.2039

Table 10.
Statistics of the data set after data mining

Remarks

Data
set

OUTLIER

1
2
3
4
5
6

OUTLIER
OUTLIER
OUTLIER
< 0.5
OUTLIER

Mean
1.631
4.89
1.5945
2.1947
1.3188
2.06

Standard
Deviation
5.376
81.89
12.736
47.37
6.2473
11.82

No of data
Points
140
164
172
119
126
132

Comparing the estimated mean value without
data mining (BDL values were ignored) and with
data mining from Table 7 and 8, it can be pointed
out that data mining extracts the hidden information
and produce the best estimate. In case of
occupational worker working in the field of
radiation appropriate exposure estimation is very
essential and important, because underestimation of
exposure may gives rise to wrong decision for
allowing individuals to work further in the field
(every radiation worker has got a certain limit of
daily exposure, monthly exposure and annual
exposure) whereas, overestimation may result to a
false decision about cautioning them as a removal
category.

< 0.5
< 0.5
OUTLIER

OUTLIER
OUTLIER

Coefficients are: a0 = 2.408, a1 = - 0.002042,
a2 = 0.4436
Residual variance = 0.3384
Aggregated Membership = 0.2675

Model output results as:
ln(ν) = a0 + a1* t + a2 * ln(t) = 2.41 – 0.002 *
t + 0.44 * ln(t)
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[4]

VII. CONCLUSION AND FUTURE RESEARCH
Having the right information at the right stage is
crucial for making appropriate decision. For
example, in the field of radiation emergencies in the
event of nuclear or any sort of accidents, decision
making of implementing countermeasure to
mitigate the consequences of accident is very
important. So, appropriate decisions at right time
are very much appreciable at this stage. Data
mining helps this situation. The problem of
collecting data, which used to be a major concern
for many experiments, can be resolved using data
mining. Outlier detection problem using data
mining is resolved. Data mining algorithm is much
more powerful for handling large data sets.
Nowadays, the use of DM technology is widespread
in any industry.
The EM algorithm may be employed when there
is an underlying set with below detection levels. If
the distribution of the underlying complete data is
exponential, the EM algorithm may be useful in
estimating the lower and upper optimized bounds.
Analytically, the most difficult portion of the EM
algorithm is the E-step. This is also often the most
difficult computational step; for the general EM
algorithm, the expectation must be computed over
all values of the unobserved variables.
Overestimation and underestimation of exposure
problem in case of radiation worker can be resolved
using EM algorithm which also proves an
usefulness of DM technology.
Future researches are important in DM in the
field of any engineering discipline from the point of
density estimation of a system to understand its
reliability over its life cycle. Markov Chain
modeling technique can be revisited for studying
and understanding the failure probability of the
system under design consideration.

[5]
[6]
[7]
[8]

[9]

[10]

[11]
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Modelling of Discrete-Time ExtremumSeeking System Based on the Localization
Principle
Galina Frantsuzova, Lyudmila Prushenova
Novosibirsk State Technical University
value in discrete-time case in the control law. Such
approach is effective when the nonlinear plants have
insufficiently exactly known parameters or timevarying parameters.
Continuous extremum-seeking controllers based
on the localization method had been described
earlier in the literature [1, 11]. The aim of this
research is to investigate such an extremum-seeking
system in discrete-time case. This system implies
add-on devices for the output value estimations.
Devices have small persistences which cause the fast
motions against the main slow motions.
The paper is organized as follows. Section 2 sets
general statement of the problem. Section 3
describes the design of extremum-seeking system.
Section 4 presents a simulation model and contains
the results of a simulation study

Abstract: This paper presents the discrete-time
extremum-seeking control algorithm based on the
localization principle. The localization principle is
formed by using derivatives of the output value in
continuous-time case which allows localizing of all
perturbations in the inner fast loop. We consider this
control strategy in a discrete-time case. The features of
implementation of such controller were researched.
Simulation study of designed system is presented.
Keywords: Discrete-time system, extremum seeking,
localization method.

I. INTRODUCTION
Extremum-seeking control is one of the methods
of adaptive control [6, 7]. The task of extremumseeking control consists in seeking such set-points in
which minimum or maximum value of some
objective function is reached. Such an objective
function may depend on unknown plant parameters
and perturbations. The problem of control includes
several steps: estimation of objective function
gradient, stabilizing process of extremum seeking in
the direction of the maximum or minimum value.
The first mention about the extremum-seeking
control principles dates back to 1922 [4]. Nowadays,
the extremum-seeking control systems are widely
used in industries: the control of aircraft, missiles,
boilers and furnaces automation, anti-lock braking
systems, formation flights problem [3].
Since the most modern automatic control
systems are implemented by the use of digital
devices, it should be possible to design a discretetime extremum-seeking system as well. The
possibility of designing discrete-time controller for
the continuous plant, which structure is represented
as a linear dynamic part cascaded with a static
nonlinearity with an extremum, was investigated in
this paper.
Since the plant of research is nonlinear, the
principle of localization for effective control is
applied. The key idea of the principle localization
lies in organization of the inner feed-back loop
where not stationary actions are localized [9, 10]. It
is achieved by using derivatives of the output value
in continuous-time case or predictions of the output

II. PROBLEM STATEMENT
Let’s consider a general SISO plant with timevarying dynamic part of the form:

y ( n) = f (t , y,..., y ( n −1) ) + b(t , y,..., y ( n −1) )u ,
(1)
where y ∈ R1 is output variable of the dynamic
part.
Time
dependence
of
functions

f (t , y,..., y ( n −1) ) and b(t , y ,..., y (n −1) ) represents
the influence of perturbations. Their upper bounds
are known:
| f | ≤ fmax, | b | ≤ bmax.
The plant is represented as a linear dynamic part
cascaded with a static nonlinearity with an
extremum.
The static nonlinear part is described as

Y = Y0 (t ) + β (t )( y − y0 (t ))2 ,

(2)

where Y ∈ R1 is a static part output, y0 and Y0 are
extremum coordinates, time dependence of which
shows the drift of extremum.
The purpose of the automatic extremum search is
to find an unknown value Y0 or this condition
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lim y (t ) = y0

t →∞

of a continuous special filter of the partial derivative
estimation [11]. The discrete filter of gradient
estimation is described as

(3)

must be satisfied. It is necessary to achieve
desired properties of extremum seeking process. It
must fulfill conditions about overshoot σ0, transient
time td and steady-state error ∆0.
The gradient of output (2) is known to equal zero
in extremum point:

G=

∂Y
=0
∂y

 µ2 (Y f [( k + 1)τ ] − Y f [ kτ ]) =

G f [kτ ] =
= (Y [kτ ] − Y f [kτ ]) ( y f [(k + 1)τ ] − y f [ kτ ])
= µ 2−1 (Y [kτ ] − Y f [kτ ]) sign ( y f [(k + 1)τ ] − y f [ kτ ]) ,

(4)

where Gf is the gradient estimation; Yf is an
estimation of the static part output, µ 2 is a filter’s
time constant. The time constants of these filters (7,
8) must satisfy the following condition for normal
operation of the close-loop system [1, 11]:

Therefore, we use the gradient approach in
extremum-seeking system synthesis for solving the
statement problem.

µ 1 ≤ D-1 µ 2,

III. EXTREMUM SEEKING SYSTEM DESIGN

(5)

u[kτ ] = K ( F (G f [kτ ]) − y f [(k + n)τ ]) .

where τ is a sampling step; k is a number of
samples; y [(k + n)τ ] is n-prediction of dynamic
output; K is a gain constant; F(G[kτ]) is a special
function which is formed on the basis of
requirements for processes in the closed-loop [2, 8]
as follows

F (G[kτ ]) = -a1G[kτ ] − a2 y[(k + 1)τ ] − ...
... − an y[(k + n − 1)τ ],

(9)

where D is the coefficient which characterizes
the degree of separation of motions [11] (usually
recommended D=10). In this case well-formed
gradient estimation and predictions of the dynamic
output will be obtained for the control strategy
implementation. As a result the control law forms as:

We consider the discrete implementation of the
exremum-seeking controller for the continuous
plant. The control law is based on the principle of
localization and described in discrete-time case as
follows

u[kτ ] = K ( F (G[kτ ]) − y[(k + n)τ ]) ,

(8)

(10)

Since the processes in the system with the
predictive filter and gradient estimation filter change
rapidly it is necessary to increase the number of
samples by limiting the sampling step. So, the
sampling step and filters parameters are combined
under the condition:

τ ≤ D −1µ1 ≤ D −2 µ2 ,

(6)

(11)

Our discrete-time extremum-seeking system is
presented on Figure 1, where DP is the dynamic
part; SP is the static part; C is the controller; PF is
predictive filter (7) and FEG is the filter of gradient
estimation (8).

where ai = const , i = 1, n . (The formation of the
desired function is described in detail in literature [8,
11]).
For practical realization of the control law (5) it
is necessary to measure the output of the dynamic
part y[⋅] and the gradient G[⋅] at different points in
time. The following predictive filter is introduced
into the system for this purpose.

µ1n y f [(k + n)τ ] + µ1n −1d n −1 y f [(k + n − 1)τ ] + ...
... + µ1d1 y f [(k + 1)τ ] + y f [ kτ ] = y[kτ ],
(7)

Figure 1. Scheme of discrete extremum seeking system

where yf is a predictive filter output value; µ 1 is a
small time constant (compared with the main
process
of
the
extremum
seeking);
d j = const , j = 1, n − 1 are the coefficients of the

Since the SISO plant in our case is continuous
and controller is realized by using of digital devices,
so, for correlating data the digital-to-analog
converter (DAC) and analog to digital converter
(ADC) are added to the system.

filter, which are chosen under conditions of stability
and velocity.
Besides, the gradient value is measured by a
special filter [5]. This device is a discrete analogue
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the time t=5,5 sec, that corresponds to the specified
value.

IV. SIMULATION STUDY
Let’s conduct simulation study of a SISO plant
of the second order:

 x&1 = x2
&
 x2 = − a1 x1 − a2 x2 + bu
y = x
1

Y = βy 2 ,


l
a2

2
Y[k]

Product1

U

y

y

First-Order
dynamic part
Hold

1

Abs1
1

z
Product5

Unit Delay1

G[k]

Sign1

Figure 4. Simulink model of the gradient estimation filter

Y

8
7
6

The parameters of the discrete filters were chosen:
µ1 = 0, 02, µ 2 = 0, 2 . Corresponding to (11) sampling
time is τ=0,002.
The system simulation was carried out by the
Matlab Simulink and such a system model is shown
on Figure 2.

K

Gain5
|u|

1
y[k]

50

5

z
Unit Delay

where 0 ≤ ai ≤ 1, i = 1,2, b = 0,4, β = 2. The
transient process is necessary to proceed with
steady-state error ∆0=5% and transient period td = 6
sec.
The controller parameters (10) based on
transients quality requirements were chosen as
follows: K = 50 , F (G ) = −2 y f [(k + 1)τ ] − 0, 25G f [kτ ] .

-0.25

1

5
4
3
2
1
0
0

Y

static part

2

4

Figure 5. System output

6

t

8

Y (t )

y [k+2]

2
y [k]

y [k+1]

G[k]

predictive filter

Y [k]

The result of gradient estimation is shown in
Fig.6.

y

y [k]

Zero-Order
Hold

filter of gradient estimation

G

Zero-Order
Hold

7
6

Figure 2. Simulink model of the system
5

The predictive filter (7) was realized on the
delay’s units with feedforwards and feedbacks
(Figure 3).
1

1

2

y[k+2]

y
-K-

-K-

Gain11

Gain1

1

3

y[k+1]

2
1

-K-

z
Unit Delay3

4

1

z
Gain12

Unit Delay4

0
0

0.02

2

4

6

t

8

Gain9

Figure 6. Gradient estimation

3
y[k]

Figure 7 shows the change of control variable on
the interval of the transition process.

Figure 3. Simulink model of the predictive filter

The filter of the gradient estimation (8) is shown
on the Figure 4.

Figure 8 shows the fast component of the control
variable on the time interval t=0,3 sec.

As the integration step must be much smaller
than the sampling interval, we must take into
account the parameters of the simulation in the
modeling process.
Figure 5 illustrates the transient process Y (t)
from the initial state: y(0) = 2, Y(0) = 8. As one can
see, the output Y (t) reaches the extreme value for

Figure 9 shows the output process of the
extremum-seeking system Y (t ) and Figure 10
shows the control variable when parameters ai vary
from minimum to maximum values. At t = 4 sec
parameters have been increased:
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 a1 = 0,2 t < 4 sec
 a2 = 0,04 t < 4 sec
and 
.

a
=
1
t
≥
4
sec
 1
 a2 = 1 t ≥ 4 sec
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Figure 10. Control variable
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V. CONCLUSION
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The simulation of the extremum seeking control
system with discrete controller has been carried out.
The feature of such systems, as well as of
continuous systems is the adjustment of discrete
filters’ small parameters of estimations and the
sampling step. Parameters set by satisfying condition
(11) provide the system output convergence to the
extremum value. Simulation results illustrate the
validity of development.
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Control System Stabilization via Root Simplex
Graph Illustrated by Example of Double Inverted
Pendulum
Alexander V. Chekhonadskih, Alexander A. Voevoda
Novosibirsk State Technological University
So the construction of root simplex and
symplectic digraph [4-6] is rather useful for
identification of critical manifolds of objective
functions, that are connected with multiple
characteristic roots.

Abstract: The paper describes stabilization of
linear control system of lower order by the method of
pole location optimization. Authors consider various
cases of single-channel and two-channel control to
ensure the stability of the system (Hurwitz etc.), using
linearized model of double inverted pendulum as
example. Hard problems arising from numerical
optimization of pole placement are solved by means of
root simplex and symplectic digraph.

II. CONTROL SYSTEM EQUATION
The control object is schematically represented
on fig. 1. Deviations x1,2 are much less than length
l1,2 , so all vertical loads are almost completely
balanced. This allows to use the linear model,
where both deviations x1,2 may be considered as
controlled variables y1,2 :
m 1&x&1 + a1x&1−b1 ( x1 − x2 ) = u 1 ;

Keywords: SISO and MIMO control system,
double
inverted pendulum,
pole
placement
optimization, root simplex, symplectic graph.

I. INTRODUCTION
Inverted pendulums are simple and widely
represented type of unstable object models. The
problem of their stabilization permits to test and
illustrate synthesis methods for such objects.

m2 &x&2 + a2 x&2 + b1x1 − (b1 + b2 ) x2 = u2 ;
here a1,2 are coefficients of dissipative losses;
u1,2 – stabilizing influences, b1= m1g / l1,
b2=(m1+m2)g / l2; accepting m1 = 1 we can omit the
low index of m2.
After the Laplace transformation, the system
equations take the matrix form as follows:
 s2 + a s − b
 x1   u1 
b1
1
1

  =  
   
2

b1
ms + a2 s − (b1 + b2 )  x2   u 2 


The classical solution uses controller
(compensator) of full order [1]; but a lower order
control of as simple as possible compensator
structure is a very urgent problem. In the case,
stabilization requires translocation of the system
poles – characteristic roots z1,..., zn – to a certain
stability domain in the left semiplane of complex
numbers. Root loci in the numerical process
undergo numerous transitions from real values to
complex values and back; computational process
often stops on whole fractures of root trajectories –
“false extrema” of pole location. As a numerical
measure of pole location, it is possible to use
different objective functions depending on the
controller parameters vector p – for example,
Hurwitz stability function [2,3]:
F(p) = max (Re z1,..., Re zn),
or conic function with limitation on oscillations
[3,4]:
G(p) = max k = 1,...,n (Re zk + Im |zk|).
It is well known that minimization problem for
such functions is very hard: it is nonconvex,
multiextremal [2], nondifferentiable with ravine
relief [3, 4].

Figure 1. Control object: double inverted pendulum

Due to the absence of a s-matrix in the right
side, left and right decompositions for object matrix
function coincide:
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1

Dobj (s)·x = Nobj (s)·u = E·u = u ; G(s) = Dobj–
(s).
Characteristic polynomial of the object is
∆ = ms 4 + (a1m + a2 ) s 3 +
+ (a1a2 + mb1 − b1 − b2 )s 2 − (a1(b1 + b2 ) + a2b1)s + b1b2.

Let y = x1 be a controlled variable and u1 as a
stabilizing influence (i.e. u2 = 0) we obtain the
solution:
y = x1 = (m s2 + a2s – b1 – b2)/∆ · u1; x2 = b1 /∆ ·
u 1.
III. SISO PENDULUM CONTROL AND LOWERING
OF A STABILIZING CONTROLLER STRUCTURE
Usage of the PID(2)-controller with transfer
function (with α << 1)
c s 3 + c2 s 2 + c1s + c0 c3 s 3 + c2 s 2 + c1s + c0
Wcontr = 3
≅
s
(αs + 1) 2 s
formally leads to the control system of the full
order. Its characteristic polynomial is

f5(s)= s·∆+(m s2+a2s– b1–b2)·(c3s3 +c2s2 +c1s+
c0).

nonstabilizable structure and, on the other side,
unfinished computational process?
An important observation may be seen above: if
the parameter values are close to optimal, then all
characteristic roots give approximately equal values
of the objective function F(c):
Re (− 0.0388 ± 0.4915i) ≈
≈ Re( − 0.0388 ± 0.1414i) ≈ − 0.0401, or
Re (− 0.0500 ± 0.7815i) ≈ Re (− 0.0500 ±
0.1017i).
Of course, it may be multiple or approximately
equal roots, because in such case, objective
function is always nondifferentiable and has raven
relief, and such a critical point becomes a point of
stabilization for gradient algorithms. Moreover, in
the neighbourhood of multiple roots unequal real
roots arise as well as complex conjugate root pairs.
This implies transformation of the so called ‘root
portrait’. So the study of different root portraits and
their transformations becomes useful instrument in
minimization of objective functions like F(p) and
G(p).
IV. ROOT SIMPLEX AND SYMPLECTIC DIGRAPH
Suppose we have the full set of reduced real
polynomials of degree 4; in other words,
4
3
coefficients of polynomial f4(s) = s + a3s +
2
a2s + a1s + a0 take all possible values in the space
R4 = {(a0; a1; a2; a3) | ak∈R}. If a polynomial is
separable (no multiple roots) for some coefficient
vector
(a0; a1; a2; a3),
then
4-dimentional
neighborhood of this point in coefficient space
maps by 4! variants onto 4-dimentional over R
manifolds in the space C4.
When there are double roots, such
manifolds are joined by 3-dimensional boundaries,
which, in turn, are joined by two-dimensional
boundaries, and finally, by one-dimensional line of
quadruple roots.
Let us fix some objective function like
F(p) or G(p). It corresponds to some preorder α on
complex plane, for example, z1 ≤ α z2 <=>
Re z1 ≤ Re z2 for function F(p) or z1 ≤ α z2 <=>
Re z1 + |Im z1| ≤ Re z2+ |Im z2| for function G(p);
note that for real roots it should be the usual order
on R. So all possibilities for roots as well as
domain ↔ border correspondence are realised by
the root simplex which can be schematically
represented by symplectic digraph, where all
arrows are drawn from domain to its border (see
fig. 2).
Notifications for digraph vertexes are the
following [5, 6]:
Vertex A0 corresponds to the 4-dimentional
segment of real roots: z1 ≤ z2 ≤ z3 ≤ z4 .
Vertex A11 corresponds to the 4-dimentional
segment of roots where complex pair is ‘left’:

It is very typical fact, that numerical scanning of
the cube [–10; 10]4 with the step 0.005 in the
parameter space
R4 = {(c0; c1; c2; c3) | ck∈R}
cannot detect the region where the coefficients
of the polynomial would be positive, i.e. where the
necessary conditions for stability would hold!
However, in the case a1 = a2 = 0.1;
b1= b2 = 0.5 the gradient minimisation of the
stability function F(c0; c1; c2; c3) leads to the poles
{− 0.0388 ± 0.4915i ;− 0.0388 ± 0.1414i
;− 0.0401}
while parameter vector c is equal to
(− 0.0001; 0.2464; − 0.0440; − 0.4110 )
and characteristic polynomial is
f5(s) = 0.5890s4 + 0.1149 s4 + 0.1647 s3 +
0.0188 s2 + 0.0019 s + 0.0001.
The integral parameter c0 for the process is
about zero, so the use of the simpler PD(2)controller (i.e. с0 ≡ 0) yields even better results:
poles are {− 0.0500 ± 0.7815i ; − 0.0500 ±
0.1017i}, while parameter vector is (0.2464
− 0.0541 − 0.5410).
The difference in the order of magnitude
between с1, 3 and с2 induces the attempt to use a
more simple structure (i.е. с0 ≡ с2 ≡ 0), but it cannot
provide system stability:
min F(0; c1; 0; c3) ≈ 0.03.
So the main problem for calculation methods is
the following: where lies the border that separates
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with α-equal double real root and complex pair:
z1 = z2 = α z3,4 .
Finally, segment D represents 1-dimensional set
of quadruple roots.
Let us stress that root simplex represents all
possibilities for characteristic roots provided that
coefficient space is full R4. If coefficient vector a
depends on a k parameters, then the segments Ai j
will be realised as k-dimensional, Bi j as (k – 1)dimensional and so on.
Concerning the final remark of III, we can state
that:
— critic zones of nondifferentiability for
objective function corresponds to the segments
having root equality or (α)-equality on right
positions;
— as the practical criterion of achieving a
minimum we may regard root location
near the lowest possible level of symplectic
digraph, which means few equalities for
the right roots, for example z1 ≈ z2 ≈ α z3,4
in case of two or three parameters.

z1,2 ≤ α z3 ≤ z4 .
Vertex A12 corresponds to the segment with the
‘central’ complex pair: z1≤ α z2,3 ≤ α z4 .
Vertex A13 corresponds to the 4-dimentional
segment of roots where complex pair is ‘right’:
z1 ≤ z2 ≤ α z3,4 .
The most principle vertex A2 = A2* ∪ A2* *
corresponds to the 4-dimentional double-valent (in
the Riemann sense) segment, representing two
complex root pares: z1,2 ≤ α z3,4 and z3,4 ≤ α z1,2 .
If one inequality ≤ α becomes equality = α , we
turn on the 3-dimensional border Bkl , for example,
B01 is the segment with double left real roots:
z1 = z2 ≤ z3 ≤ z4 ;
B11 is the segment with α-equal real root and
complex pair: z1 = α z2,3 ≤ z4 ;
B22 is the segment with α-equal real root and
complex pair: z1 = α z2,3 ≤ z4 ;
B3 is the ‘inner border’ in A2: z1,2 = α z3,4.
Due to two α-equalities, we turn on the 2dimensional border Ckl , for example, C01 is the
segment with triple real roots: z1 = z2 = z3 ≤ z4 and
it is the border of B01,2 and B11; C1 is the segment

Figure 2. Digraph G4 of segment-border relationship in the root simplex of polynomial of degree 4. Duplication of the vertex
A2 = A2* ∪ A2* * expresses double-valence of the segment and corresponds to two complex root pares

So only the ‘right’ root segments are
important for the numerical optimization.
Instead of the full symplectic digraph it is
possible to regard the reduced digraph [8], in
which only the ‘right’ roots are considered
(Figure 3). It represents ‘root portraits’ of those
segments, which are critical for objective
function. Multiplicity of a root is signed beside
a point, showing a root. The vertex of multiple
complex pairs (below right) is added because of
its high ‘extremal potentiality’.

Here x1,2 = y1,2 are both controlled variables.
V.1 P-controller
The proportional 2×2-channel controller is defined
by the matrix relation:
c  y 
u  c
y 
E ⋅  1  =  11 12  ⋅  1  = C ⋅  1 ,
 u2   c21 c22   y2 
 y2 
so the characteristic polynomial takes the following
form:
| Dsys |= det(Dobj ⋅ Dcontr + Nobj ⋅ Ncontr) = det(Dobj + C) =
= ∆ 4 + (c11m + c22 )s 2 + (c11a2 + c22a1 )s +
c11(c22 − b1 − b2 ) + (b1 − c22 )b1 − (b1 + c12 )(b1 + c21).

V. 2×2 PENDULUM CONTROL AND CHOOSING MINIMAL

The root center is defined by the the ratio of leading
coefficients and is fixed on the value − 0.25(a1 + a2 /m),

STABILIZING CONTROLLER STRUCTURE
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which doesn’t depend of the controller parameters.
Hurwitz stabilisation is possible in the case of two
complex root pairs with the real parts Re z1-4 equal to the
value above; the latter seems to be rather stringent
condition.

that belongs to segment A2 and is close to the
segment B3, because z1,2 ≈ α z3,4 . So the following
minimization leads to the global minimum.
But initial point (–2; 2; 2) leads to the value
G (– 2.0001; 1.6525; 1.2525) ≈ 0.4604
that is achieved on the root set
{0.4558 ± 0.0046i; 0.4442 ± 0.0066i},
belonging to segment A2 and being close to the
segment D of quadruple roots. So it is just near the local
minimum of the function G and cannot be sufficiently
improved.

V.2 Diagonal PI-controller
The PI-controller is defined by the following matrix
relation:
0
  y1 
 s 0   u1   c11s + c12
 ⋅   ,

 ⋅   = 
0
s
u
0
c
s
+
c

  2 
21
22   y 2 
which
yields
to
characteristic
polynomial
ms6 + (a1m + a2)s5 +… with the same root center as V.1.
V.3 Diagonal PD-controller
The PD-controller is defined by the following matrix
relation:
0
 u1   c11s + c12
  y1 
  = 
⋅  ,
0
c21s + c22   y2 
 u2  
It leads to characteristic polynomial of degree 4:
Dsys= |Dobj + Ncontr|=
=

s 2 + a1s − b1 + c11s + c12

b1

b1

ms2 + a2 s − b1 − b2 + c21s + c22

=

= ms4 + ((a1 + c11)m+ a2 + c21)s3 + ((c12 −b1)m+ (a1 + c11)(a2 + c21) +
+ c22 −b1 −b2 )s2 + ((c12 −b1)(a2 + c21) + (a1 + c11)(c22 −b1 −b2 ))s +

Figure 3. Reduced graph Ĝ4 for polynomial of degree 4,
which represents only ‘right’ roots of each segment.

+ (c12 −b1)(c22 −b1 −b2 ) −b12.

Providing с21 ≡ 0, we obtain the problem of lower order
stabilization and nontrivial task of optimal parameters
defining. The parameter space is 3-dimentional, so are
the root segments, denoted by upper vertexes Akl of
symplectic graph. The lowest segment D of quadruple
roots is to be 0-dimensional set (one or few points) – but
whether it is realised?
Minimization appears to be the most complicated for
conic function G(z) = max (Re zk + | Im zk |) due to
numerous set of gradient stable points that finally leads
to three minima. The global minimum lies in ‘deep
raven’.
The value G (2.1998; 1.9916; 1.2217) ≈ – 0.4057 is
achieved by the gradient method with the step 10–7.
Corresponding root values are the following:
{– 1.1696; – 0.4097 ± 0.0040i; – 0.4107}.
As can be easily seen, it is just close to triple roots on
right and to the segment C03, which is 1-dimentional.
So it can still be improved using derived function
according to the method [7].
The value G (1.9980; 1.8510; 1.2529) ≈ − 0.5072 is
achieved on the root set
{− 0.5762 ± 0.0607i; − 0.5385; − 0.5072},
that lies in the segment A12 and is close to quadruple
roots.
A similar situation arises when other initial points of
the gradient descent are chosen.
For example, the value G (2.2282; 1.9970; 1.2202) ≈
≈ – 0.4239 is achieved on the root set
{– 0.6083 ± 0.1809i; – 0.4782 ± 0.0544i}

VI. CONCLUSION
The most significant feature is that the neighborhood
of objective function minimum contains points with
different root portraits and digraph structure conveys
critical manifolds of objective function.
In order to represent critical objective function sets,
one can consider only relations between ‘right’ roots.
Descent trajectories and the ‘raven map’ of objective
function are coordinated by a skeleton of critical borders
of a root simplex, and the last is represented by
symplectic digraph (see final remark of §4).
It is especially important, that minima were reached
in the segment points denoted by the lowest vertexes of
graph Gn, that can be achieved at the given number of
controller parameters. These sets correspond to onedimensional lines or even null-dimensional points in the
parameter space, that is an important sign to differ
minima from set of ‘false extrema’ (i.e. points of
stabilization of numerical minimization).
So the digraph principle of distinguishing false and
true minima can appear a helpful instrument due to
growth of an order of real system synthesis problem and,
correspondingly, larger computing difficulties and
increasing number of local extrema.
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Low Order Controllers Synthesis Using the
"Reverse Derivative"
A.A. Voevoda, V.V. Voronoy, E. V. Shoba
Novosibirsk State Technical University
would provide an arrangement of roots of its
characteristic polynomial in the set area or as it is
possible more close to it (see fig. 1).
If the regulator to represent in matrix expansion,
that the characteristic polynomial of such system can
be received in a form:
detC(s) = det(A(s) X(s)+ B(s) Y(s)),
where A(s), B(s), X(s), Y(s), C(s) – polynomial
matrix; A(s), B(s) characterize object of control;
X(s), Y(s) – matrix of system’s controller [2].

Abstract: The article deals with a brief overview and
description of the main methods for calculating the
reduced order controllers applied to systems
represented in the form of a matrix polynomial
expansion, as well as control systems with interval
parameters. We propose the calculation method
for incomplete order controller using the "return"
derivative for multi-channel system.
Keywords: Regulators, low order, control, "return"
derivative

I. INTRODUCTION

II. THE MAIN SYNTHESIS METHODS OF LOW ORDER
REGULATORS

Currently, in most cases, the synthesis of the
control systems is on the path complexity of the
control law. The most important advantage of this
solution is the desired location of each pole of the
controlled system. However, the quality of transient
processes in the system affects not the point location
of the roots, and their location in a particular defined
area. And if confined to the desired area (for example
fig. 1), then the synthesis problem can be solved by
the lesser extent regulator or with fewer parameters
[1], in other words, using the lowered order
controller.

In the automatic control theory in synthesis of the
lowered order regulators generally the exact decision
does not exist. It is connected to an insufficient
amount of regulator parameters for exact assignment
of characteristic polynomial roots. In this case the
given task can be determined by means of various
numerical procedures. For example, to carry out the
optimization shift of closed system roots in desirable
area in space, changing parameters of a regulator [1].
However, practical implementation of computing
process is complicated, as roots can be both the real,
and complex, so real correlation of metric spaces of
coefficients and roots feasibly only in comprehensive
n-dimensional complex spaces. In work [3] the
combined Cartesian coordinates both for the valid,
and for complex conjugate pairs of the roots are
presented, allowing to be restricted to n-dimensional
valid spaces that simplifies optimization procedure of
low order regulator synthesis.
At control systems synthesis with interval
parameters the D-stabilization task actually
determined, hence, it is possible to make the
assumption of presence of similar property of roots
expansion at interval polynomial and about
possibility of D-stabilization of interval object. One
of the major subtasks in the task of modal synthesis
method of control systems with interval parameters is
search of an interval polynomial with area of roots
layout in wished area. The task decision is resulted in
the form of algorithm of formation of a minimum
interval polynomial on the given polynomial with the
concentrated parameters in [4, 5]. The synthesis
methodology of objects regulators with interval
parameters is described in [6].
The synthesis problem of the lowered order
regulators also can be determined in the following
several ways, namely: by square-law criterion at
restrictions on norm of the closed system transfer
function [7]; use of norms properties of some top

Figure 1. An example of the desired area of the system
poles

If the controller parameters is not enough for the
exact solutions of the Diophantine equation
C(s) = A(s) X(s) + B(s) Y(s)
at a predetermined "desired dynamics" of C(s),
and hence no opportunities for the desired location of
the poles of the system at given points [2], the
synthesis problem in this formulation is necessary to
solve by means of some iterative algorithm.
In given article the multi-channel object of
control described by the right or left matrix
decomposition generally is considered:

P( s ) = N r ( s ) Dr−1 ( s ) = Dl−1 ( s ) Nl ( s ) ,
where Nr(s), Dr(s), Nl(s) and Dl(s) – polynomial
matrix.
It is necessary to find such stabilizing multichannel regulator for system with feedback which
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estimation of a own values differences by
optimization of some functional [8]; by means of use
some weighing functions are minimized singular
values of the closed system operator [9]; with the
help of
interpolation methods so that the
frequency characteristic of system [10] or its
transition characteristic [11] had beforehand preset
values on the set of frequencies or time counting; by
means of optimizing algorithm with use of curvature
properties and area of derivative (integrated)
polynomial roots arrangement [1].
In [1] the gradient method, the method of
derivatives, the method of positive curvature, and
also the linearization method, based on a sufficient
condition of stability are presented.
Unfortunately the considered methods do not give
aprioristic recommendations about a choice of degree
or regulator structure, but nevertheless, a combination
of the offered methods it is rather quickly possible to
synthesize a low order regulator.
In [7] are considered two approximation synthesis
algorithms of the lowered regulators. The first is
based on a capture of final number of control object
numerator members. The second method assumes
decomposition of a regulator part to the Taylor’s
sequence and a final number capture of sequence
members. In both cases the system in the form of left
matrix polynomial decomposition is considered:

III. EXAMPLE OF USING “REVERSE DERIVATIVE”
In article [13] operation of "reverse"
differentiation of one-channel system characteristic
polynomial is considered.
At normal polynomial differentiation members
are lost at low levels that leads to appearance of zero
coefficients in a regulator. To get rid of this lack we
will use a "reverse" derivative to find regulator’s
coefficients. Thus it is meant that before an initial
polynomial differentiation it is necessary to replace
variable s to reverse s-1. Thus the free members are
not lost at low levels.
Further the example for a multi-channel case will
be considered.
As object of control we will take two-mass
system without damping [2], but with two controlling
signals - forces - u1 and u2 , applied to masses m1
and m2 : the object model represents system from
two loads suspended sequentially on two springs of
rigidity k1 and k2 as it is shown on a picture 2.
Controlled values - coordinates of loads y1 and y2 ,
counted from an equilibrium state. We write out
model of control object:
m1 y1′′ = − k1 y1 + k 2 ( y 2 − y1 ) + u1 ,
m2 y 2′′ = −k 2 ( y 2 − y1 ) + u2 .

Wl ( s ) = Dl−1 ( s ) Nl ( s ) ,
where Dp(s)={di(s)} – diagonal matrix. At use of
the first method the channels autonomy is carried out
with some approach since at regulator calculation the
part of elements s degrees attached polynomial
matrixes N +p ( s) is not considered. Channels

Let's pass to the polynomial description:
 m1 0  2 k1 + k2 − k2  

 y = u.
 0 m s +  − k
k2  
2
2


Here

y = ( y1 y 2 )

t

designate matrixes at

autonomy at use of the second method also is carried
out with some approach that is connected with a

and
2

t
u = (u1 u 2 ) .

Let's

0

s and s through D2 and

D0 . Then the description of object becomes
D(s)y = u , where D(s) = D2 s 2 + D0 . Generally it

decomposition combination ( I + X ( s ))−1 in Taylor's
sequence and reception of number restriction of
sequence members.
Also an interesting direction in the field of linear
low order regulators synthesis is the modal method
with use of polynomial’s derivatives. It is supposed
on the basis of little-known property which connects
areas of a derivative’s roots arrangement and initial
polynomials, by means of iterative algorithm to
search for low order regulator for D - stabilizations of
linear, stationary, controllable and observable objects
with identical number of inputs and outputs [12].
Synthesis procedure consists in consecutive
calculation of polynomial’s derivatives until all
derivative polynomial roots any l will not belong to
D, where l - an order of initial derivative polynomial.
Further integrating a derivative polynomial of degree
l to degree of initial polynomial, and choosing free
coefficient after the integration of each of them so
that finally roots of the corrected polynomial
belonged to area D.

corresponds to the left matrix polynomial description
y = D(s)-1 N(s)u , i.e. W(s) = D(s)-1 N(s) - matrix
transmission function of object. In this case N(s) = I
is identity matrix.

Figure 2. Model of object

Let's select structure of the control system in type
«the job - a mismatch signal - regulator - object back coupling» (see Figure 3).
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Y0 = C2 D2−1 ,

 X 1 = C1 − Y1 D0 ,
X = C −Y D .
0
0 0
 0
Figure 3. Structure diagram of control system

The resulting system can be represented in matrix
form:

Description of the object, as in [14], we choose in
the form of the right matrix expansion, and the
regulator in the form of expansion of the left:
W(s) = N(s)D -1 (s) , Wr (s) = Y -1 (s)X(s) .
Let’s find the characteristic matrix of the system:
y(s) = ( X ( s) −1Y ( s) D( s ) N ( s ) −1 + I ( s )) −1 v =
= N ( s)(Y ( s) D( s ) + X ( s) N ( s )) −1 X ( s)v .
Since "Denominator" of the system transfer
function is Y ( s ) D( s ) + X ( s ) N ( s ) , the synthesis
problem reduces to solving the equation:

 0

D
(Y1 , Y0 , X 1 , X 0 )  2
 0

 0

Y1 ( 0 D0

С(s) = Y (s) D(s) + X (s) N (s)

1

0

0

0 D0 

I 0  = (C2 , C1 , C0 ) − Y1 ( 0 D0
0 I 

0).

Y0 = C2 D2−1 ,

 X 1 = C1 ,
X = C −Y D .
0
0 0
 0

Finally we’ve got the system with a PDcontroller.
Let’s substitute numerical values in the resulting
system of matrix equations and find the coefficient
matrix of "low order" regulator:
 0.75 0 
3 0
 −0.5 0.75 
Y0 = 
, X1 = 
, X0 = 
.


3
−2 
 0
 0 3
 3

С ' ( s ) = 3(Y0 D0 + X 0 ) s 2 + 2(Y1 D0 + X 1 ) s + Y0 D2 ,
С% ' ( s) = Y D s 2 + 2(Y D + X )s + 3(Y D + X ). (3)
0

0 D0 

I 0  = (C2 , C1 , C0 ),
0 I 

 D2 0 D0 


(Y0 , X 1 , X 0 )  0 I 0  = (C2 , C1 , C0 ).
 0 0 I 


Solving the resulting system, we find the
coefficients of the regulator:

С(s ) = (Y0 D0 + X 0 )s 3 + (Y1D0 + X1 )s 2 + Y0 D2 s + Y1D2 ,

1

0

In order for the desired characteristic equation
roots and regular were equal to Y1 equal to zero. As a
result, we obtain equation:

C ( s ) = С0 s 3 + С1s 2 + C2 s + C3 .
We differentiate the resulting equation by s :
C ' ( s ) = 3С0 s 2 + 2С1s + C2 ,
and return to the old variable s:
C% ' ( s) = C2 s 2 + 2C1s + 3C0 .
(2)
Let’s write the matrix characteristic equation of
the closed system and run the "reverse"
differentiation:
С ( s ) = Y1 D2 s 3 + Y0 D2 s 2 + (Y1 D0 + X 1 ) s + Y0 D0 + X 0 ,

2

I

 D2

0 ) + (Y0 , X 1 , X 0 )  0
 0


 D2

(Y0 , X 1 , X 0 )  0
 0


s3:

0

0

0 

D0 
= (C2 , C1 , C0 ).
0 

I 

The result was a system of three equations with
four unknowns. We rewrite the equation as follows:

where C(s) - desirable characteristic matrix of the
system.
Let’s choose the controller’s polynomial matrices
of the numerator and denominator of first degree:
Y(s) = Y1 s + Y0 , X(s) = X 1 s + X 0 .
Then
C(s) = С3 s 3 + С2 s 2 + C1 s + C0 .
(1)
Calculation of the full-order controller for the
object is represented in [14].
In the original matrix characteristic equation (1)
carried out a change of variable s = s −1 and multiply
to

D0

0

We verify it by substituting the matrix coefficient
to the closed system characteristic equation:

Equating the right sides of equations (2) and (3)
we find the regulator’s parameters of regularization:

Y0 D2 s 2 + X 1s + Y0 D0 + X 0 =

C2 s + 2C1s + 3C0 =
2

 0.75 0   4 0  2  3 0   0.75 0   2 −1
=

s +
s +

=
3 0 1
3   −1 1 
 0
 0 3  0

= Y0 D2 s + 2(Y1D0 + X1 ) s + 3(Y0 D0 + X 0 ) ,
2

C2 = Y0 D2 ,

2C1 = 2(Y1 D0 + X 1 ), ⇒
3C = 3(Y D + X );
0 0
0
 0

 3s 2 + 3s + 1

0
=
.
2
0
3s + 3s + 1 


System’s poles are {-0.5±0.29i}. The resulting
poles do not correspond to the desired. However, the
poles in the coordinate plane can be shifted "left" or
"right" setting the parameter Y1 is not equal to zero,
thus we can approach the desired distribution of the
roots.

C2 = Y0 D2 ,

C1 = Y1 D0 + X 1 , ⇒
C = Y D + X ;
0 0
0
 0
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low
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as
an
example two-channel
system. The synthesis of low order regulator was
implemented by modal synthesis method using the
"back" derivative. As a result, provide the necessary
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one of the parameters of the controller (in this case
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Research and Synthesis of Control for Seven
Degree Air-Gas Circuit Model
A.S. Vostrikov, A.A. Ponomarev
Novosibirsk State Technical University

by means of the localization method [4, 5]. It
satisfies standard requirements of quality and makes
out the reduction of the adverse pulsations. These
pulsations are treated as the fast motions. The more
realistic model of AGC is described with nonlinear
system of three differential equations [6]. The key
part of system is the Darcy-Weisbach nonlinear
equation. The equation describes relation between
gas velocity and pressure losses from the friction of
the gas-pipeline of finite length. The regulator was
tuned for this model by means of the localization
method.
The
regulator
satisfies
standard
requirements of quality and overcomes the object
nonlinearities.

The article considers model of air-gas circuit
(AGC) of boiler unit (BU). The existent model is
completed with nonlinearities and persistence.
Equations of electric drive motion and electric motors
mechanical characteristics have been added to the
pressure balance equations and mass conservation law
used in the model. On the base of the completed model
and the calculated PID-regulators by the Localization
method the structure scheme of the whole system of
automatic control (SAC) of AGC has been developed.
The system working has been analyzed by means of the
transient responses calculated with the modeling. The
system quality indicators have been compared with the
ones of the initial AGC model with the same regulator.
Keywords: air-gas circuit, boiler unit, electric drive,
automation control system.

Furnace

p

f

I. INTRODUCTION
Persistent problem is finding qualities control
algorithms of different forced-draft mountings
(FDM). The necessity of the power-intensity
lowering and the growth of application area of FDM
demand the need of the improvement of the control
quality.
Each BU structure includes AGC. AGC supports
combustion with necessary quantity of air and
deletes away the exhaust gas with flue-pipe [1].
Combined work of blow fan (BF) in the air-pumping
part and smoke exhaust (SE) in the exhausting part
is often applies in practice. There are schemes with
only air-pumping part or exhausting part.
Similar technologic objects are used in mining
industry. Air-pumping unit (fan) [2] pumps venting
air into mine or exhausts highly explosive gas
(methane) from mine.
The difference between the objects is in the
length of the air duct. However the objects are
described with the identical physical equations.
The reason of the real mathematic models
absence is the complexity of the analytic describing
of FDM. FDM are usually described by means of the
tables with the experimental data. Therefore
regulator tuning is carried out only by means of the
empirical methods.
The simplest variant of AGC model is the linear
system of three differential equations [3]. For the
simple model of object the regulator was synthesized

Air
motion

Exhaust
gas
motion

Direction
of air-gas
environment
motion

Q

IN

Q

OUT

ω

ω

SE

BF

Blow fan Smoke
exauster
M

BF

f

BF

Blow fan
electric
motor

Smoke
exauster
electric
motor

M

SE

f

SE

Figure 1. The AGC scheme: fBF, Hz - current
frequency of blow fan (BF) electric motor (EM), MBF,
N·m - air gap torque of BF EM, ωBF, rad/s - rotary speed
of BF, QIN, kg/s - main air consumption, pf, Pa depression in furnace, QOUT, kg/s - exhaust gas
consumption, ωSE, rad/s - rotary speed of smoke exhauster
(SE), MSE, N·m - air gap torque of SE EM, fSE, Hz - current
frequency of SE EM. In the points parameters are
measured (drives moments may be measured indirect way)

The models [3, 6] use the assumption that
pressure BF and SE depends on the motor rotary
speed linearly. It is true, if the electric drive
persistence is neglible small as compared with the
aerodynamic process persistence. However the
practice shows that the electric drive transient
processes influence to AGC is strong. The addition

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

42

of this component into the model makes it more
correct.

k SE

, Pa·s - the coefficient of dependence of SE
pressure from rotary speed (gets out under the
aerodynamic characteristic),
r
M SE
= f (ωSE )
, N·m - torque of SE resistance (it
is proportional to rotary speed),
J SE
, kg·m2 - inertia moment of SE,
e
TSE
, s - the electromagnetic time constant of SE,
β SE
, N·m·s - static hard of SE,
s
pSE
- the number of magnetic sides of SE stator
windings,
kcon.
, m·s2 - air-gas environment condition
coefficient (relation of mass and pressure).
Transition from the physical equations (1) to the
condition equations (2) is carried out by means of
designation [8] and coefficient (Table). The
coefficients marked by an asterisk, are at nonlinear
function.

II. THE AGC MODEL
The schematic image of BU AGC is shown in
Figure . The object is two-channel [7]. The input
variables are fBF, fSE, the output variables are QIN, pf,
the intermediate variables are: MBF, MSE, ωBF, ωSE,
QOUT. The numbering of channels is made
accordingly. AGC equations system looks like the
following:
k r .a. S a. 2
S
&
QIN + kBF ωBF + a. p f
QIN = − l
la .
a.

r

M
1
& BF = − BF +
M BF
ω
J BF J BF


β
2πβ
1
 M& BF = − e M BF − BF
ωBF + s BFe f BF
e
T
T
p

BF
BF
BF TBF

kr . g . S g . 2
Sg.
Q&
QOUT + k SE ωSE −
pf
OUT = −
lg .
lg .
, (1)


r
M
1
ω
& = − SE +
M SE
 BF
J SE J SE

 M& = − 1 M − βSE ω + 2πβSe f
SE
SE
SE
s
 SE
TSEe
TSEe
pSE
TSEe

1
1

 p& f = k QIN − k QOUT
con.
con.


k
where r .a. , kg/m·s2 - the coefficient of the air
area wind resistance,
Sa. 2
, m - the sectional area of the air area,
la.
, m - length of air area,
k BF
, Pa·s - the coefficient of dependence of BF
pressure from rotary speed (gets out under the
aerodynamic characteristic),
r
M BF
= f (ωBF )
, N·m - torque of BF resistance (it
is proportional to rotary speed),
J BF
, kg·m2 - inertia moment of BF,
e
TBF
, s - electromagnetic time constant of BF,
βBF
, N·m·s - static hard of BF,
s
pBF
- the number of magnetic sides of BF stator
windings,
kr . g .
, kg/m·s2 - coefficient of gas area wind
resistance,
Sg . 2
, m - the sectional area of gas area,
lg .
, m - length of gas area,

Table.
Designations for transition from the physical
equations to the condition equations

x1 = QIN

x2 = ωBF
x3 = M BF

x4 = QOUT

a11* =

k r .a . S a .
la.

*
a22
=

1
J BF

a23 =

1
J BF

a33 =

1
e
TBF

a32 =

*
a44
=

a17 =

Sa.
la .

β BF
e
TBF

b31 =

2πβ BF
s
e
pBF
TBF

a45 = kSE

a47 =

Sg.

b62 =

2πβSE
s
pSE
TSEe

a12 = k BF

kr . g . S g .
lg .

*
a55
=

1
J SE

a56 =

1
J SE

a66 =

1
TSEe

a65 =

βSE
TSEe

x7 = p f

a71 =

1

a74 =

u1 = f BF

u2 = f SE

x5 = ωSE
x6 = M SE

kcon.

lg .

1
kcon.

The differential condition equations look like the
following:

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

43

III. THE MODEL RESEARCH

 x&1 = − a11 x12 + a12 x2 + a17 x7

2
 x&2 = − a22 x2 + a23 x3
 x& = − a x − a x + b u
33 3
32 2
31 1
 3

2
 x&4 = − a44 x4 + a45 x5 − a47 x7 .
&
2
 x5 = − a55 x5 + a56 x6
 x&6 = − a66 x6 − a65 x5 + b62 u2

 x&7 = a71 x1 − a74 x4

10

0.1 1/s

u1 100

+
+
v1 - ki1 i1 - k1
s+1
0.2s+1

b31

d1

The structure scheme of the SAC is imaged in
Figure . The system has the two-channel object and
two PID-regulators jointed to the two-loop scheme
[9]. The regulators were designed for the AGC
model without electric drive persistence [6]. But the
regulators must overcome the model not stationary
features, because it is adjusted by means of the
localization method.
The ACS has nonlinearity not represented in the
equations: Saturation 1 and Saturation 2. The control
signals of BF and SE should be positive.
Disturbances M1, M4, M7 are added for system
checking. The numeric values are taken in the
accordance with the rated values of FDM and BU
[10, 11].

(2)

1/s

+100

1/s
x3 0.01+
x2
a23
f(x2) u 2

a33

a22

0.01

M1
Saturation1
10
1/s
+
x1 +
+
+
2
- u
a12
1
a17 0.1
f(x1) a11

100
a32
0.1 1/s
v2

100

++
+
ki2 i2 + k2
2
s +3s+1
2
0.04s +0.8s+1

100

u2

b62

Scope

0.01
1/s
+ 1/s x6
+
x5
-a56 100
f(x5) u2

M4
10 Saturation2 1/s
x4
+
+- 2
a45
+
u
1

a55

a47 0.1 f(x4) a44

a66 100

0.01

d2

10 a74 M 7

a65

1/s +
x7 +

10 a71 +

Figure 2. The structure scheme of AGC ACS with the two-circuit PID-controllers
50

x if v = v =50
1

Transients process received at modeling in a
package of applied programs Simulink MATLAB
are shown in Figure . Here the three input signals
were used for creating the family of curves.
The experiments show that the regulators with
not varying tunings satisfy standard requirements of
quality. Such quality indexes as overshot and static
error have not changed. The time of transient
process more than it was in the earlier model,
because two variables are added in each channel.

1
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Figure 3. The transient process of AGC ACS
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IV. CONCLUSIONS
The seven degree AGC model is received by the
results of investigation. The model consists of the
physical equations describing process, passing in
FDM.
The two-circuit PID-regulators were tuned
earlier by means of the localization method. The
work of this was checked by the experiments. The
regulators satisfy the standard requirements of
quality and overcome the object nonlinearities and
non stationary features.
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Singular Perturbation Approach to PulseWidth Modulated Control for Industrial
Applications
Valery D. Yurkevich
Novosibirsk State Technical University
based on averaging method and Lyapunov function
method with help of V.A.Yakubovich's frequency
theorem in [7,8].
The existence of equivalence between sliding
modes of variable structure control and PWM
control responses under the high frequency sampling
gives other possibilities for PWM controller design
[9]. It was shown in [10], if PWM controller is not
saturated and the sampling frequency tends to
infinity, then the response of discontinuously
controlled system coincides with Filippov's average
model [11], where control variable is represented by
duty ratio function. Hence, various type of
continuous-time or discrete-time controllers can be
designed based on the Filippov's average model, for
instance, proportional-integral (PI) or proportionalintegral-derivative (PID) controllers [12-14].
However, the efficacy of PI and PID controllers
vastly falls in case of complicated dynamics,
nonlinearities, and varying parameters of the plant.
The main disadvantage of existence design
procedures of PI and PID controllers is that the
desired transient performances in the closed-loop
system cannot be guaranteed in the presence of
nonlinear plant parameter variations and unknown
external disturbances. Moreover, the most PI and
PID control recent results have concern with the
turning rules, identification and adaptation schemes
for linear systems [15, 16].
Various design technics of integral controllers
for nonlinear systems were discussed in [17-20]. A
set of examples can be found from mechanical
applications and robotics where acceleration
feedback control with integral action is successfully
used [21-26].
The generalized approach to nonlinear control
system design with integral action in feedback was
developed in [27], where the distinctive feature of
designed control systems is the presence of twotime-scale motions in the closed-loop system.
Therefore, the method of singular perturbations [2830] is used for analysis of closed-loop system
properties in such systems.
The objectives of this paper are the analysis and
design of control systems with PWM feedback loop
for nonlinear plant model in the presence of plant's

Abstract: The problem of robust controller design
for nonlinear systems in the presence of highfrequency pulse-width modulation (PWM) in control
loop is addressed. The control design methodology is
based on an application of Filippov's average model
and singular perturbation method. The discussed
controller is an extension of PI/PID control scheme.
The presented design methodology guarantees desired
output transient performance indices by inducing of
two-time-scale motions in the closed-loop system.
Stability conditions imposed on the fast and slow
modes and sufficiently large mode separation rate
between fast and slow modes can ensure that the fullorder closed-loop nonlinear system achieves the
desired output transient performances in presence of
external disturbances and plant's parameter
variations. The time-scale separation technic is used
throughout the paper in order to get explicit
expressions for evaluation of the controller
parameters. Controller design and simulation results
of voltage regulation for buck-boost DC-DC converter
are discussed in presence of resistor load and voltage
source variations as an example of the proposed PWM
control design methodology application.
Keywords: nonlinear system, output regulation,
pulse width modulation, PI controllers, singular
perturbation method, power converters.

I. INTRODUCTION
Control systems with pusle-width modulation
(PWM) in feedback loop are widely used in various
practical applications where the most important ones
are power converters and motor control systems [14].
The great improvement of power electronic
switching device characteristics and the drastic
decreasing of switching device production cost give
a possibility to provide a high sampling frequency in
PWM control systems. Therefore, among various
PWM techniques the principle of equivalent areas
[5] is efficiently used where the continuous-time or
discrete-time control algorithms are designed at the
beginning, and then ones should be redesigned in
order to be implemented in a PWM feedback loop
[6].
Problems of stability analysis and oscillations for
nonlinear pulse-modulated systems are investigated
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duty ratio function when t = tκ , tκ = κ Ts , and
κ = 0,1, 2,K .

parameter variations, and unknown external
disturbances. The discussed approach to controller
design is based on the design methodology presented
in [27] that guarantees desired output transients by
inducing of two-time-scale motions in the closedloop system. Stability conditions imposed on the fast
and slow modes and sufficiently large mode
separation rate between fast and slow modes can
ensure that the full-order closed-loop nonlinear
system achieves the desired output transient
performances in the presence of external
disturbances and plant's parameter variations.
The paper is a continuation of [31] and one is
organized as follows. First, the control design
objectives are stated. Second, the Filippov's average
model for nonlinear system under high-frequency
sampling is introduced. Third, the generalized
structure of feedback controller for nonlinear
systems is presented, where the proposed controller
is an extension of PI/PID control scheme. Fourth,
the two-time-scale motions analysis of the closedloop system properties is discussed. Such questions
as conditions for not saturated behavior of pulsewidth modulator and attenuation of high-frequency
chattering caused by the switching mode of the
pulse-width modulator are addressed as well. Fifth,
the problem of voltage regulation for buck-boost
DC-DC converter in the presence of resistor load
and voltage source variations is described in details
as an example of the discussed PWM control design
methodology application. Simulation results for
buck-boost DC-DC converter are included as well.

A control system is being designed so that the
condition
lim x(t ) = r
(3)
t →∞

holds, where r is the reference input, r = const .
Moreover, the output transients of x(t ) should have
the desired performance indices in the presence of
nonlinearity of the system (1), the external
disturbances or varying parameters represented by
w(t ) .

Figure 1. Block diagram of control system

The block diagram of the discussed control
system is shown in Figure 1, where the plant (P) is
represented by (1), the pulse-width modulator
(PWM) is given by (2) and the controller (C) should
by designed later on.
III. CONTROLLER DESIGN

3.1. Filippov's Average Model
Denote
f ( X , w) = f ( X , w, u + ) , f − ( X , w) = f ( X , w, u − ).
+

II. CONTROL PROBLEM STATEMENT
Then the system (1)-(2) can be rewritten as
x ( n ) = ν f + ( X , w) + (1 −ν ) f − ( X , w) ,
(4)
where ν is defined as the switching function
given by
1 for tκ < t ≤ tκ + χ (tκ )Ts
(5)
ν =
 0 for tκ + χ (tκ )Ts < t ≤ tκ + Ts
Assumption 1: The pulse-width modulator
given by (2) is not saturated, that is the following
inequality 0 < χ < 1 holds.
Assumption 2: The sampling period Ts is
assumed to be sufficiently small in compare with
time constants associated with the dynamics of the
system (1) or, in other words, the sampling
frequency f s = 1 / Ts tends to infinity.
From Assumptions 1 and 2, by following to
the Filippov's approach [11], the geometric approach
to PWM control [9,10], the response of
discontinuously controlled system given by (1)-(2)
coincides with Filippov's average model
x ( n ) = χ f + ( X , w) + (1 − χ ) f − ( X , w) .
(6)

Consider the SISO nonlinear system of the
following form:
x ( n ) = f ( X , w, u ) ,
(1)
where X = [ x, x (1) ,K , x ( n −1) ]T is the state vector and

x(t ) is the measurable output of the system (1). It is
assumed that f (X , w, u ) is an unknown scalar
continuous bounded function of X (t ) , w(t ) , and

u (t ) on a bounded set Ω X , w,u = Ω X × Ω w × Ωu . Let
u (t ) is the scalar control variable, where u (t ) takes
one of two possible values in Ωu = {u + , u − } .
Assume that the pulse-width modulated control
for the system (1) is defined as the switching
function u (t ) given by
+
u for tκ < t ≤ tκ + χ (tκ )Ts
u= −
 u for tκ + χ (tκ )Ts < t ≤ tκ + Ts

(2)

where Ts is the sampling period of the pulse-width
modulation, χ is the duty ratio function which takes
values in the interval [0,1] , χ (tκ ) is the value of the
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The average model given by (6) can be rewritten

Note, the relation between the duty ratio
function χ (t ) and the control variable u (t ) is defined
by the switching function (2).

as

x ( n ) = f − ( X , w) + [ f + ( X , w) − f − ( X , w)]χ , (7)
where the following inequality 0 < χ < 1 holds
in accordance with Assumption 1. The closed-loop
control system properties will be treated below
based on the average model given by (7).

3.3. Two-time-scale motions separation
Consider the closed-loop system equations given
by the average model (7) and controller (8), that are

3.2. Control law structure

x ( n ) = f − ( X , w) + [ f + ( X , w) − f − ( X , w)]χ ,

µ q χ ( q ) + d q −1 µ q −1 χ ( q −1) + L + d1 µ χ (1)

By following to the design methodology [27],
consider the controller given by
µ q u ( q ) + d q −1 µ q −1u ( q −1) + L + d1 µ u (1)
(8)
= k[ F ( X , r ) − x ( n ) ],
where µ is the small positive parameter, q ≥ n , and

F ( X , r) = −

(11)

= k[ F ( X , r ) − x ].
( n)

(n)

The replacement of x in the second equation
of the system (11) by the right member of the first
equation of (11) yields the closed-loop system
equations in the form
x ( n ) = f − ( X , w) + [ f + ( X , w) − f − ( X , w)]χ ,

an0−1 ( n −1)
a0
1
x
− L − n1−1 x (1) + n [r − x].
T
T
T

The controller parameters an0−1 ,K , a10 , T are selected

µ q χ ( q ) + d q −1 µ q −1 χ ( q −1) + L + d1 µ χ (1) + k[ f + ( X , w)
− f − ( X , w)]χ = k[ F ( X , r ) − f − ( X , w)].

such that the polynomial

Denote

x1 = x, x2 = x (1) ,K , xn = x ( n −1) ,

T n s n + an0−1T n −1 s n −1 + L + a20T 2 s 2 + a10Ts + 1 (9)
has the desired root distribution inside the left
part of the s - plane, where roots of the polynomial
(9) are defined by the requirements imposed on the
desired output transient performance indices of x(t )
in the system (1).
The control law (8) can be expressed in terms of
transfer functions, that is
k
u( s) =
µ ( µ q −1 s q −1 + d q −1 µ q − 2 s q − 2 + L + d 2 µ s + d1 )

χ1 = χ , χ 2 = µ χ (1) ,K , χ q = µ q −1 χ ( q −1) .
Then the above closed-loop system equations
may be rewritten as the following system of
singularly perturbed differential equations:
x&i = xi+1, i = 1,2,K, n −1,
x&n = f − ( X , w) +[ f + (X , w) − f − ( X , w)]χ1,
µ χ& j = χ j+1, j = 1,2,K, q −1,
(12)

µ χ&q = −[ f + (X , w) − f − ( X , w)]χ1 − d1χ2 −L

 a0

n −1
 [r ( s ) − x( s )] − ( s + L + a2 s + a1 ) x( s )  ,
s

where the controller is proper, hence it is
x (t )
implemented without an ideal differentiation of
r (t )
or
due to q ≥ n .

− dq−1χq + k[F( X , r) − f − ( X , w)],
where fast and slow modes are forced as µ → 0 .
From the system (12), by means of the known
procedure of the time-scale separation [28-30], we
get the fast-motion subsystem (FMS) given by
µ χ& j = χ j +1 , j = 1, 2,K , q − 1,

Remark 1: The conventional PI controller
results from (8) when q = n = 1 . The PI controller
with an additional lowpass filtering results from (8)
when q > n = 1 . The proper PID controller results

µ χ& q = −[ f + ( X , w) − f − ( X , w)]χ1 − d1 χ 2 − L
− d q −1 χ q + k[ F ( X , r ) − f − ( X , w)],
which can be rewritten as
µ q χ ( q ) + d q −1 µ q −1 χ ( q −1) + L + d1 µ χ (1)

from (8) when q = n = 2 . The proper PID controller
with an additional lowpass filtering results from (8)
when q > n = 2 .
Remark 2: If q > n , then the controller can be
rewritten as the system of state space differential
equations given by
U& χ = AcU χ + Bc x + Ec r ,
(10)
χ = CcU χ + Dc x,

+ k[ f + ( X , w) − f − ( X , w)]χ

(13)

−

= k[ F ( X , r ) − f ( X , w)],
where X and w are treated as the frozen variables
during the transients in (13).
Assumption
3:
Assume
that
k , d1 ,K , d q −1 , u + , and u − are selected such that the
condition

Where U χ ∈ R q .
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k[ f + ( X , w) − f − ( X , w)] > 0

3.4. Control variable range

holds for all ( X , w) ∈ Ω X , w and the transients of the

From (14) it follows, the not saturated
behavior of χ (t ) can be provided by proper
selection of the pulse-width modulator parameters
u + and u − , it means that the value of

FMS (13) are exponentially stable.
The rate of transients in (13) depends on the
parameter µ . Hence, if µ is small enough, then, in
accordance with Assumption 3, after the rapid decay
of transients in (13), we get the steady state (more
precisely, quasi-steady state) for the FMS, where
χ& = 0 and χ = χ id . From (13), we find

χ id =

F ( X , r ) − f − ( X , w)
,
f + ( X , w) − f − ( X , w)

f + ( X , w) − f − ( X , w) can be increased through the
selection of u + and u − .
In order to keep the condition χ ∈ [0,1] for
the transient mode of the FMS (13), the control
system should be supplemented by an additional
limiter as shown in Figure 2.

(14)

where χ id is a so called inverse dynamics
solution.
Substitution of χ id into (7) yields the slowmotion subsystem (SMS) given by
x ( n) = F ( X , r ) ,
(15)
that is the reference model of the desired behavior

Figure 2. Control system, which is supplemented by a
limiter

given by the following differential equation:

T n x ( n ) + an0−1T n −1 x ( n −1) + L + a20T 2 x (2) + a10Tx (1) + x = r
where its characteristic polynomial is given by (9).
The main qualitative property of the
singularly perturbed systems is that: if the
equilibrium point of the FMS is exponentially stable,
then there exists µ * > 0 such that for all µ ∈ (0, µ * )
the trajectories of the singularly perturbed system
approximate to the trajectories of the SMS [28-30].
So, if a sufficient time-scale separation between the
fast and slow modes in the closed-loop system and
exponential convergence of FMS transients to
equilibrium are provided, then after the damping of
fast transients the desired output behavior prescribed
by (15) is fulfilled despite the presence of
nonlinearity in the system (1), the external
disturbances and varying parameters represented by
w(t ) .

3.5. High-Frequency Chattering
The high-frequency chattering, caused by the
switching mode of the pulse-width modulator (2), is
induced in the closed-loop system. The main effect
is produced by the sampling frequency ωs , where

ωs = 2 π / Ts . The maximum impact of the pulsewidth modulation on the amplitude of the highfrequency chattering with the sampling frequency
ωs in the behavior of the output variable x(t ) can be
estimated by
2
Ax (ωs ) ≈
f + ( X , w) − f − ( X , w)
(17)
n
πωs

under assumption that χ = 0.5 . Accordingly, the
maximum impact of the pulse-width modulation on
the amplitude of the high-frequency chattering in the
behavior of the duty ratio function χ can be
estimated by
|k|
Aχ (ωs ) ≈ q q − n Ax (ωs ) ,
(18)

Let τ FMS be the time constant of the FMS (13),
where τ FMS = µ q γ and

γ = k[ f + ( X , w) − f − ( X , w)] .

µ ωs

where q ≥ n. Note, the accuracy of the
estimations given by (17) and (18) increases when
ωs → ∞.

The requirement for degree of time-scale
separation between the fast and slow modes in the
system (12) can be represented by
τ FMS ≤ τ SMS / η ,
(16)

From (17) and (18), we have Ax (ωs ) → 0 and

where τ SMS = T and, for example, η ≥ 10. The
inequality (16) yields the upper bound for µ given
by
µ ≤ µmax = T q γ min / η ,
where γ min =

min

∀ ( X , w )∈Ω X ,w

Aχ (ωs ) → 0 as Ts → 0. Hence, the high-frequency
chattering attenuation can be provided in the closedloop system when Ts → 0. The effect of the
generated
high-frequency
harmonics
and
subharmonics of unknown frequencies can be
neglected in comparison with the effect of the

k[ f + ( X , w) − f − ( X , w)] .
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sampling frequency ωs due to a low-pass filtering
property of the system (1).
IV. CONTROL OF DC-DC CONVERTER
4.1. Buck-boost DC-DC converter
Figure 3. DC-DC buck-boost converter circuit

The DC voltage regulator is being designed
for the discussed buck-boost converter so that to
maintain the desired output DC voltage in the
presence of varying load R and varying amplitude
E , that is
(20)
lim VC (t ) = VCd ,

The switching buck, boost, or buck-boost
converters are widely used in various industrial
applications such as power storage systems, power
transmission systems, renewable energy systems,
and motor control systems. The huge set of
references is devoted to analysis and design of
switching power converters. Some references are
devoted to derivation of the converter circuit
topology [4, 32, 33] while in the other ones the
development of the switching controller design
methods is discussed, for instance, there are various
examples of controllers design based on LQR
approach [34], H ∞ techniques [35], sliding modes
[36-40], etc. Hence, the improvement of control
technics for power converters has the great practical
importance. Therefore, the main steps and
particulars of the presented above approach to PWM
control for nonlinear systems based on the
application of Filippov's average model and singular
perturbation method will be highlighted below by
consideration of the voltage regulation problem for
buck-boost DC-DC converter in the presence of
resistor load and voltage source variations.
Let us consider the simplified circuit of the DCDC buck-boost converter (BBC) with inverting
topology (see, e.g. [4, 41]) shown in Fig.3, where the
ideal switched model of the converter is given by the
following equations:

x
E
u − 2 (1 − u ),
L
L
x2 x1
x&2 = −
+ (1 − u ),
RC C

t →∞

where VCd is the reference value (reference input) of
voltage drop VC across a capacitor. Moreover, the
controlled transients of VC should have desired
transient performance indices. These performance
indices should be insensitive to parameter variations
of the buck-boost converter and external disturbance
represented by varying value of the resistor R(t ) and
the value of the DC voltage source E (t ) .

Figure 4. Block diagram of the cascaded control
system with the inner current controller, the outer voltage
controller, and the pulse-width modulator in control loop

In this paper a cascaded control law structure is
used as shown in Figure 4 where, firstly, an inner
fast continuous PI controller ( C1 ) of the current I L
through the inductor is designed such that the
condition
lim I L (t ) = I Ld
(21)

x&1 =

(19)

t →∞

holds, where I Ld is the reference value (reference
input) of the current through the inductor and,
secondly, an outer slow continuous PI controller
( C2 ) is constructed in order to meet the requirement

where x1 = I L is the current through the inductor
with inductance L , x2 = VC is the voltage drop
across a capacitor with capacitance C , I C is the
current through the capacitor, E is the value of the
DC voltage source, I R is the current through the

(20) by the tuning of the reference value I Ld .
A discontinuous control strategy is provided
by the pulse-width modulator shown in Fig.4, where
the input signal of the pulse-width modulator is
defined as the scalar variable χ which takes values
in the interval [0,1] . The output signal of the pulsewidth modulator is defined as the switching function
u (t ) given by (2), where u + = 1, u − = 0 . So, the
expression (2) is the same as (5) in the discussed
DC-DC buck-boost converter example.

resistor (load) with resistance R , and Vout = VC .
Assume that if the switch S1 is turned on (off), then

u = 1 ( u = 0 ). If the switch S1 is turned on, then the
switch S2 is turned off and vice versa.
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4.2. Average model of DC-DC converter

 1

 [r1 ( s ) − x1 ( s )] − x1 ( s )  .

Consider the average closed-loop system given

χ (s) =

The system (19) can be rewritten, for short, as
the nonlinear system given by
X& = f ( X , u ) ,
(22)

k1

µ1 ( µ1 s + d1 )  sT1

by

x2 E + x2
+
χ,
L
L
x
x x
x&2 = − 2 + 1 − 1 χ ,
(28)
RC C C
µ12 χ&& + d1 µ1 χ& = k1[(r1 − x1 ) / T1 − x&1 ].
Denote χ1 = χ , χ 2 = µ1 χ& . The replacement of
x&1 in the last equation of (28) by the right member of
the first equation of (28) yields the average closedloop system in the form
x E + x2
χ1 ,
x&1 = − 2 +
L
L
x
x x
x&2 = − 2 + 1 − 1 χ1 ,
RC C C
(29)
µ1 χ&1 = χ2

where X = [ x1 , x2 ]T . Denote f + ( X ) = f ( X , u = 1)

x&1 = −

and f − ( X ) = f ( X , u = 0) , then the system (2), (22)
can be rewritten as
X& = uf + ( X ) + (1 − u ) f − ( X ).
(23)
In accordance with Assumptions 1 and 2, the
response of discontinuously controlled system given
by (23) coincides with Filippov's average model
X& = χ f + ( X ) + (1 − χ ) f − ( X ) ,
(24)
where (24) can be rewritten as
X& = f − ( X ) + [ f + ( X ) − f − ( X )]χ
(25)
and the following inequality 0 < χ < 1 holds.
Finally, in accordance with (25), the Filippov's
average model of the discussed DC-DC converter is
given by
x
E + x2
χ,
x&1 = − 2 +
L
L
(26)
x
x x
&x2 = − 2 + 1 − 1 χ ,
RC C C
where 0 < χ < 1 .

r − x x 
 E + x2 
χ1 − d1 χ2 + k1  1 1 + 2  .

L
 L 
 T1
Since µ1 is the small parameter, the above equations
(29) are the singularly perturbed differential
equations. If µ1 → 0 , then fast and slow modes are
artificially forced in the closed-loop system, where
the time-scale separation between these modes
depends on the parameter µ1 . From (29), the
average fast-motion subsystem (FMS)

µ1 χ& 2 = −k1 

4.3. Current PIF controller design
At the beginning, consider the inner control
system shown in Figure 5, where the current
regulator is being designed so that to maintain the
requirement given by (21).

µ1 χ&1 = χ 2
 r − x x  (30)
 E + x2 
χ1 − d1 χ 2 + k1  1 1 + 2 

L
 L 
 T1
results, where x1 and x2 are treated as the frozen

µ1 χ& 2 = −k1 

variables during the transients in (30).

Figure 5. Inner feedback loop of the current control
system

Remark 3: The stability of FMS transients is
provided by selection of the gain k1 such that the

Consider the inner current continuous-time
controller ( C1 ) given by the following differential
equation:
µ12 χ&& + d1 µ1 χ& = k1[(r1 − x1 ) / T1 − x&1 ] , (27)
where µ1 is a small positive parameter of the

 E + x2 
condition k1 
 > 0 holds given that µ1 > 0
 L 
and d1 > 0 .
Assume that the control law parameters k1 , µ1 ,

controller, µ1 > 0, d1 > 0 , r1 = I Ld , and T1 > 0 . The

and d1 have been selected such that the FMS (30) is

control law (27) can be expressed in terms of

stable as well as time-scale decomposition is

transfer functions, that is the structure of the PI

maintained in the closed-loop system (29). Take, for

controller with an additional low-pass filtering (PIF

example, x2 = VCd and

controller) given by

k1 = L / ( E + VCd ),
(31)
then the FMS (30) characteristic polynomial is given
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by

4.4. Implementation of PIF current controller

µ12 s 2 + d1 µ1 s + 1.

(32)

In order to practical implementation, the
discussed PIF controller (27) can be rewritten in the
form given by
χ&& + α1 χ& = β1 x&1 + β 0 x1 + c0 r1 ,
(36)
where
d
k
ka
α1 = 1 , β1 = − 12 , β 0 = − 1 21 , c0 = − β 0 .

By letting µ1 → 0 in (30), we obtain the steady state
(more precisely, quasi-steady state) of the FMS (30),
where χ1 = χ1id (that is inverse dynamics solution)
and

µ1

L  r1 − x1 x2 
χ1id =
+ .
(33)

E + x2  T1
L
Substitution of χ = χ1 = χ1id into (26) yields the
average slow-motion subsystem (SMS) given by

x&1 =

µ1

χ = u1 .

r1 − x1
,
T1

 r1 − x1 x2 
x
x
x1 L
x&2 = − 2 + 1 −
+ ,

RC C C ( E + x2 )  T1
L

In order to avoid excitation of transients caused
by the initial condition mismatching between (26)
and (37), the following expressions for initial
conditions selection of the controller (37) should be
used, that are

(34)

where the average behavior of the current x1 through
the inductor is prescribed by the stable reference
equation of the form x&1 = (r1 − x1 ) / T1 and by that the
requirement (21) is maintained.
Remark 4: The parameter T1 is selected in

u1 (0) = χ (0),
x1 (0) = r1 (0)

(38)

u2 (0) = α1u1 (0) − β1 x1 (0).

accordance with the desired settling time tSMS for
the current x1 such that T1 ≈ tSMS / 3 . The time-scale
decomposition is maintained in the system (29) by
selection of the parameter µ1 such that the condition

4.5. High-frequency chattering attenuation
In accordance with (17) and (18), the
maximum impact of the pulse-width modulation on
the amplitude of the high-frequency chattering in the
behavior of the current x1 can be estimated by

µ1 ≈ T1 / η1 holds where, for example, η1 = 10 . The
desired damping of the FMS transients is provided
by selection of the parameter d1 , for example,

2( E + x2 )
(39)
πωs L
when χ = 0.5 . Accordingly, impact of the pulsewidth modulation on the amplitude of the highfrequency chattering in the behavior of the duty ratio
function χ in DC-DC converter can be estimated by
Ax1 (ωs ) ≈

d1 = 3 .
The steady-state for the current x1 yields

x1 = I L = I Ld , then the system (34) degenerates into
the reduced system:
x
E
x&2 = − 2 +
r1 , x1 = r1 = const (35)
RC C ( E + x2 )
The system (35) has the unique asymptotically
stable positive equilibrium point x2s given by

Aχ (ωs ) ≈

| k1 |

µ 2ωs

Ax1 (ωs ).

(40)

Remark 5: The sampling period Ts of the pulsewidth modulator is selected by taking into account
such additional requirements as
Ax1 (ωs ) ≤ ε1 , Aχ (ωs ) ≤ ε 2 ,
(41)

4r1 R 
E
− 1 .
 1+
2 
E

By linearization of (35) at the equilibrium
point x2s , we obtain z& = aint z where aint < 0 and
x2s =

aint = −

µ1

Then, from (36), we may get the equations of the
discussed PIF controller in the state-space form
without an ideal differentiation of x1 or r1 , that is
u&1 = −α1u1 + u2 + β1 x1 ,
u&2 = β 0 x1 + c0 r1 ,
(37)

where ε1 and ε 2 are the amplitude of the admissible
chattering in the behavior of the current x1 and the
duty ratio function χ , ε1 > 0 , and ε 2 > 0 .

4r1
1
.
−
RC CE 1 + 1 + 4 Rr / E  2
1



4.6. Outer voltage controller design
By selection of T1 in (27), let us provide that
the transients of the inner control loop for the current
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x1 are much faster in compare with the transients of

x&2 = −

the outer control loop for the output voltage VC ,

x2
E
+
u1 ,
RC C ( E + x2 )

where x2 = VC . After the damping of the transients

µ2 u&1 = u2 ,

for the current x1 , we get x1 = I L = I = r1 and, by
following to the discussed two-time-scale design
methodology, the outer voltage controller can be
designed based on the model of the reduced system
(35), where I Ld is treated as the new control variable

µ2 u&2 = −k2

d
L

E
u1 − d 2 u2 +
C ( E + x2 )

(45)

 r − x2 x2 
k2  2
+
.
RC 
 T2
From (45), similar to the above, the standard

as well as x2 is the output variable as shown on
Figure 6.

technique for two-time-scale motions analysis yields
the FMS given by

µ2 u&1 = u2 ,
µ2 u&2 = −

(46)

r − x
x 
k2  2 2 + 2  ,
T
RC
 2

where x2 is treated as the frozen variable during the
transients in (46). Accordingly, the SMS is given
by x&2 = (r2 − x2 ) / T2 and by that the requirement (20)
is maintained. Note, the desired settling time for the
voltage x2 is provided by selection of the controller
parameter T2 . In order to provide the FMS (46)
stability, take, for example,
k2 = C ( E + VCd ) / E
(47)
then the FMS (46) characteristic polynomial is given

Figure 6. Outer feedback loop of the voltage control
system

Consider the outer voltage controller ( C2 ) of
the same structure as the continuous-time PIF
controller given by (27), that is
µ22 &&
r1 + d 2 µ 2 r&1 = k2 [(r2 − x2 ) / T2 − x&2 ], (42)
where µ2 is a small positive parameter of the
controller, µ2 > 0 , and T2 > 0 . Hence, the closedloop system equations of the voltage control loop are
given by (35) and (42), that are
x
E
x&2 = − 2 +
r1 ,
RC C ( E + x2 )
(43)

by

µ22 s 2 + d 2 µ 2 s + 1

µ22 &&
r1 + d 2 µ 2 r&1 = k2 [(r2 − x2 ) / T2 − x&2 ].

when x2 = VCd .

The replacement of x&2 in the last equation of (43)
by the right member of the first equation of (43)
yields
x
E
x&2 = − 2 +
r1 ,
RC C ( E + x2 )

µ22 &&
r1 + d 2 µ 2 r&1 =

k2 E
u1 − d 2 u2 +
C ( E + x2 )

Remark 6: The time-scale decomposition is
maintained in the system (45) by selection of the
parameter µ2 such that the condition µ2 ≈ T2 / η2
holds where, for example, η 2 = 10 . The desired
damping of the FMS transients in (46) is provided
by selection of the parameter d 2 , for example,

(44)

d2 = 3 .
Remark 7: The time-scale decomposition
between control loop of the current I L and control

 r − x2 x2

E
k2  2
+
−
r1  .
RC C ( E + x2 ) 
 T2
Denote u1 = r1 and u2 = µ 2 r&1 , then the system (44)

loop of the voltage VC is maintained by selection of

can be rewritten as the system of the singularly

the parameters T1 and T2 such that the condition

perturbed differential equations, that is

T1 ≈ T2 /η 0 holds where, for example, h0 = 10 .
Similar to (37) and (38), we may get the statespace form of (42), that is
z&1 = −α1 z1 + z2 + β1 x2 ,

z&2 = β 0 x2 + c0 r2 ,

(48)

r1 = z1 ,
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where the initial conditions of the controller (49) are
defined by the following expressions:
z1 (0) = x1 (0),
(49)
z2 (0) = α1 z1 (0) − β1 x2 (0).
4.7. Simulation results
Let the converter parameters are as the following
ones:
E = 15V , C = 0.001 F , L = 0.02 H , R = 180 Ω.
Take x2 (0) = VCd and x2 (0) = 50 V , then the steady-

Figure 8. Simulation results: Plot of x2 = VC = Vout (V).

state of (26) yields

x1 (0) =

x2 (0)[ E + x2 (0)]
x2 (0)
, χ (0) =
RE
E + x2 (0)

.

In accordance with (31) and (47) we get
k1 ≈ 3.077 ⋅10−4 and k2 ≈ 0.0043 . Take T1 = 0.01 s ,

T2 = 0.1 s , d1 = 3 , and d 2 = 3 . Accordingly, we get

µ1 = 0.001s , µ2 = 0.01s . The sampling period of
the pulse-width modulation is selected as
Ts = 5 ⋅10−4 s, accordingly, ωs = 1.2566 ⋅104 rad/s.
Hence, by (39) and (40), Ax1 (ωs ) ≈ 0.1646 and

Aχ (ωs ) ≈ 0.004

given

that

the

Figure 9. Simulation results: Plot of r1 (A).

condition

x2 = V = 50V holds. The initial conditions of the
controllers (37) and (49) are defined by (38) and
(50), respectively. Simulation results for the system
(19) with the pulse-width modulator (2) and
controllers given by (37), (49) are displayed in
Figures 7-14. The simulation results confirm the
presented above analytical calculations.
d
C

Figure 10. Simulation results: Plot of χ .

Figure 7. Simulation results: Plot of x1 = I L (A).

Figure 11. Simulation results: Plot of R ( Ω ).
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about external disturbances and plant's parameter
variations. Moreover, the sampling period of the
pulse-width modulator can be easily calculated in
accordance with the requirements on the amplitude
of the admissible chattering in the behavior of the
output variable and the duty ratio function of the
pulse-width modulator. The presented method of
switching regulator design can be used in various
practical applications for power converters and
motor control systems.
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Application of Teaching-Learning-Based
Optimization for Multi Objective Optimization
of Rotary Regenerator
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at the expense of higher pressure drop. Therefore,
the optimum design of regenerators always requires
the optimal trade-off between the increased
effectiveness (i.e. heat transfer rate) and pressure
drop within the given set of constraints [1-3].
The design of regenerators involves number of
geometric and operating variables as a part of the
search for regenerator geometry. Generally a
reference geometric configuration of the
regenerator is chosen at first and an allowable
pressure drop value is set. Then, the values of the
design variables are defined based on the design
condition in order to have a reasonable heat transfer
leading to an appro -priate utilization of the heat
exchange surface. Then, based on iterative
procedure, designer's choices are verified until a
reasonable design is obtained which meets design
specifications with a satisfying compromise
between pressure drops and heat exchange
performance. Moreover, the requirement of higher
effectiveness and lower pressure drop leads to the
multi-objective
design-optimization
of
the
regenerators [4-7].

Abstract: This study explores the use of teachinglearning-based optimization (TLBO) algorithm for
design
optimization
of
rotary
regenerator.
Maximization of regenerator effectiveness and
minimization of regenerator pressure drop are
considered as objective functions and are treated
individually and then simultaneously for single
objective
and
multi-objective
optimization
respectively. Seven design variables such as
regenerator frontal area, matrix rotational speed,
matrix rod diameter, matrix thickness, porosity and
split are considered for optimization. A case study is
also presented to demonstrate the effectiveness and
accuracy of the proposed algorithm. The results of
optimization using TLBO algorithm are validated by
comparing with those obtained by using genetic
algorithm (GA) for the same case study.
Keywords:
Rotary
regenerator,
Design,
Optimization, Teaching-Learning-based optimization,
Genetic algorithm (GA).

I. INTRODUCTION
Energy recovery is one of the important means
of energy conservation to save the scarce energy.
The high temperature applications like furnace,
boiler, turbine, etc. are some of the areas where
energy conservation is possible by means of energy
recovery. A regenerator is a sizeable porous disk,
fabricated from materials having a fairly high heat
capacity. Because of its high heat capacity and
compactness, regenerator is widely used for such
energy recovery. As compared to recuperator, the
heat transfer in regenerator is intermittent, but
continuous heat transfer is possible by providing
rotary motion to regenerators. During the rotary
motion a part of the regenerator matrix is exposed
to hot stream and remaining to the cold stream (as
shown in Figure 1). Heat is stored from the hot
stream in the regenerator matrix and same energy is
released by the matrix when it is exposed to cold
stream. Regenerator is characterized by high
thermal effectiveness owing to large heat transfer
surface area per unit matrix volume. However this
superior thermal performance of the regenerators is

Figure 1. Radial flow rotary regenerator

The conventional optimization techniques for
designing the regenerators are very cumbersome
and laborious. Recently some authors have applied
different non-traditional random search algorithms
for the design-optimization of exchangers. Sanaye
et al. [8] used genetic algorithm (GA) for
determining the optimum operating condition of
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rotary regenerator. The authors considered
maximization of regenerator effectiveness as
objective function and compared the numerical
results with experimental data. Sanaye &
Hajabdollahi [9] carried out multi-objective
optimization of rotary regenerator considering
regenerative effectiveness and pressure drop
simultaneously. The authors applied GA for multiobjective optimization. Foli et al. [10] used GA for
multi-objective optimization of micro channels in
micro heat exchangers. The authors considered
maximization of heat transfer and minimization of
pressure drop simultaneously for estimating
optimum geometric parameter of micro channel.
Hilbert et al. [11] carried out the multi-objective
optimization of tube bank heat exchanger using GA
for maximize the heat transfer and minimize the
pressure drop simultaneously.
Ghodsipour & Sadrameli [12] carried out
simulation of a rotary regenerator by developing a
mathematical model. The authors investigated the
effect of rotational speed, hot fluid velocity and
cold fluid velocity on the regenerator effectiveness.
Wu et al. [13] carried out modal-based analysis of
rotary regenerator used for energy recovery.
Several other investigators [14-16] used different
optimization strategies for various objectives to
optimize different heat exchangers.
In the present work, an attempt is made to put
the effectiveness maximization, total pressure drop
minimization
and
teaching-learning-based
optimization (TLBO) algorithm [17] into the rotary
regenerator design optimization practice. The main
objectives of this work are (i) single objective
optimization of rotary regenerators for effectiveness
maximization and total pressure drop minimization.
(ii) multi-objective optimization of the influential
parameters of rotary regenerators considering
effectiveness
and
total
pressure
drop
simultaneously and (ii) to demonstrate the
effectiveness of TLBO algorithm for multiobjective optimization of rotary regenerators. So
far, TLBO has not been tried or experimented for
the multi-objective optimization of rotary
regenerators. In this paper, ability of the TLBO
algorithm is demonstrated using a case study. The
TLBO results are compared with those obtained by
using GA for the same case study considered by
Sanaye and Hajabdollahi [9].

teaching-learning ability of teacher and learners in a
class room. Teacher and learners are the two vital
components of the algorithm and describes two
basic modes of the learning, through teacher
(known as teacher phase) and interacting with the
other learners (known as learner phase). The output
in TLBO algorithm is considered in terms of results
or grades of the learners which depend on the
quality of teacher. So, teacher is usually considered
as a highly learned person who trains learners so
that they can have better results in terms of their
marks or grades. Moreover, learners also learn from
the interaction among themselves which also helps
in improving their results.
TLBO is a population based method. In this
optimization algorithm, a group of learners is
considered as population and different design
variables are considered as different subjects
offered to the learners and learners’ result is
analogous to the ‘fitness’ value of the optimization
problem. In the entire population, the best solution
is considered as the teacher. The working of TLBO
is divided into two parts, ‘Teacher phase’ and
‘Learner phase’. Working of both the phases is
explained below.
TEACHER PHASE
It is first part of the algorithm where learners
learn through the teacher. During this phase a
teacher tries to increase the mean result of the class
room from any value M1 to his or her level (i.e. TA).
But practically it is not possible and a teacher can
move the mean of the class room M1 to any other
value M2 which is better than M1 depending on his
or her capability. Considered Mj be the mean and Ti
be the teacher at any iteration i. Now Ti will try to
improve existing mean Mj towards it so the new
mean will be Ti designated as Mnew and the
difference between the existing mean and new
mean is given by [17],
Difference _ Meani = ri M new − TF M j
(1)

(

)

Where TF is the teaching factor which decides
the value of mean to be changed, and ri is the
random number in the range [0, 1]. Value of TF can
be either 1 or 2 which is a heuristic step and it is
decided randomly with equal probability as,
TF = round [1 + rand (0,1){2 − 1}]
(2)
Based on this Difference_Mean, the existing
solution is updated according to the following
expression.
X new,i = X old ,i + Difference _ Meani
(3)

II. TEACHING-LEARNING-BASED OPTIMIZATION
(TLBO)
TLBO is a teaching-learning process inspired
algorithm proposed recently by Rao et al. [1] based
on the effect of influence of a teacher on the output
of learners in a class. The algorithm mimics
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M c ( N 60 )
Cr
(10)
= m m m
Cmin
Cmin
Where, Mm is mass of matrix material and Nm is
the rotational speed of the matrix.
In the equation 5, φc represents the correction
factor for the cleanliness [7]. In the present study
the value of φc is considered as unity.
The present work considered radial flow rotary
regenerator with randomly stacked woven-screen
matrix. For this type of regenerator the heat transfer
surface area of exchanger to total exchanger
volume is correlated as [1],
A
π
α= =
(11)
V d xt
Where, A and V is the total heat transfer area of
one side of the exchanger and total exchanger
volume respectively while d and xt is the matrix
rod diameter and transverse pitch of the rod
respectively. This ratio gives an idea of the
compactness of the exchanger. Here in the above
equation the total volume of the exchanger is
calculated by,
V = Afr t
(12)

LEARNER PHASE

Cr* =

It is second part of the algorithm where learners
increase their knowledge by interaction among
themselves. A learner interacts randomly with other
learners for enhancing his or her knowledge. A
learner learns new things if the other learner has
more knowledge than him or her. Mathematically
the learning phenomenon of this phase is expressed
below.
At any iteration i, considering two different
learners Xi and Xj where i ≠ j
X new,i = X old ,i + ri ( X i − X j ) If f ( X i ) < f ( X j )
X new,i = X old ,i + ri ( X j − X i ) If f ( X j ) < f ( X i )

(4)

Accept Xnew if it gives better function value.
III MATHEMATICAL MODELING AND OBJECTIVE
FUNCTION

The effectiveness of the regenerator is defined
as the ratio of the actul heat transfer rate to the
maximum possible heat transfer rate and
represented as [1],
Ch (Th ,i − Th, o )
Cc (Tc ,o − Tc ,i )
q
ε=
=
=
(5)
qmax Cmin (Th ,i − Tc ,i ) Cmin (Th,i − Tc ,i )

Where, t is matrix thickness and Afr is the frontal
area of the exchanger.
Also the total heat transfer surface area (A) of
the regenerator is represented in terms of hot side
and cold side area as [1],
(13)
A = Ac + Ah = α V
The free flow cross section area of the
regenerator is given by,
Acs = p Afr
(14)

The thermal effectiveness of rotary regenerator
using ε – NTU method is also represented as a
function of three non-dimensional numbers of NTU
, C* and Cr* and estimated by [1],
ε = f NTU , C * , Cr* = ε oϕrϕc
(6)

(

)

Where, ε denotes the effectiveness of a crossflow heat exchanger and calculated as [1],
1 − exp  − NTU (1 − C * ) 
(7)
ε=
1 − C * exp  − NTU (1 − C * ) 
Where, C* represents the heat capacity rate ratio
and NTU represents the number of transfer unit of
the exchanger and calculated as

NTU =


UA  1  
1
=


Cmin  Cmin   (1 hh Ah ) + (1 hc Ac ) 

Where p is porosity of matrix material and
defined as the ratio of void volume to total volume
of
the matrix surface and represented as,

p = α rh = 1 −

(8)

The correction factor for rotational speed (φr) in
the equation 5 is given by [1],

ϕr = 1 −

1
9Cr*1.93

π

(15)
4 xt
Where, rh is hydraulic radius and xt is the
transverse pitch of the matrix rod.
Also the hot side and cold side frontal heat
transfer area of the exchanger is correlated with
each other by dimensionless term defined as split
[9] and represented by,
A fr , h Ah
(16)
s=
=
A fr , c Ac
The hot side and cold side heat transfer
coefficient for regenerative exchanger is calculated
from the following correlation,
(17)
h = St G c
Where, St is Stanton number and defined as,
j
(18)
St = 2 / 3
Pr

(9)

Where, Cr* is heat capacity rate ratio of the
regenerator matrix and defined as [1],

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

60

Where, Colburn factor (j) for randomly stacked
woven-screen matrix is calculated by following
equation [9],
j = a1 Re− a2 + a3
(19)
Where, a1, a2 and a3 are constant coefficients.
Re is the Reynolds number and calculated by,
4r G
(20)
Re = h
µ
Where, G is mass flux velocity and given by,
m
G=
(21)
Acs
The hot side and cold side pressure drop for
rotary regenerator is calculated by [1],

Where, w1 and w2 are different weight factors
and Z1,max and Z2,min are the maximum
and
minimum values of the objective functions Z1 and
Z2 respectively, when these objectives are
considered independently. The values of weight
factor w1 and w2are decided by the designer.
Now a case study is considered to demonstrate
the effectiveness of the present approach using
TLBO algorithm for the design optimization of
rotary regenerator.
V. CASE STUDY
The effectiveness of the present approach using
TLBO algorithm is assessed by analyzing case
study which was earlier analyzed using GA by
Sanaye and Hajabdollahi [9]. A radial flow rotary
regenerator with randomly stacked woven-screen
matrix used to preheat the compressed air needs is
to be designed and optimized for maximum
effectiveness and minimum pressure drop. The
fresh air having mass flow rate 12 kg/s is coming
out from the compressor at a temperature of 400K.
This air is preheated in the regenerator with the
help of hot gases coming out from the furnace
having 100 ton/h melting load. In the furnace the
fuel-air ratio is about 0.08 for combustion. The
property values of air and hot gases are considered
to be temperature dependent. So, the objectives are
to find out regenerator dimensions, e.g. frontal area,
matrix thickness, matrix rod diameter, split,
porosity and rotational speed for maximum
effectiveness and minimum pressure drop.
In the present work, six inequality constraints
which are bound by lower and upper limits of the
design variables are considered. The same
constraints are used for single objective
optimization as well as for multi-objective
optimization.



v

K c + 1 − p 2 ) + 2  out − 1 + 
(

G2 
 vin


∆P =
vin 
 (22)
2


V
v
A
2
ave
out
 f
(1 − p − Ke )
−
 Acs vin  vin

Where, Kc and Ke are coefficients of pressure
drop at entrance and exit cross-sections respectively
and f is the friction factor. The friction factor for
randomly stacked woven-screen matrix is
calculated by following equation [9],

(23)
f = 10 ( ( ))
In the present work, a multi-objective problem
is formulated considering two objectives. The first
objective is to maximize the effectiveness of
exchanger as given by the following expression,
(25)
Z1 = Maximize ε ( X ),
g log Re

X = [ x1 , x2 ,......xn ] , xi ,min ≤ xi ≤ xi ,max ,
i = 1, 2,.....npar

(26)

The second objective is to minimize the total
pressure drop of the exchanger as given by the
following expression,
Z 2 = Minimize ∆ P (Y ),

Y = [ y1 , y2 ,...... yn ] ,

yi ,min ≤ yi ≤ yi ,max , i = 1, 2,.....npar

3 ≤ A fr ≤ 4
0.1 ≤ t ≤ 0.5
0.003 ≤ d m ≤ 0.01

(31)
(32)
(33)
0.33 ≤ s ≤ 3
(34)
0.602 ≤ p ≤ 0.832
(35)
1 ≤ N r ≤ 10
Out of six design variables of the considered
case study, one design variable, porosity (p), is
discrete while remaining five are continuous. In the
present work four different porosity values (0.602,
0.725, 0.766, 0.832) are considered for
optimization.

(27)
(28)

The above mentioned single objective functions
are put together for multi-objective optimization.
The normalized multi-objective function (Z) is
formulated considering different weight factors to
the objectives and is given by the following
equation:

Z

Z

Z = w1  1
 − w2  2 Z

Z
1,max 
2,min 



(30)

SINGLE OBJECTIVE CONSIDERATION

(29)

Table 1 shows the optimized parameters of the
case study obtained by using TLBO approach for
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maximum effectiveness as well as minimum
pressure drop consideration and its comparison with

the optimized parameters obtained by Sanaye and
Hajabdollahi [9] using GA approach.
Table 1
Comparison of regenerator design for single objective optimization

versa, which reflects the necessity of multiobjective optimization. Equation 29 represents the
normalized objective function for multi-objective
optimization. In the present work, weight method
is implemented for multi-objective optimization.

196

0.95

194

0.945

192
Maximize effectiveness

0.94

190
Minimize total pressure drop

0.935

188

0.93

186

0.925

184

0.92

182

0.915

180
1

3
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9
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17

G

25

Pressure drop (kPa)

0.955

30

Fitness value (pressure drop, kPa)

Fitness value (Effectiveness)

As seen from the results, for maximum
effectiveness consideration, present approach using
TLBO results in regenerator geometry which
increases the regenerator effectiveness by 2.79% at
the cost of 2.59% increase in pressure drop
compared to GA approach as suggested by Sanaye
and Hajabdollahi [9].
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Figure 3 Pareto front for multi objective optimization

19

Figure 3 represents the Pareto optimal curve
obtained
for
multi-objective
optimization
considering different weights in the normalized
objective function. As seen from Figure 3,
maximum effectiveness exists at design point G
corresponding to 0.9497 where the total pressure
drop is 30.95 kPa which is also validated by single
objective optimization where effectiveness is only
objective. Similarly, the pressure drop is minimum
at design point A corresponding to 0.1817 kPa
where the effectiveness is 0.0902.

Number of generations

Figure 2. Convergence of TLBO algorithm

The higher regenerator effectiveness in the
present approach increases the total heat transfer
rate by 2.98% compared to GA approach reported
by Sanaye and Hajabdollahi [9]. Similarly, for
minimum pressure drop consideration, 5.76%
reduction in total pressure drop is observed with
4.41% higher heat transfer rate using present
approach compared to GA approach suggested by
Sanaye and Hajabdollahi [9]. Figure 2 shows the
convergence of both the objective functions using
TLBO algorithm which indicates that both
objective functions are converged within about 7
generations.

9
E

8

GA approach [9]

Pressure drop (kPa)

7

MULTI-OBJECTIVE CONSIDERATION
The results of single objective optimization for
maximum effectiveness and minimum pressure
drop divulge that higher regenerator effectiveness
accompanies the higher pressure drop and vice
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Figure 4. Pareto front for design point A-E
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In the Pareto optimal curve the design points
between E to G have maximum effectiveness
increment corresponding to 6.1% with 274.38%
higher pressure drop. So the region E-G is
eliminated from the Pareto curve and remaining
Pareto curve obtained by using present approach is

shown in Figure 4 along with the Pareto curve
obtained by Sanaye and Hajabdollahi [9] using GA
approach. The optimal regenerator geometry for
various design points (A - G) on the Pareto optimal
curve are listed in Table 2.
Table 2

Optimal regenerator geometry for design points (A – G) on Pareto optimal front

using the present approach are compared with the
results obtained by Sanaye and Hajabdollahi [9]
using GA for identical effectiveness and heat
transfer rate.

To validate the effectiveness of the present
approach using TLBO algorithm for multi-objective
regenerator optimization, the results obtained by

Table 3
Comparison of regenerator design for identical effectiveness and heat transfer rate

Table 3 shows the comparison of the results
obtained by using both the approaches for identical
effectiveness and heat transfer rates. As seen from
the results, for same effectiveness and heat transfer
rate the present approach using ABC results in
lesser pressure drop compared to GA approach
proposed by Sanaye and Hajabdollahi [9]. For the
considered design point, 5.08% to 65.1% reduction
in pressure drop is observed using TLBO compared
to GA approach proposed by Sanaye and
Hajabdollahi [9].

objective optimization of rotary regenerator
considering
two
conflicting
objectives:
effectiveness maximization and total pressure drop
minimization. Six design variables are optimized In
the present work, for multi-objective optimization.
A set of Pareto optimal points is obtained using
normalized objective function with TLBO
algorithm. The algorithm’s ability is demonstrated
using a case study and the performance is compared
with GA approach presented by previous
researchers. Improvements in the results are
obtained using TLBO algorithm as compared to GA
approach shows the better potential of the TLBO
algorithm for such a thermal system design
optimization. The presented TLBO algorithm can
be easily modified to suit optimization of other

V. CONCLUSION
The present study demonstrates successful
application of TLBO algorithm for the multi-
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[12] N. Ghodsipour, M. Sadrameli. Experimental and
sensitivity analysis of a rotary air preheater for the
flue gas heat recovery. Applied Thermal Engineering.
2003. Vol. 23, p.571–580.
[13] Z. Wu, et al. Model-based analysis and simulation of
regenerative heat wheel. Energy and Buildings. 2006.
Vol. 38, p.502–514.
[14] Z. Liu, H. Cheng. Multi-objective optimization
design analysis of primary surface recuperator for
microturbines. Applied Thermal Engineering. 2008.
Vol. 28, p.601-610.
[15] A.K. Gholap, J.A. Khan. Design and multi-objective
optimization of heat exchangers for refrigerators.
Applied Energy. 2007. Vol. 84, p.1226-1239.
[16] S. Sanaye, H. Hajabdollahi. Multi-objective
optimization of shell and tube heat exchangers. Appl
Thermal Engineering. 2010. Vol. 30, p.1937-1945.
[17] R.V. Rao, V.J. Savsani, D.P. Vakharia. Teaching–
learning-based optimization: A novel method for
constrained
mechanical
design
optimization
problems. Computer-Aided Design. 2011. Vol. 43,
p.303-315.

types of thermal systems involving a number of
design variables and objectives. These features
boost up the applicability of the presented TLBO
algorithm for thermal system optimization. Unlike
other population based optimization techniques,
TLBO does not require any algorithm parameters to
be tuned which make the implementation of TLBO
simpler and easy.
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Setting of Tolerance Limits to Establish High
Precision in Measurement Uncertainty in
Engineering Problems
D. Datta
Computational Radiation Physics Section, Health Physics Division
Bhabha Atomic Research Centre, Mumbai-400085

uncertainty due to randomness of the or model of
interest. Uncertainty being random is categorized as
aleatory uncertainty which is not possible to reduce
by increasing the sample size of measurements. So,
obvious question here is that how one should select
the appropriate sample size. This is because if one
considers a very large sample size, say 1.0e6 for
example, computational load will unnecessarily be
a burden of the total problem. On the contrary, if
sample size is too small then important information
one may miss due to ignorance of actual sampling
zone. Moreover measured parameters may be
correlated and therefore existence of correlation
will increase sample size. Representative
uncertainty of the measured parameters may not
provide any sort of statistical distribution other than
they are a continuous function. Uncertainty due to
randomness is basically termed as aleatory
uncertainty which is not
reducible [1]. As
aleatory uncertainty is quantified using traditional
Monte Carlo simulations large number of sample
size is generally expected in measurements.
However, traditional Monte Carlo simulation is not
at all practical simulation method for achieving
high precision in any engineering measurement.
Moreover, confidence interval of the measurements
for quoted percentiles of the target may not be
possible to locate exactly due to presence of local
and global variations of the parameters of the
model. With a view to this issue, a non-parametric
method for deciding the appropriate sample size
proves to be a practical approach. Tolerance limits
here provides the sample size or experimental runs
and when experiments are performed for obtaining
that many values of the
uncertain parameters,
model uncertainties can be easily calculated or
estimated using these results of uncertainties of the
parameters. Tolerance limits are the extreme
bounds of the model value, so that any value within
those bounds can be acceptable with specified level
of confidence with specified percentiles [2].
Proposed method of setting tolerance limits is
illustrated with a case study of solute transport

Abstract: Estimation of precision in any
engineering measurement is a statistical phenomenon.
As the
measurements always associate a certain
degree of uncertainty, achieving high precision in any
measurement in presence of uncertainty is a
challenging task and that can be categorized as one
kind of intelligent computation associated with any
automation. Precision of any measurement is
generally defined as the ratio of one standard
deviation to the square root of the sample size of the
measurements. Tolerance limits accordingly are
statistical in nature. However, if the sample size for
measurements is small, achieving of high precision is
very difficult due to existence of uncertainty in those
measurements. So the solution is to establish the
tolerance limits with an account of uncertainty. In
other words, establishment of tolerance limits in
presence of uncertainty are achieved by using a
nonparametric
method.
Paper
proposes
a
nonparametric method to set the tolerance limits of
any engineering measurements in presence of
uncertainty.
Nonparametric methodology of
establishing tolerance limits is illustrated by a
benchmark problem of solute transport through
water bodies. Uncertain parameters of the model of
interest are considered as random in nature. The
sample size to generate the samples of these random
parameters is calculated on the basis of the proposed
method of setting up of tolerance limits. High
precision in concentration of the solute during its time
of passage through water bodies is our target. Results
obtained on the basis of the nonparametric simulation
are compared with the results obtained by executing
standard Monte Carlo simulations.
Keywords: Precision,
nonparametric.

tolerance,

uncertainty,

I. INTRODUCTION
As facilities and systems and their models
become more complex and costly to run, the use of
tolerance limit uncertainty characterization is
gaining popularity. The goal of this article is to
propose a nonparametric method of setting
tolerance limits to achieve high precision in any
engineering
measurements
which
entails
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through water bodies (subsurface or groundwater).
Contaminant as solute is discharged or poured into
a river and the samples are collected at any
downstream location at a certain instant of time.
Concentrations of contaminant present in the
collected samples are measured and decisions of
accepting these samples are made on the basis of
tolerance limits. Paper is organized in the following
ways. Section II describes the mathematical details
of setting the tolerance limits. Section III presents
the application of the concept of tolerance limits in
high precision measurement via uncertainty
modeling. Section IV presents some example
problems for handling uncertainty issues in
measurements. Section V presents a case study and
section VI concludes the impact of setting tolerance
limits for achieving high precision measurements in
any engineering problems.

< 1 construction of p pairs of functions of the
observations Li(x11,..., xpn) and Ui(x11,...., xpn) (i = 1,
…, p) such that the probability that
Up

∫ ∫ (

Lp

A tolerance interval is a random interval (L, U) that
contains with probability (or confidence) β at least
a fraction γ of the population under study. The
probability and fraction β and γ are analyst’s
selected criteria depending on the confidence
desired. The problem of setting tolerance limits can
be formulated as follows: For some given positive
values β < 1 and γ < 1 one can construct two
functions L(x1, x2, .., xn) and U(x1, x2, .., xn) called
tolerance limits for n independent observations x1,
x2, .., xn on x such that the probability that
(1)

L

holds, is equal to β. Wilks [3,4] proposes the
following solution of this problem:
Let x1, x2, .., xn be observed values of x arranged
in order of increasing magnitude. Then L = xr and
U = xn-r+1 where r denotes a positive integer. The

β = 1- γN

∫ f (t )dt
L

is derived by Wilks and this provides the solution
for the problem of setting tolerance limits. The very
important feature of Wilks’ solution is the fact that
U

∫ f (t )dt is entirely independent
L

of the unknown density function f(x), i.e., the

N

(

)

β1 =   γ N −1 (1 − γ ) = N (1 − γ )γ N −1
1

U

distribution of

(4)

Thus by simple algebra, we can rewrite equation (4)
as
ln(1 − β )
N=
(5)
ln(γ )
Sample values of size N are generated using
equation (5), sorted in an ascending order and
finally the maximum value, XN th value is quoted
as the upper tolerance limit. Extending to this
derivation it can be put forward a case in which the
probability β 1 of exactly one experiment in S1 and
which can be represented mathematically as

U

the distribution of

(2)

∫

U

exact sampling distribution of the statistic

)

L1

holds is equal to β. The functions Li and Ui are
called lower and upper tolerance limits of xi.
Tolerance limits are of two kinds, nonparametric
and parametric. In case of nonparametric tolerance
limits, nothing is known about the distribution of
the random variable except that it is continuous,
and in case of parametric tolerance limit, the
distribution function representing the random
variable of interest is known and only some
distribution parameters involved are unknown.
Equation (1) and (2) can be further interpreted
mathematically as follows:
If γ tolerance limits L and U for probability level
β of a limited sample S1 of size N, the probability β
that at least γ proportion of the x’s in another
infinitely large sample S2 will lie between L and U
can be written as [3,4,5,6]
U

(3)
p f ( x )dx ≥ γ  = β


L

where f(x) is the probability density function of the
random variable x. Equation (3) implies that the
probability that a single experiment will fail to fall
in S1 is γ. Therefore, the probability that N number
of experiments will fail to fall in S1 is γN. Hence the
probability that at least one experiment will fail to
fall in the domain S1 can be written as

II. DERIVATION OF TOLERANCE LIMITS

∫ f (t )dt ≥ γ

U1

.... f t1 ,......, t p dt1 ,...., dt p ≥ γ

(6)
 
Having more conservative estimate one can have a
requirement in which the probability β 2 of at least 2
experiments in the same region can be written as

∫ f (t )dt is the same for any arbitrary
L

continuous density function f(x). Extending Wilks’
method for multivariate case we can state the
problem of setting tolerance limits for p random
variables as, for a given positive values β < 1 and γ
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{

β 2 = 1 − γ N + N (1 − γ )γ N −1

}

limits of a model output such as temperature or
shear stress at a point on the surface of a structure.
In this case, suppose we are interested in assuring
that a small sample for estimating temperatures
obtained from a model and the corresponding upper
sample tolerance limit TU contains with probability
β (say 95%) at least the fraction γ of the
temperatures in a fictitious sample containing
infinite estimates of such temperatures. Table 1
shows values for sample size N based on the values
of β and γ. For example, if β = 0.95, γ = 0.95, then
N= 59 (see, equation (5)) samples taken from the
model or 59 experiments are required to perform to
have a high precision measurements of the
temperatures and will assure that the highest
temperature THighest in the sample space represents
the 95% upper confidence limit below which 95%
of all the possible temperature lie.

(7)

= 1 − γ N − N (1 − γ )γ N −1
In a similar way, one can evaluate the probability β3
of obtaining at least 3 experiments in the domain of
interest as (1 – probability that none of the
experiment will fell in the domain of interest +
exactly one experiment was in the domain of
interest + exactly two experiments were in the
domain of interests). Therefore, β3 can be
mathematically written as

{

(

)

}

β 3 = 1 − γ N + N (1 − γ )γ N −1 + N C 2 1 − γ 2 γ N − 2 (8)
So, in general, the probability β m for obtaining ‘m’
values in the domain of interest [7, 8, 9] is given by

βm = 1−

N

N!
γ i (1 − γ ) N −i
i!( N − i )!
i = N − m +1

∑

(9)

Table 1: Minimum Sample Size (One-Sided)

γ

In this case, lower tolerance limits is obtained by
quoting the minimum of {xi, i=1,...N} and the upper
tolerance limit is quoted by the maximum of {xi,
i=1,...N}.

0.90
0.95
0.99

0.90
22
29
44

β
0.95
45
59
90

0.99
239
299
459

Two sided tolerance limits: If we consider the
two-sided case, which is less common [10], sample
size will be different. Table 2 shows the sample
size.

III. UNCERTAINTY MODELING USING TOLERANCE
LIMITS

Measurements are always associated with a specific
uncertainty in the sense that measured values are
expressed always mean value ± error (uncertainty).
Error can be termed as mean square error or root
mean square error (standard deviation). Therefore,
high precision measurement means mean value of
the item of interest ± accuracy. This accuracy is
basically defined as sum of the bias, i.e. error and
precision. Tolerance limits addresses this precision
because sample size is possible to determine
accurately using these tolerance limits. Wilks’
tolerance limit is an efficient and simple sampling
method to reduce sample size from few thousands
to around 100 or so. The number of sample size
does not depend on the number of uncertain
parameters in the model. The problem in
nonparametric and parametric tolerance limits is to
calculate a tolerance range (L, U) for a random
variable X represented by the observed sample, x1,
......, xn and the corresponding size of the sample.
Equations (5) and (9) can be used for estimation
of sample size required for high precision
measurement during an experiment. For application
of the approach of Wilks’ tolerance limits, consider
two cases of tolerance limits: one sided and two
sided.
One sided tolerance limits: This is the more
common case, for example, measuring tolerance

Table 2: Minimum Sample Size (Two-Sided)

γ
0.50
0.80
0.90
0.95
0.99

0.90
17
29
38
46
64

β
0.95
34
59
77
93
130

0.99
163
299
388
473
663

With γ and β both equal to 95%, we will get n =
93 samples. That means if we perform 93
experiments of the model under study, we can say
that limits (TL, TU) from this experiment represent
the 95% confidence interval within which 95% of
all the possible temperature lie. So, uncertainty of
the model output will be expressed in terms of the
bounds TL and TU. Degree of uncertainty (Dou)
with a 95% confidence will be calculated using

DOU =

TU − TL
TU + TL

(10)

IV. EXAMPLE PROBLEMS
In this section, we have considered some simple
examples to convince the potential capability or
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illustration and shown in fig. 1. Results of
propagation and (95%, 95%) tolerance limits of the
deflection of cantilever are shown in Figure 2 and
Figure 3.

efficiency of Wilks’ tolerance limits for high
precision measurements.
Example 1: A manufacturer of steel bars wants
to order boxes for shipping their bars. They want to
order length very accurately (high precision value)
for the boxes, with 90% confidence that at least
95% of the bars do not exceed the box’s length.
How many samples, N, the manufacturer should
select and which one should be used as the measure
of the box’s high precision length?

0.18
delta data
0.16
0.14

Density

0.12

Solution: From Table 1, with γ = 95% and β =
90%, the value for N is 29. The manufacturer
should order box’s length as the x29 sampled bar
(when samples are ordered).

0.1
0.08
0.06
0.04
0.02

Example 2: A metallic cantilever is loaded with
a specific load. It is required to perform an
uncertainty analysis of the deflection of cantilever
based on Wilks tolerance limits and two-sided with
γ= 95% and β = 95%. Uncertainties of parameters
of interest of the model are specified as normal
distribution. Specification of the uncertainty of the
parameters of interest for estimating or measuring
the deflection of the cantilever is as shown in Table
3.

0

0

5

10

15
20
Deflection

25

30

35

Figure 1. Probability density of deflection of cantilever
Normal Probability Plot
0.997
0.99
0.98
0.95
0.90

Probability

0.75

Table 3 Uncertainty of Input Parameters

Parameter

Symbol

Distribution

Mean
Value

Std.
Deviation

0.50
0.25
0.10
0.05

P

Length of
beam

L

Young’s
Modulus

E

Width of
beam

B

Thickness
of beam

T

Normal

200

Normal
Normal
Normal
Normal

250

0.02
0.01

10

0.003
5

1 x 10

7

1 x 10

10

15

20
Deflection

25

30

Figure 2. Probability plot of deflection of cantilever

5
6

1
0.9

4
3.0

0.8

0.4
Cumulative probability

Concentrated
Load

0.3

The deflection of the cantilever is given by

0.7
0.6
0.5
0.4
0.3
0.2
0.1

δ=

3

0

4 PL
EBt

3

5

10

15
20
25
Deflection of Cantilever

30

35

Figure 3. Cumulative Probability plot of
deflection of cantilever

Solution: Same range and distribution (Table 3)
is assumed for parameters and with two-sided
(95%, 95%) criteria, we design simple sampling
with N = 93. A lognormal distribution is fitted to
generated data of deflection model for more

Lower and upper tolerance limits of the
deflection of the cantilever from fig. 2 and 3 can be
easily notified as L = 5.45 and U = 31.11.
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considered. Thus, when y = 0, r = x and the
concentration expression becomes
M
1
1
C ( x, y = 0, t ) =
erfc(ζ )
where
∈ bν 4 πα T x

Therefore, degree of uncertainty from equation (10)
is computed as (31.11 – 5.45)/(31.11 + 5.45) = 0.7.
V. CASE STUDY- SOLUTE TRANSPORT THROUGH
GROUND WATER

ζ =

Two dimensional solute transport in saturated
porous media is considered for assessing the
uncertainty analysis using Wilks’ tolerance limit.
The model computes the concentration of a
dissolved chemical species in an aquifer at any time
and at any specified distance from the point of
release of the chemical. Measured parameters
associated with the present model are flow velocity
(ν m/day), longitudinal dispersivity (αL m) and
transverse dispersivity (αT m) . Measurement
uncertainty of all these parameters is considered as
uniform distribution as the field measurements are
less and provides only the minimum and maximum
value. The governing equation used to describe the
two-dimensional transport and dispersion of a given
nonreactive dissolved chemical species in flowing
groundwater for a homogeneous and isotropic
aquifer can be written as [11]
2

erfc(ζ) =1-

2
2ζ
∫ exp(−t / 2)dt .

π

∞

Sample values of uncertain parameters are
generated on the basis of Wilks’ tolerance limits
and two-sided with γ= 95% and β = 95%. Two sets
of simulation are carried out. In one case,
downstream distances are varied for a fixed time of
observation and in the second case downstream
distance is kept fixed at a specified value and time
of observations are varied. Table 4 presents the
specification of the uncertain input parameters of
the solute transport model. Input values of the
deterministic parameters and uncertainty of the
input parameters are quoted from [14,15].

2

Table 4: Uncertainty distribution of Input parameters

Parameters

where C(x,y,t) represents the concentration of
the dissolved chemical species (solute) in mg/l, ν is
the seepage velocity in the x direction (m/day), DL
and DT are the longitudinal and transverse
dispersion coefficients (m2/day) respectively, W is
the volume flux per unit area (m/day), C’ is the
concentration of the dissolved chemical species in a
source or sink fluid (mg/l), b is the saturated
thickness of the aquifer (m); ∈ is the effective
porosity of the aquifer (dimensionless) and x, y are
cartesian coordinates representing the downstream
and cross-stream distance (m) and t is the time of
observation (days). Initial and boundary conditions
of the solute transport problem are C(x, y, 0) = 0, x
≥ 0, y ≥ 0, C(0,t) = C0, t ≥ 0, and C(∞, t) = 0, t ≥
0. Longitudinal and transverse dispersion
coefficients by definition are given by DL= αLν, DT
= αTν respectively, where αL and αT are
longitudinal and transverse dispersivity of the
aquifer [12]. The approximate analytical solution
for this case was given by
Wilson and Miller
(1978) [13] as follows:

where ζ =

and the complementary error

function is given by

∂C
∂ C
∂ C
∂C C 'W , (11)
= DL 2 + DT
−ν
−
2
∂t
∂x
∈b
∂x
∂y

C (x , y , t ) =

x −νt
2 α Lν t

Velocity (m/day)
Longitudinal
dispersivity (m)
Transverse
dispersivity (m)

U
U
U

Lower
limit
0.3
100

Upper
limit
1.0
300

20

60

Table 5 presents the fixed input parameters of
the solute transport model.
Table 5: Fixed Input parameters used in model

Parameters
Thickness of flow, b
Source strength, M
Effective porosity, ∈

Value
50 m
120 kg/day
0.17

Number of simulations for two sided Wilks’
tolerance limit are 93. With these number of
simulations the concentration values of solute at
locations (downstream distance) x = 50, 100, 150,
200, 250, 300, 350 and 400 m at time, t = 400 days
are computed. A plot of cumulative probability of
concentration at t = 400 days is as shown in fig. 4.
Two sided tolerance limits of solute concentrations
at
t = 400 days for each locations are estimated
as. Lower sided tolerance limits is the minimum
value of the solute concentration for a specified
location and at specified time and upper sided
tolerance limits is the maximum value of the solute
concentration at time t = 400 days and for the
specified location. Profile of these two-sided
tolerance limits of the solute concentration at time

x−r 1
M
1

exp 
erfc (ζ ) ,
∈ b ν 4 πα T
 2α L  r

r − νt

Dist

with r 2 = x 2 + (α L α T ) y 2

2 α Lν t
where, M signifies a permanent point source of
constant rate. To simplify the analysis, solute
concentration on the longitudinal section is only
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t = 400 days is shown in Figure 5. It can be stated
from fig. 5 that solute concentration limits (lower
and upper) decreases if one collects the sample
from farthest downstream distance. Another
interpretation from these profiles is that one can
have surety with a 95% confidence level that 95th
percentile value of the solute concentration at x =
150 m and at time, t = 400 days will not fall beyond
either of the values 0.03 kg/day (lower sided
tolerance limit) and 0.0979 kg/day (upper sided
tolerance limit).

x = 400 m (fixed) and at different times of
observations are estimated and the corresponding
profiles are shown in fig. 7. It can be seen from fig.
7 that for this situation concentration value
increases with time of observations and gets
saturated at some time. It can be noted from this
profile that time of observation for saturated values
of the solute concentration (minimum and
maximum) provide the analyst a knowledge about
the time of sampling for analyzing the sample. In
practice such type of profiles are called
breakthrough curves.

1
0.9

1

x
x
x
x
x
x
x
x

0.7
0.6
0.5
0.4
0.3

=
=
=
=
=
=
=
=

0.9

50 m
100 m
150 m
200 m
250 m
300 m
350 m
400 m

0.8
Cum ulative p ro bab ility

Cumulative probability

0.8

t = 400 days

0.2
0.1
0

0

0.05

0.1
0.15
Concentration (kg/m3)

0.2

0.7
x = 400 m

0.6

t = 100 days
t = 200 days
t = 400 days
t = 600 days
t = 800 days

0.5
0.4
0.3

0.25

0.2
0.1

Figure 4. Cumulative Probability plot of concentration at
t = 400 days for various distance

0

0

0.005 0.01 0.015 0.02 0.025 0.03 0.035
Concentration (kg/m3)

0.04 0.045

0.05

0.25

Figure 6. Cumulative Probability plot of concentration
at x = 400 m for various time

Time, t = 400 days

0.15

0.05
0.045
x = 400 m

0.1

0.04
Concentration (kg/m3)

Concentration (kg/m3)

0.2

0.05

0
50

100

150
200
250
300
Downstream distance, x(m)

350

400

Figure 5. Lower and Upper tolerance limits of
concentration at t = 400 days for various distance

0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
100

Computations of lower and upper sided
tolerance limits of solute concentration are further
carried out with a specified downstream location,
x = 400 m and at different times, t = 100, 200, 400,
600 and 800 days respectively. It is to be noted here
that for two-sided tolerance limits 93 simulations or
sample values of uncertain input parameters of the
solute transport model are generated. Cumulative
probability plot for each time of observations at
x = 400 m is as shown in fig. 6. Two sided
tolerance limits of the solute concentrations at

200

300

400
500
Time, t (days)

600

700

800

Figure 7. Lower and Upper tolerance limits of
concentration at x = 400 m for various time

Lower and upper sided limiting value of the
solute concentrations will further help in estimating
the corresponding limiting values of the
longitudinal and transverse dispersion coefficients
of the water body through which solute
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[4]

transportation takes place. Measurement of the
parameters important for transport of the
contaminant after discharged into the surface or
groundwater (river, canal, etc.) from any industry
will be of high precision with a tag mark that “95th
percentile values of the measured parameters will
not go beyond the lower and upper sided tolerance
limits with a 95% confidence level”.

[5]

[6]

[7]

VI. CONCLUSION
Settings of tolerance limits for high precision in
measurement uncertainty in engineering problems
are discussed. Wilks’ method being nonparametric
can be applied to any engineering measurements to
achieve a specified degree of confidence with a
specified percentile value of the measured quantity.
Setting of tolerance limits basically provides the
knowledge of sample size or experimental runs.
Wherever simulation is required for uncertainty
quantification with a high precision, sample size
can be best estimated by using this concept. Wilks’
method also provides the best estimates. Tolerance
intervals calculate a confidence interval that
contains a fixed percentage (or proportion) of the
data. This is related to, but distinct from, the
confidence interval for the mean. There are two
numbers for the tolerance interval: (1) the coverage
probability is the fixed percentage of the data to be
covered, and (2) the confidence level. The
methodology has been demonstrated with some
simple examples in section IV and a case study of
setting tolerance limits for concentration of
dissolved chemical species is presented in section
V. Case study of the similar type can be extended to
set the tolerance limits of the radioactive effluent
discharge during the routine operation of any
nuclear plant. Tolerance limits can be also accepted
as regulatory limits, so Wilks’ method can be
visualized as a regulatory tool. It can also play a
major role of best estimate plus uncertainty
methods in major nuclear power plant
modifications.

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
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point in manufacturing related research since early
1970s. FMS provides a low inventory environment
with unbalanced operations unique to the
conventional production environment. Process
design of FMS consists of a set of crucial decisions
that are to be made carefully. It requires decisionmaking, e.g., selection of CNC machine tool,
material handling system, product mix, etc. The
selection of a FMS thus requires trading-off among
the various parameters of the FMS alternatives. The
selection parameters are conflicting in nature. High
quality management is not enough for dealing with
the complex and ill-structured factors that are
conflicting-in-nature. Therefore, there is a need for
sophisticated and applicable techniques to help the
decision-makers for selecting the proper FMS in a
manufacturing
organization.
An
effective
justification process requires the consideration of
many quantitative attributes (e.g. costs involved,
floor space requirements, labour requirements, etc.)
and qualitative attributes (e.g. ease of use,
expandability, market response, etc.). To help
address this issue of evaluation and justification of
FMS, various mathematical and systems modelling
approaches have been proposed. Wabalackis [1]
presented an analytic hierarchy process (AHP)
method for justification of FMS. The AHP method
can efficiently deal with objective as well as
subjective attributes, especially where the
subjective judgments of different individuals
constitute an important part of the decision process.
However, in some cases an unmanageable number
of pair-wise comparisons may result.
Padmanabhan [2] used a tandem expert support
system as justification for a FMS. Sriram and Gupta
[3] studied the firms where FMS is already in place
and proposed that several changes are needed in
cost and financial evaluation procedures and
organization structures in order for planners and
managers to perform effectively. An economic
evaluation methodology based on the synthesis of
two multi-objective modelling approaches for

Abstract: Evaluating alternative manufacturing
technologies in the presence of multiple performance
measures is often a difficult task for the decision
maker. It is for this reason that evaluation of flexible
manufacturing systems (FMS) has been receiving
significant attention in the manufacturing industries.
This paper presents application of six multiple
attribute decision-making methods for selection of
Flexible
manufacturing
systems
(FMS)
in
manufacturing industries. The proposed approach
helps to evaluate and rank the alternative FMS. An
example is included to compare the methods. It is
proposed that the most sensible approach to select a
particular alternative FMS from among the given
alternatives is to apply several valid decision-making
methods to the same selection problem and then to
make the final selection on the basis of aggregation of
the results of those decision-making methods that
have a very good similarity in the results.
Keywords:
Flexible
manufacturing
system
selection, multiple attribute decision making, DEA,
AHP,
TOPSIS,
PROMETHEE,
ELECTRE,
COPRAS.

I. INTRODUCTION
Flexible manufacturing system (FMS) is a set of
integrated computer controlled automated material
handling equipments and numerical controlled
machine tools capable of processing a variety of
part types. Due to the competitive advantages like
flexibility, speed of response, quality, reduction of
lead-time, reduction of labour etc., FMSs are nowa-days widely used in industries.
Today’s manufacturing strategy is purely a
choice of alternatives. The better the choice more
will be the productivity as well as the profit
maintaining quality of product and responsiveness
to customers. In this era of rapid globalization the
overall objective is to purchase a minimum amount
of capacity (i.e., capital investment) and utilize it in
the most effective way. Though FMS is an
outgrowth of existing manufacturing technologies,
its selection is not often studied. It has been a focal

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

72

[13] proposed a fuzzy multiple objective
programming approach for the selection of an FMS
to consider the tangible and intangible attributes
affecting the selection of an FMS. A distance-based
fuzzy multiple criteria decision-making (MCDM)
approach based on the concepts of ideal and antiideal solutions for the selection of an FMS from a
set of mutually exclusive alternatives was presented
by Karsak [14]. A fuzzy goal-programming model
using a genetic algorithm for machine-tool selection
and operation allocation in FMS was proposed [15].
AHP method was used to implement FMS in a
tractor manufacturing plant [16]. Kulak and
Kahraman [17] proposed axiomatic design (AD)
principles for multiple attribute comparison of
advanced manufacturing systems. The comparison
was made for the cases of both complete and
incomplete information. The crisp AD approach for
complete information and the fuzzy AD approach
for incomplete information were developed. Chan
and Swarnkar [18] presented a fuzzy goal
programming approach to model the machine tool
selection and operation allocation problem of a
FMS. An ant colony optimization (ACO)-based
approach was applied to optimize the model. Chan
et al. [19] proposed a genetic algorithms approach
for solving distributed FMS scheduling problems
subject to maintenance. A decision making model
for FMS selection using a combined analytic
hierarchy process (AHP) and technique for order
preference by similarity to ideal solution (TOPSIS)
was presented [20]. However, the method does not
provide any check for consistency made in the
judgments of relative importance of attributes.
Chan et al. [21] carried out comparative
performance analysis of a FMS using a reviewperiod-based operation control. Liu [22] presented a
DEA/AR approach for selection of flexible
manufacturing systems. The method suffers from
the same drawbacks mentioned for DEA approach.
Even though precision-based methods such as
expert systems, neural networks, goal programming
methods, fuzzy algorithms, genetic algorithms, etc.,
had been proposed in the past to address the issue
of selection of flexible manufacturing technologies,
these
methods
are
knowledge
intensive,
complicated, require more computation and may go
beyond the capabilities of the real decision maker
(i.e. user organization). There is a need for a
simple, systematic and logical scientific method or
mathematical tool to guide user organizations in
taking a proper decision. The objective of an FMS
selection procedure is to identify the FMS selection
attributes and obtain the most appropriate
combination of FMS selection attributes in
conjunction with the real requirement. Thus, efforts
need to be extended to determine attributes that
influence FMS selection, using a simple logical

flexible automation investments was presented [4].
The procedure combines a general mixed integer
goal programming (GP) formulation with AHP to
utilize
both optimization and
evaluation
capabilities.
However,
the
procedure
is
cumbersome. AHP method for selecting automated
manufacturing systems was used by Mohanty and
Venkataraman [5]. Tabucanon et al. [6] proposed
an approach to the design and development of an
intelligent decision support system that was
intended to help the selection process of alternative
machines for FMS. The approach combines an
AHP technique for multicriteria decision making
with a rule-based technique for creating expert
systems.
Myint and Tabucanon [7] used AHP and goal
programming methods together for the machine
selection from a FMS source. This approach helps
managers explore and evaluate costs and benefits of
various scenarios for each FMS configuration
separately by experimenting with different types of
machines and degrees of flexibility of the system.
The problem of selecting the most appropriate FMS
for a manufacturing organization was addressed by
Shang and Sueyoshi [8]. A unified framework was
proposed to facilitate decision making in the design
and planning stage. The recommended framework
contained three individual modules: an AHP, a
simulation module, and an accounting procedure.
These modules were unified through an efficiency
measurement method called data envelopment
analysis (DEA). DEA method was used as a
MADM
method
for
evaluating
flexible
manufacturing systems [9]. However, DEA requires
more computation and if the number of attributes
that the decision maker wishes to consider is very
large and the alternatives are small, then DEA may
be a poor discriminator of good and poor
performers. Again, DEA may be at a disadvantage
in terms of the method’s rationale if the decision
maker is unfamiliar with linear programming
concepts. Talluri et al. [10] proposed a framework,
which was based on the combined application of
DEA and nonparametric statistical procedures, for
the selection of FMS. an integrated approach for the
automatic design of FMS, which uses simulation
and multicriteria decision-making techniques [11].
AHP was employed to analyze the output from the
FMS simulation models. Intelligent tools such as
expert systems, fuzzy systems and neural networks
were developed for supporting the FMS design
process.
Karsak and Tolga [12] proposed a fuzzy
decision algorithm to select the most suitable
advanced manufacturing system alternative. Both
economic evaluation criterion and strategic criteria
such as flexibility, quality improvement, were
considered for selection. Karsak and Kuzgunkaya
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approach, to eliminate unsuitable FMS and
selection of a proper FMS to strengthen the existing
FMS selection procedure.

The PROMETHEE method is an out ranking
method and compares the alternatives for each
attribute. The PROMETHEE requires additional
information regarding preference function when the
decision maker compares the performance of
different alternatives for each attribute. Six
different types of generalized functions are
available. The net flow values for each alternative
are calculated based on which the alternatives are
ranked [26].
The ELECTRE method is also an out ranking
method which calculates concordance and
discordance values for the alternatives. It requires
preference, indifference and veto threshold values
for each selection attribute. Superiority ratio values
for sort-listed alternatives are calculated to rank the
alternative using ELECTRE method [27].
The COPRAS method is a MADM method
which can be used to rank the alternatives in few
simple steps. In this method, the relative
importance of an alternative is calculated based on
its performance in terms of beneficial and nonbeneficial attributes. Finally, the utility degree
values are calculated and alternatives are ranked
from best to worst in descending order of utility
degree values [28].

II. MULTPLE ATTRIBUTE DECISION
MAKING (MADM) METHODS
The multiple attribute decision making
(MADM) refers to an approach of problem solving
that is employed to solve problems involving
selection from among a finite number of
alternatives. An MADM method is a procedure that
specifies how attribute information is to be
processed in order to arrive at a choice. Multiple
attribute decision making (MADM) problems are
frequently faced by the decision makers in the
manufacturing environment. The MADM methods
considered in this paper include, data envelopment
analysis (DEA) [23], analytical hierarchy process
(AHP)[24], technique for order preference by
similarity to ideal solution (TOPSIS) [25],
preference ranking organization method for
enrichment evaluations (PROMETHEE) [26],
ELimination Et Choix Traduisant la Realité
(ELECTRE) [27], complex proportional assessment
(COPRAS) [28], etc.
The DEA method is an extreme point method
and works on the basis of linear programming
approach to calculate the maximum efficiency of
alternatives. The alternatives can be raked on the
basis of efficiencies of the alternatives [23].
The analytic hierarchy process (AHP) is a
powerful and flexible decision making process to
help decision maker set priorities and make the best
decision when both tangible and non-tangible
aspects of a decision need to be considered. By
reducing complex decisions to a series of one-onone comparisons, then synthesizing the results,
AHP not only helps decision makers arrive at the
best decision, but also provides a clear rationale
that it is the best. Designed to reflect the way
people actually think, AHP continues to be the most
highly regarded and widely used decision-making
method [24].
The TOPSIS technique is based on the concept
that the chosen alternative should have the shortest
Euclidean distance from the ideal solution. The
ideal solution is a hypothetical solution for which
all attribute values correspond to the maximum
attribute values in the database comprising the
satisfying solutions; the negative-ideal solution is
the hypothetical solution for which all attribute
values correspond to the minimum attribute values
in the above-mentioned database. TOPSIS thus
gives a solution that is not only closest to the
hypothetically best, but which is also farthest from
the hypothetically worst [25].

Table 1
Conversion of subjective terms to quantitative
values (11-point scale)

Sr.
No.
1
2
3
4
5
6
7
8
9
10
11

Linguistic term
Exceptionally low
Extremely low
Very low
Low
Below average
Average
Above average
High
Very high
Extremely high
Exceptionally high

Quantitative
values
0.0455
0.1364
0.2273
0.3182
0.4091
0.5000
0.5909
0.6818
0.7727
0.8636
0.9545

III. EXAMPLE: FLEXIBLE
MANUFACTURING SYSTEM SELECTION
Karsak and Kuzgunkaya [13] proposed a fuzzy
multiple objective programming approach for the
selection of a flexible manufacturing system. The
authors had considered eight alternative flexible
manufacturing systems and seven attributes. In the
present work, the attributes considered are the same
as those of Karsak and Kuzgunkaya [13] as shown
in Table 2. Five attributes (RLC, RWP, RSC, CMC
and FSU) were expressed objectively and two
attributes (IMR and IQ) were expressed
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subjectively. The subjective data of the two
attributes IMR and IQ are converted into
appropriate objective data using the 11-point fuzzy
conversion scale (Table 1). The final values of
different attributes are represented in Table 2.
Table 2
Objective data of the attributes of FMS selection example (Karsak and Kuzgunkaya, 2002)

FMS
No.
1
2
3
4
5
6
7
8

RLC

RWP

RSC

30
18
15
25
14
17
23
16

23
13
12
20
18
15
18
8

5
15
10
13
14
9
20
14

RLC: Reduction in labor cost (%)
RSC: Reduction in set up cost (%)
IQ: Increase in quality
FSU: Floor space used (sq. ft.)

IMR

IQ

0.7727
0.7727
0.5000
0.7727
0.2273
0.7727
0.5000
0.2273

0.7727
0.7727
0.5000
0.7727
0.7727
0.5000
0.7727
0.5000

CMC
1,500
1,300
950
1,200
950
1,250
1,100
1,500

FSU
5,000
6,000
7,000
4,000
3,500
5,250
3,000
3,000

RWP: Reduction in WIP (%)
IMR: Increase in market response
CMC: Capital and maintenance cost ($1,000)

The normalized weights of each attribute are
calculated using the AHP method and these are:
wRLC = 0.1181, wRWP = 0.1181, wRSC = 0.046, wIMR
= 0.1181, wIQ = 0.3, wCMC = 0.3 and wFSU = 0.046.
Attributes CMC and FSU are considered as nonbeneficial attributes as lower values are desirable
for these two attributes. Remaining five attributes
are considered as beneficial and higher values of
these attributes are desirable.
The problem is now solved using the six
multiple attribute decision making (MADM)
methods viz. DEA, AHP, PROMETHEE,
ELECTRE, PROMETHEE and COPRAS. The
ranking by different methods are obtained and
tabulated as shown in Table 3. From the rankings
obtained by different MADM methods for
alternative FMS selection, it can be observed that
except DEA other five methods suggest alternative
FMS 4 as the first choice. Whereas, the DEA
method proposed alternative FMS 4 as the second
choice. It can be also understood that the rankings
obtained by the different methods are not same.
This does not matter if the first rank suggested by
all the methods is same.

Alternative

DEA

AHP

TOPSIS

PROMETH
EE

ELECTRE

COPRAS

M

M*

Table 3
Comparison of rankings obtained by DEA, AHP,
TOPSIS, PROEMTHEE, ELECTRE and COPRAS
methods for the FMS selection example

1
2
3
4
5
6
7
8

4
6
7
2
3
5
1
8

3
5
7
1
4
6
2
8

3
5
6
1
4
7
2
8

4
5
6
1
3
7
2
8

4
5
7
1
3
6
2
8

3
5
7
1
4
6
2
8

3.5
5.17
6.67
1.17
3.5
6.17
1.83
8

3
5
7
1
3
6
2
8

M, Average of the all six methods; M*, adjusted rank of M.

Table 4
Spearman’s rank correlation coefficients between different MADM methods for FMS selection example

DEA
AHP
TOPSIS
PROMETHEE
ELECTRE
COPRAS

DEA

AHP

TOPSIS

PROMETHEE

ELECTRE

COPRAS

1
0.9286
0.8810
0.9048
0.9524
0.9286

0.9286
1
0.9762
0.9524
0.9762
1.0000

0.8810
0.9762
1
0.9762
0.9524
0.9762

0.9048
0.9524
0.9762
1
0.9762
0.9524

0.9524
0.9762
0.9524
0.9762
1
0.9762

0.9286
1.0000
0.9762
0.9524
0.9762
1
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Before investing in such advanced manufacturing
technologies requiring substantial capital expenses,
both the dollar-denominated consequences and
those effects not readily reduced to monetary terms
have to be considered. The selection procedure for
FMS involves identifying the best alternative FMS
among a set of possible alternative FMSs based on
multiple attributes affecting its selection. To solve
such multiple attribute decision making (MADM)
problems various method are available.
In this paper, six MADM methods (DEA, AHP,
TOPSIS, PROMETHEE, ELECTRE and COPRAS)
are applied to a FMS selection problem and the
rankings obtained by the methods are compared.
From the comparison, it can be understood that the
rankings given by different methods may not be
same. But, it does not matter if the first rank
suggested by all the considered methods is same.
Otherwise, the final ranking can be obtained by
averaging the ranking values of different methods
having similar rankings i.e. having significant
spearman’s rank correlation co-efficient. The
average values of ranks can be used for deciding
the final ranking.

In this example of FMS selection the first ranks
suggested by all six methods are not the same. Such
cases where the ranking is not clear the final
decision may be made on the basis of the results of
methods that produce consistent rankings.
Averaging the rankings of the methods considered
makes intuitive sense. However, the rankings
produced by various methods are required to be
significantly similar, since averaging two or more
sets of rankings that are very different could lead to
the selection of a FMS that none of the methods has
chosen as best.
To check the consistency in the rankings given
by different methods, various measures of
consistency like mean squared error of ranks, mean
absolute error of ranks, Spearman’s rank correlation
coefficient, Theil’s co-efficient ‘U’, Kendall’s
correlation ‘τ’, weighted rank crossing, number of
ranks matched as % of number of alternatives, top
rank matched count, etc. In this paper Spearman’s
rank correlation coefficients are used for checking
the similarities in the rankings suggested by
different MADM methods. The Spearman’s rank
correlation coefficients are calculated and shown in
Table 4. It can be observed that the rankings by
different methods are consistent and all the methods
can be considered for averaging of the ranks to find
the adjusted ranks of alternative FMSs. Hence,
ranking on the basis of average ranking values of
all methods is carried out. As per the adjusted
ranking the alternative FMS 4 is chosen as the best
and FMS 8 as the worst alternative. Here, the FMS
1 and 5 are having the same average ranking values
of 3.5 each. So, mathematically these FMS 1 and 5
have the same ranking. When the average rankings
have a tie, the alternatives with the same average
ranking can be examined in greater detail, for
example, by considering their performance with
respect to additional attributes or by using other
methods to help distinguish their differences.
This ranking differs from the ranking suggested
by Karsak and Kuzgunkaya [13] which was 7 – 4 –
1 – 5 – 6 – 2 – 3 – 8. The difference in ranking is
due to the fact that while calculating using different
MADM methods, the linguistic terms are converted
in to their equivalent crisp values whereas Karsak
and Kuzgunkaya [13] considered complicated fuzzy
numbers which is not necessary.
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Structural Identifiability Analysis of Linear
Systems with Parameter Space Separators
T. V. Avdeenko
Novosibirsk State Technical University
identifiable (s.l.i.) if for almost any θ* ∈ Ω there
exists a neighbourhood v(θ* ) such that if θ ∈ v(θ* ) ,

Abstract: The problem of structural identifiability of
state-space models is studied. We offer an efficient
approach to structural identifiability analysis including
necessary and sufficient conditions for both local and
global identifiability test and also procedures for
eliminating nonidentifiability. The approach compares
favourably with other methods, because it does not
involve unfeasible symbolic computations and thus
allows testing structural identifiability of large
dimensional models. In present paper we digest the
essence of the approach, give definitions of weak, true
and false separator of parameter space and suggest
new algorithm of building true separators. We also
consider one interesting example of existing three
linear separators of model structure and reveal
geometry and properties of the separators.
Keywords: identifiability, parameter identification,
state-space models

then M (θ) ≈ M (θ* ) ⇒ θi = θ*i . Local identiability is
of course necessary condition for global
identiability. A parameter that is s.l.i., but is not
s.g.i., is structurally globally nonidentiable (s.g.n.i.)
A parameter that is not s.l.i. is structurally locally
nonidentiable (s.n.i. or s.l.n.i.). A model M (θ) is
s.g.i. (s.l.i.) if all its parameters are s.g.i. (s.l.i.). A
model is s.n.i. if any of its parameters is s.n.i.
In this paper we consider linear model structure
in the state space form. Various methods for testing
a priori structural identifiability of state space
models have been proposed (Audoly et al., 1998,
Ljung et al., 1994). But the problem is that testing
structural identifiability of sufficiently simple
models leads rapidly to very complicated algebraic
manipulations. Computer algebra is a good tool, but
we can not rely only on the growth of hardware
possibilities, because algorithms for working with
symbolic computations proved to generate NP-hard
tasks. Our experiments with use of Maple program
have shown that such well known methods for
identifiability analysis as transfer function method
and Markov matrix method permit to test
symbolically models of the dimensions of the state
vector only up to 4-6.
We develop an approach to testing structural
identifiability which does not generate such
complicated computations. In (Avdeenko, 2002),
(Avdeenko et al., 2007) we proposed conditions for
testing both structural local and global identifiability
(rank and order conditions for local and global
identifiability). Preliminary investigations have
shown that proposed approach is very promising.
Symbolic computations produced by applying rank
and order conditions proved to be not so sensitive to
the dimension of model structure as other methods.
We succeed in increasing the dimension of models
that can be investigated with purely symbolic
computations up to 7-8 for global analysis and up to
15 and even more for analysis of local identifiability.
And what is more, the idea of parameter space
separators evolved as a result of developing the
approach seems to be even more promising. Strong
separators are defined as hypersurfaces, which

I. INTRODUCTION
A priori structural identifiability is fundamental
problem in parameter identification (Ljung et al.,
1994). We wish to determine the number and
localization of parameter space points being
solutions to the parameter identification problem. If
there are several (non-unique) points in the
parametric space equally well corresponding to the
experimental data, we have non-identifiable model
structure. Thus, identifiability is a property of model
structure to have one or more solutions to the
parameter identification problem. We distinguish
between local identifiability ensuring uniqueness of
the solution only in some neighbourhood of arbitrary
parameter point, and global identifiability when
there is only one solution in the whole parameter
space
Here we present definitions of various types of
identifiability (Walter, 1982). Denote the equality of
the model input/output maps obtained for two values
θ and θ* of the parameter vector by
M (θ) ≈ M (θ* ) . This property is also called
indistinguishability of the models from input/output
observations. The parameter θi is called structurally
globally identifiable (s.g.i.) if for almost any θ* ∈ Ω
(with the exception of subsets of Ω of measure
zero) it is valid M (θ) ≈ M (θ* ) ⇒ θi = θ*i . The
parameter

θi

is

called

structurally

locally
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 A(θ* ) ⊗ I − I ⊗ AT (θ) 
n
n


T
,
X * = X * (θ* , θ) = 
− I n ⊗ B (θ)




C (θ* ) ⊗ I n



divide parameter space into various connected
domains. In each domain there exists one and only
one solution to the problem of parameter
identification. Knowledge of strong separators gives
information of the number and localization of
solutions. It is knowledge of the problem geometry
which is of obvious practical interest. It can be used,
for example, to develop algorithm of parameter
estimation for globally non-identifiable models.
Besides, separators’ equations can help us in the
eliminating
global
non-identifiability.
Unfortunately, there is no straight procedure to
obtain strong separators. But within the framework
of developed approach we offer a concept of true
separators. Investigation of large quantity of model
structures allow to suppose that true separators are
indeed strong separators of parameter space.
In present paper we digest the essence of the
approach, give definition of true separator on basis
of s.g.i.-matrix and consider one interesting example
of existing three linear separators of model structure.
We prove that separators are indeed strong, they
separate parameter space into six domains each
containing one and only one solution to the
parameter identification task.

 A(θ) ⊗ I − I ⊗ AT (θ) 
n
n


*
*
X = X (θ , θ) * = 
.
− I n ⊗ BT (θ)
θ =θ 

C (θ) ⊗ I n





Investigation of local identifiability is based on the
following necessary and sufficient condition for
local identifiability (rank condition for s.l.i.):

rank ΓX

In case the model is s.l.i. the next stage is analysis of
global identifiability. It is the most complicated
computational procedure based on previous test of
sufficient condition for local identifiability (rank
condition for s.g.i.):

The developed approach is based on the
representation of state-space model structure in the
form of natural parametrization with linear
constraints on the entries of system matrices
d
 x(t ) = Ax(t ) + Bu (t ),
 dt
 y (t ) = Cx (t ),

x(0) = 0,

Γs = Γ 0 ,

rank ΓX *

sT = ( AT , BT , C T ) ,

= cols (ΓX * ) = n2 ,

(4)

for almost all θ and θ* (excluding points of sets of
measure zero of the form e(θ* ) = 0 or g (θ) = 0 ).

(1)

Fundamental distinction of condition (4) from
condition (3) is that elements of s.g.i.-matrix ΓX *
depend on two points θ
and θ* . And it is
impossible to use built-in operation of generic rank
computation because elements of θ and θ* can be
mutually dependent. In fact the task is to build the

(2)

where A ∈ R n×n , B ∈ R n×k , C ∈ R m×n are system
matrices; s is vector of system parameters
consisting of entries of system matrices stretched by
rows

(3)

for almost all θ . Generic rank of symbolic matrix
ΓX can be computed with standard Matlab
software. If s.l.i.-matrix ΓX has full column rank,
the model is s.l.n.i.. We call it model of incomplete
rank. In this case we can use special procedures of
elimination of local non-identifiability offered in
(Avdeenko et al., 2007).

II. RANK CONDITIONS FOR LOCAL AND
GLOBAL IDENTIFIABILITY ANALYSIS

M ( s) :

= cols (ΓX ) = n2 ,

relations of the form f (θ* , θ) = 0 (connecting two
points of parametric space) for which the condition
(4) fails. Such relations can be directly obtained as a
result of factorization

s ∈ RN ,

N = n 2 + nk + nm , Γ and Γ0 are numerical r × N and r × 1 -matrices of constraints, rg Γ = r , r < N .
Let θ be a vector of unknown parameters of the
dimension N − r = p consisting of independent
system parameters obtained from the system (2).

L

det[(ΓΧ* )Τ ΓΧ* ] = ∏ ei (θ* )∏ g j (θ)∏ fl (θ* , θ) = 0 (5)
i

j

l =1

If there are no multipliers of the form fl (θ* , θ) in
(5) then the model is s.g.i. in accord with sufficient
condition (4). If there are such multipliers the model
can prove to be either s.g.i. or s.g.n.i. If that's the
case we can use the following necessary and
sufficient condition for s.g.i. proved in (Avdeenko et
al., 2007).

The preliminary stage of proposed method is
computation of special matrices: matrix of local
identifiability
ΓX and
matrix
of
global
identifiability ΓX * , where auxiliary matrices X
and X * are determined as

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

79

of L systems of the form (6). It appears to be the
most simple method for global identifiability
analysis because usually (in other methods) it is
required obtaining a solution to some system of
nonlinear algebraic equations in the symbolic form.
But it is possible to simplify the analysis even
greater if to use so called parameter space
separators.

Necessary and sufficient condition for s.g.i. is
consistency of the following systems of equations
for all l ( 1 ≤ l ≤ L ) with regard to the unknowns
 f l (θ* , θ) = 0,
(T , θ* ) :  *
(6)
*
 X (T − I n ) + s (θ ) − s (θ) = 0,
where θ* ∈ Ω , T , I n are vectors obtained from
matrices T и I n stretching by rows; I n - identity

The notion of parameter space separator was
introduced for the first time in papers (Delforge et
al., 1985), (Delforge et al., 1987).

matrix of order n , T ∈ GL(n) = {T : det T ≠ 0} similarity transformation matrix. The second matrix
equation in (6) is the initial similarity transformation
system derived as a result of similarity
transformation method being the basis of developed
approach.

Definition 1. Strong separators are subspaces of
dimension d − 1 ( d is dimension of parameter
space), which divide parameter space into various
connected domains each containing one and only
one solution to the parameter identification task.

For several practically important classes of model
structures we have obtained special form of s.l.i. and
s.g.i.-matrices of reduced dimension. These classes
are: class with standard numerical matrices of
control and observation, class with arbitrary
numerical matrices of control and observation, class
with standard parameterized matrices of control and
observation, class of compartmental models. For
example, let us consider models (1) with standard
matrices of control and observation. Such standard
matrices consist of zeros and units with only one
unit in each row of matrices BT and C of full row
rank, rank B = k , rank C = m . Thus, vector of
system parameters s consists only of entries of the
state matrix s = A , with linear independent
constraints on them:

ψA = ψ 0 .

In accord with this definition the equations of strong
separators can be used for formulation of
inequalities restricting domains each containing one
and only one solution to the parameter identification
task. Therefore such inequalities can be used for
elimination of global non-identifiability.
Unfortunately there is no general way of
computation of strong separators. In (Delforge et al.,
1987) it is illustrated finding them with use of
Norm-Coerciveness theorem that can be done only
for some very simple examples. But we see the
possibility to find such separators within the
framework of our approach.
Definition 2. Weak separator of parameter space is
called the equality of the form f l (θ, θ) = 0 , where

(7)

rank ψΛ ( J 1 , J 2 ) = (n − k )(n − m) ,

(8)

fl (θ, θ) = fl (θ* , θ) * , f l (θ* , θ) = 0 be a relation
θ =θ
for which condition (4) fails. Weak separator
corresponding to consistent system of equations (6)
is called true. Weak separator corresponding to
inconsistent system of equations (6) is called false.

rank ψΛ* ( J 1 , J 2 ) = (n − k )(n − m) ,

(9)

Note that the equalities obtained from multipliers

For this class of models rank conditions for local and
global identifiability are as follows:

*

1

2

*

2

1

2

T

ei (θ* ) and g j (θ) of (5) are not considered as
candidates to build separators from the very outset.

1

Λ ( J , J ) = A(θ ) I n ( J ) ⊗ I n ( J ) − I n ( J ) ⊗ A (θ) I n ( J )

Λ ( J 1 , J 2 ) = A(θ) I n ( J 2 ) ⊗ I n ( J 1 ) − I n ( J 2 ) ⊗ AT (θ) I n ( J 1 )

1

Indeed, the equations ei (θ* ) = 0 and g j (θ) = 0 are
certainly inconsistent with the system (6) and can
not play the role of strong separators.

2

J and J - sets of indexes corresponding to zero
columns of matrices BT and C correspondingly,
I n ( J i ) - submatrix of identity matrix I n consisting

In conformity with necessary and sufficient
condition for s.g.i. existence of at least one true
separator means global non-identifiability of the
model, i.e. in fact leads directly to separating the
parameter space. So there is a good reason to believe
that true separators are actually the above-named
strong separators that can be used for elimination of
global non-identifiability.

of columns with numbers from J i , i = 1, 2 .
III. METHOD OF GLOBAL IDENTIFIABILITY
ANALYSIS BASED ON PARAMETER SPACE
SEPARATORS
Application of necessary and sufficient condition for
global identifiability presupposes test of consistency
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2) Reduce matrix K to block triangular form with
less possible dimensions of block-matrices K ii ,

Thus, proposed method for global identifiability
analysis with use of separators can be normally
divided into two stages. First, it is necessary to

i = 1, q , on the diagonal by using row and column
permutations:

determine the relations fl (θ* , θ) = 0 for which rank
condition for s.g.i. is not satisfied, and then to build
the
equations
of
weak
separators

fl (θ, θ) = fl (θ , θ)
*

θ* = θ

det K = det K11 det K 22 ...det K qq ;

= 0 . Second, each weak

3) Factorize each block and obtain factorization

separator is checked if it is true. As a result we
obtain a set of true separators.

det K = ∏ ei (θ* )∏ g j (θ)∏ fl (θ* , θ)
i

j

l

Direct but not efficient method of determination of
the relations

fl (θ* , θ) = 0

by unifying factors of all blocks;

is factorization (5).

However, matrix (ΓΧ* )Τ ΓΧ* in (5) has
complicated symbolic form and factorization of its
determinant often fails because of combinatorial
explosion even for the models of small dimensions.
The following theorem 1 proved in (Avdeenko,
2008) can help in building an efficient algorithm.

4) Test for all l the condition

rank ΓX *

fl (θ* , θ) form weak separator fl (θ, θ) = 0 .
On the second stage of global identifiability analysis
all obtained weak separators are tested if they are
true. One method to do this is based on the direct
application of necessary and sufficient condition for
global identifiability based on test of consistency of
the system of equations (6). However, there is a
possibility to use simpler method, which does not
require even test of consistency. This method is
based on criterion of separator truth. This criterion is
a conjecture yet, but it is confirmed by numerous
investigations of various models.

relation f (θ* , θ) = 0 :
f ( θ* , θ ) = 0

< cols (ΓX * ) = n 2 ,

(10)

if and only if f (θ* , θ) is a common factor of
determinants of all square nonsingular
submatrices of s.g.i.-matrix ΓX * .

n2 -

Using theorem 1 one can significantly simplify
computation of multipliers f (θ* , θ) in comparison
with direct factorization (5). Instead of factorization
of the determinant of
voluminous matrix

[(ΓΧ* )Τ ΓΧ* ]

Criterion of separator truth (conjecture). Assume
we
have
obtained
the
weak
separator

f (θ, θ) = f (θ* , θ) * = 0 as a result of the first
θ =θ
stage of global identifiability analysis. Consider
additional model structure M f obtained by adding

it is possible to factorize the

determinant of any nonsingular square

n2

-

submatrix of s.g.i.-matrix ΓX , and then to choose
only those multipliers which really decrease rank of
*

new constraint

nonsingular square n 2 - submatrices of this matrix

ΓX * . Effectiveness of proposed method follows
from the fact that symbolic form of entries of matrix
ΓX

the model structure M f is locally identifiable.

is much more easy in comparison with

Note that this criterion allows testing separator truth
only if additional model structure M f appears to be

symbolic form of entries of matrix [(ΓΧ* )Τ ΓΧ* ] .

controllable and observable. If this condition does
not take place, it is not possible to use the criterion.
In this case test of consistency remains the unique
procedure to find an answer.

Factorization of the determinant can be simplified
even more if previously to reduce the matrix to
block-triangular form with less possible dimensions
of block-matrices on the diagonal. As result we
sugest the outline of algorithm using theorem 1 for
computation of weak separators:
1) Choose arbitrary square nonsingular

n2

f (θ, θ) = 0 to the initial model

structure (1)-(2). Let the model structure M f be
structurally controllable and structurally observable.
Then the separator f (θ, θ) = 0 is true if and only if

matrix ΓX * , i.e. are in fact multipliers of all other

*

< cols (ΓX * ) = n 2 . (11)

If the condition (11) takes place, then multiplier

Theorem 1. Global rank condition (4) fails for the

rank ΓX *

fl (θ* ,θ)= 0

IV. EXAMPLE
Consider state-space model with the following
system matrices:

-

submatrix K of matrix ΓX * ;
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 a11

A =  a21
 0


*
f 2 (θ* , θ) = a21
+ a22 = 0 ,

0 
1

 
0  , B =  0  , C = ( 0 0 1) ,
0
a33 
 

0
a22
a32

Hence we obtain the equations of weak
separators:

f1 (θ , θ) = θ2 − θ4 = a22 − a33 = 0 ,

with 5 independent constraints on the elements
of state matrix

f 2 (θ , θ) = θ1 + θ2 = a21 + a22 = 0 ,

a12 = a13 = a23 = a31 = a11 + a21 + a31 = 0 .

1
0
0
0
0

0
1
0
0
0

0
0
0
0
1

0
0
0
0
0

0
0
1
0
0

0
0
0
1
1

It is easy to test that each of the equations (12)
leads to consistent system (6), so they all are true
separators. Let us investigate their properties and
geometry. Show, that true separators (12) are in fact
strong separators, i.e. separate the parameter space
into disjoint connected subsets each containing
exactly one solution to the parameter estimation
task.

0

0
0 .

0
0 

0
0
0
0
0

First notice, that the third equation in (12) is
linearly dependent on two first equations. So three
separators-hypersurfaces intersect at a straight line
(not at a point). Thus, the whole parameter space is
divided into six domains. So there exist six solutions
to the parameter estimation task correspondingly.
Indeed, solving the system of similarity
transformation equations we obtain exactly six
solutions to the parameter identification task:

Form vector of independent system parameters
θ consisting of 9 − 5 = 4 elements:

θ = ( θ1 , θ2 , θ3 , θ4 ) = ( a21 , a22 , a32 , a33 ) .
T

T

Testing rank condition for s.l.i. gives:

rank ψΛ ( J 1 , J 2 ) = colsψΛ ( J 1 , J 2 )
= (n − k )(n − m) = 4 ,

(θ )
*

where J 1 = {2,3} , J 2 = {1, 2} ,
 −a21 − a22

0

1
2
ψΛ ( J , J ) = 
0

0

 −a21

−a32
− a21 − a33




a21
0
a22 − a33 

0
0
0 
0
−a21
0 
Thus, the model is s.l.i.Then s.g.i.-matrix has the
form:

 − a − a22

0

*
1
2
ψΛ ( J , J ) = 
0

0

 −a

21
*
21

0
0

0

−a − a33

0

a21

0

0

0

0

−a21

*
21

det ( ψΛ* )

T

(θ )
*



0 
*
a22
− a33 

0 
0 
0

*
22

2

*

( ψΛ )

*
21

(θ )

*

2

(2)

(θ )

(3)

*

= a (a − a33 ) (a + a22 ) (a + a33 ) .
2
21

(1)

0
0

−a32

*
21

(12)

f 3 (θ , θ) = θ1 + θ4 = a21 + a33 = 0 .

This model structure belongs to class of models
with standard numerical matrices of control and
observation. Matrix of constraints ψ on system
parameters has the form:

0

0
ψ = 0

0
1


*
f 3 (θ* , θ) = a21
+ a33 = 0 .

2

Relations for which rank condition is not valid,

(4)

*
 a21
 *
 a22
= H1 (θ) =  *
 a32
 a*
 33
*
 a21
 *
 a22
= H 2 (θ) =  *
 a32
 a*
 33

=

= a21 

= a22 
,
= a32 
= a33 
= a21 

= a33 
,
= a32 
= a22 

*
 a21

= −a22
 *

 a22 = −a21


H 3 (θ) =  *
 a = − a32 a21  ,
 32
a22 
 *

 a33 = a33


*
 a21

= − a22
 *

 a22 = a33



H
(
θ
)
=
= 4
 a* = − a32 a21  ,
 32
a22 
 *

 a33 = − a21


i.e. rank ψΛ* ( J 1 , J 2 ) < 4 , are:
*
f1 (θ* , θ) = a22
− a33 = 0 ,
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(θ )
*

(θ )

(5)

*

(6)

*
 a21

= − a33
 *

=
−
a
a
 22

21


H
(
θ
)
=
a
a
= 5
 a* = − 32 21  ,
32

a33 
 *

 a33 = a22


equation in the canonical form can be determined by
expressing parameter α from the equation
z2 = a22 + α (a33 − a22 ) and further substituting it to
the equation z4 = a33 + α (a22 − a33 ) . As a result we
obtain canonical straight line equation in the form
z4 − a33 z2 − a22
. Now it is evident that the
=
1
−1
condition for this straight line to be perpendicular
−1 1
with plane z2 − z4 = 0 is valid:
.
=
1 −1

*
 a21

= −a33
 *

 a22 = a22



H
(
θ
)
=
a
a
= 6
 a* = − 32 21  .
32

a33 
 *

 a33 = −a21


Similarly it is possible to show that the hypersurface
f1 (θ , θ) = a22 − a33 = 0 is strong separator also for

Let us show that for arbitrary point θ in the

(θ )
*

parameter space solutions

and

(1)

(θ )
*

pares of solutions

are

(2)

and

always separated with separator-hypersurface
f1 (θ , θ) = θ2 − θ4 = a22 − a33 = 0 . Moreover, this
hypersurface intersects the line segment between
these two points precisely in the middle. Points z of
the line segment are determined as follows:

z = (1 − α) ( θ* ) + α ( θ* )
(1)

(θ )
(θ )

и (θ

(1)

(4)

(θ )
*

, and

(θ )

(5)

(3)

.

(2)

Separator

and ( θ* ) , ( θ* )
(5)

(4)

)

, (θ

*

(6)

)

и (θ

*

(2)

)

f 3 (θ , θ) = a21 + a33 = 0

, (θ

*

(4)

and

)

и (θ

*

(3)

)

(5)

(θ )
*

(1)

.

Positional relationship of solutions to the
parameter estimation task for the case when the
point θ is located in the domain restricted with
separators f1 (θ , θ) = 0 and f 2 (θ , θ) = 0 is showed
in figure 1. Since rank of the system (12) is equal to
2 it is possible to present location of the domains
and solutions in two-dimensional space. Each
straight line in fig.1 corresponds to projection of
separator to the plane perpendicular to the straight
line being intersection of three separators (central
point corresponds to this intersection).

*

(2)

(arbitrary because they depend on arbitrary point
θ ), is divided with hypersurface f1 (θ , θ) = 0
exactly in the middle. Therefore true separator
f1 (θ , θ) = θ 2 − θ4 = a22 − a33 = 0 is strong separator
dividing the solutions ( θ* )

(6)

*

The point z satisfies the separator equation at
α = 1 2 , i.e. the line segment connecting the two
and

*

analogously divides line segments between

f1 ( z , z ) = z2 − z4 = (a22 − a33 )(1 − 2α ) = 0 .

(1)

(1)

*

f1 (θ , θ) = θ2 − θ4 = a22 − a33 = 0 :

*

(θ )

and

, i.e. these pairs are also adjacent

(6)

and ( θ* ) , ( θ* )

*

(2)

Now we find the point of intersection of the line
segment with hypersurface

(θ )

(3)

It is easy to be convinced that separator
f 2 (θ , θ) = θ1 + θ2 = a21 + a22 = 0 divides in the
middle line segments between three pares of points

0 ≤ α ≤1.

points-solutions

*

solutions.

a21
 (1 − α)a21 + αa21  


 

(1 − α)a22 + αa33   a22 + α(a33 − a22 ) 

=
=
,
 (1 − α)a32 + αa32  

a32

 

 (1 − α)a33 + αa22   a33 + α(a22 − a33 ) 

arbitrary

(θ )
*

(θ )

f1
=0
f2

H

H

=0

f3
=0

и ( θ* ) . We call such
(2)

solutions adjacent solutions.

H

H

Moreover it is easy to show that the line segment
connecting the points-solutions ( θ* )

(1)

and ( θ* )

(2)

is

H

perpendicular
to
the
hypersurface
f1 (θ , θ) = a22 − a33 = 0 which in coordinates z is

H

Figure 1. Positional relationship of solutions and
separators.

expressed as z2 − z4 = 0 . Indeed, the straight line
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From the above considered example and other
examples of identifiability analysis we can conclude,
first, that in all considered models true separators
proved to be strong separators. Second, the number
of solutions to the parameter identification task is
equal to the number of connected domains formed
by the set of true separators. For example, in case of
one linear separator we have two solutions. Third, in
case of linear separators adjacent solutions are
located at equal length from separator-hypersurface.
Moreover, perpendicular property takes place for
common coordinates entering both to straight line
equation and separator equation. Forth, in case of
linear separators mapping` H i : Ω → Ω transferring
the
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Multiagent Approach for Modeling the
Processes of Wholesale Electricity and Power
Market
T. V. Avdeenko, M.A.Vasiljev
Novosibirsk State Technical University
There are three types of planning [2]:
o long-term planning (for a period of a month
to a year);
o short-term planning (for a period of a day
to a month);
o operative mode control (minutes, hours).
The accuracy of the calculated plan is
determined by adequacy of mathematical models of
forecasting. However, as practice shows, the
accuracy of prediction with use of mathematical
modeling in this area leaves much to be desired. The
average relative errors are greater than 2.5% at longterm planning, and 1,3% for the operational
forecasts [2]. Forecasting errors provoke incorrect
planning of the energy sales, which leads to an
increase in cost of the processes of generation and
distribution of energy. The main cause of such errors
is the lack of adequacy of description with models to
the real processes.
The goal of present paper is to formulate
promising approach to modelling the processes of
generation and distribution of energy. Multiagent
approach is based on AI methods and allows to
The goal of present paper is to formulate
promising approach to modelling the processes of
generation and distribution of energy. Multiagent
approach is based on Artificial Intelligence (AI)
methods and allows to solve problems by means of
cooperative work of agents in a multiagent system.

Abstract: The paper presents application of
multiagent approach to modelling the process of
energy distribution. This modelling permits to keep the
balance between generation and consumption and so to
provide an optimal load distribution between the
stations, to contribute to the cost-effective operations
on purchase and sale of electricity. On the basis of
previous analysis of Moscow Energy Company we
choose the actors (intelligent agents) of the system and
present conceptual scheme of their internal structure
and cooperation.
Keywords: artificial intelligence, multi-agent
approach

I. INTRODUCTION
The task of planning the level of power
consumption is a priority in the planning of energy
supply companies. Preparation of the plan involves
solving the problem of determining the energy
balance - the relationship between electricity
demand and capacity and capability of its coverage.
The accuracy of the plan, in its turn, significantly
affects the outcome of economic indicators of
energy supply companies and acquires a
qualitatively new meaning under conditions of the
wholesale electricity and power market development
[1].
Urgency of precise planning of electricity
consumption is caused by technological and
economic reasons. First of all, we should pay
attention to the fact that the work of power plants
occurs in accordance with the planned schedules,
calculated on the basis of forecasts of energy
consumption. A character-valued specific of
managing the process of sales of energy is the need
to constantly keep in balance - correspondence of
generating capacity to the level of consumption. If
the level of energy generation is not equal to
consumption, then this inequality is instantly
reflected on the basic parameters of the electric
modes, especially at the current frequency.
According to [2], from an economic point of view
precise planning provides an optimal load
distribution between the stations, contributes to the
cost-effective operations on purchase and sale of
electricity.

II. METHODOLOGY OF MULTIAGENT MODELING
We concretize the task to operative-calendar
forecasting and consider Parallel-Serial Service
System (PSSS) of the most general form (see fig. 1).
In describing the processes of applications of any
complexity, the problems of modeling the properties
and behavior of objects are a priority and
fundamental. The modeling is the basis for
analyzing the processes of given subject area,
determining the most probable behavior of the
system in various conditions. The modeling results
provide support for decision making when planning
the management of the object under consideration.
Issues of modeling the environment and the
system functioning in it, whether it be technical or
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resulting model are objects, having activity,
autonomous behavior. Third, this autonomy, in turn,
allows an object to make decisions in accordance
with a set of rules, to interact with the environment,
as well as to self-modify (for example, in accordance
with mathematical models borrowed from the
simulation). In the agent-oriented methodology the
objects are called agents.
Software tools suitable for agent-based modeling
are now widely available. Nevertheless, their use is
still the most common in science and engineering
disciplines with highly developed traditions of
computer simulation.
Research works, related to improving this field
of modeling, for the most part consider the problems
of creating the simulation tools for testing of new
hypotheses and identifying new patterns. According
to Leigh Tesfatsion [5], computer simulations have
not yet accepted as standard tools of investigation of
the economy, in particular for solving problems of
production planning for the organizations. Given the
rapidly growing capabilities of computers, there
comes a good time to revaluate these modeling
techniques. Decision makers are faced with the
perception of complex empirical processes,
including various structural conditions, institutional
arrangements and human behavioral factors. Thus,
there is strong reason to believe that the presented
range of issues has not previously been sufficiently
investigated.

economic, are studied in many different disciplines.
Object-oriented modeling and simulation are the
most proven methods. They both consider the
problem of behavior of the system and the
environment in different ways. Object-oriented
modeling emphasizes the researcher on the logic of
interaction between system objects and their
structure, in contrast to the simulation based on
mathematical models. Because the action plan built
on the basis of the simulated states of the system and
the environment will have some discrepancies with
reality, the decision maker must clearly understand
how to most effectively use one or another approach
of modeling and, if necessary, to ensure reciprocal
addition of several approaches.
What is the reason for the appearance of these
inconsistencies in the characteristics of simulated
and real processes? Here we must state that any
simulation model has a certain level of assumptions
and errors due to the complexity of describing all the
properties of objects and taking into account the
specificity of their changes over time. The abovementioned features of the simulation include: the
ability of objects to self-learning, self-perfection,
solving the problems on the basis of experience,
beliefs, rules, facilities that allow to the most closely
approximate the reality with simulation process.
Lack of the above characteristics of a simulated
process reduces the level of fit of simulation models
to the real processes. In addition to reducing the
adequacy there are problems concerning perception
and interpretation of simulation results by analysts,
economists and decision-makers.
Investigation of these issues is discussed in a
number of papers of Leigh Tesfatsion [3,4,5]. The
papers propose a new vision of simulation methods
for weakly formalized processes: the emphasis is on
the importance of improving the object-oriented
techniques of modeling. Considering the issues of
improving these techniques one should pay attention
to the relatively new approach to modeling (1990 2000) - agent-based (multiagent) modeling. This
technique is used to analyze systems whose
functioning is not determined by global laws (as in
other modeling concepts), and conversely, when the
global rules are the result of the actions of each
object of a certain group [4]. Thus, getting ideas
about these global rules, the general behavior of the
system and the environment from the assumptions
about private behavior of its individual parts is the
goal of agent-based models.
The advantage of this approach has a versatile
character. First, the model obtained as a result of
agent-based modeling reflects the structure of the
analyzed system and the environment in which it
operates (the model structure obtained in accordance
with the principles of object-oriented methodology)
to the maximum extent. Second, the parts of the

III. DEVELOPMENT OF MULTIAGENT APPROACH
FOR MODELLING THE PROCESSES OF GENERATION
AND DISTRIBUTION OF ENERGY
Returning to the problem of improving the
quality of decision making in the task of building the
plan of energy consumption, we consider the
planning process from a position of agent-oriented
approach. It is proved [2] that the change in energy
consumption depends on the behavior of several
objects:
o enterprises - the role of energy consumers;
o population - the role of energy consumers;
o weather - the role of initiator of change in
consumers' behavior;
o the length of a day - the role of initiator of
change in consumer' behavior;
o mass media - the role of initiator of change
in consumer' behavior.
In addition to consumers and initiators of energy
we determine a group of power generators and
regulators of energy tariffs. All of these items should
be considered from the perspective of agent-oriented
approach.
Before the building of agent system based on
agent-oriented approach it is necessary to conduct a
study of the simulated system and the environment
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in terms of their structure. What is the speed of
response of consumers to influence the initiator of
change in consumption? What is the scope of
consumption? What is set of groups of consumers?
For example, analysts determined [2] that in
Mosenergo (Moskow Energy Company) substantial
proportion of consumers are the objects of
consumers' groups - "public household" electrical
load. Electricity consumption is significantly
affected the length of a day and the temperature.
Effect of temperature is especially important in the
heating season (winter) and transition periods that
are adjacent to the heating season (spring and
autumn). Heating during these transition periods is
disabled in whole or in part. Waves of cooling cause
people to resort to alternative sources of heat. As a
rule electric heaters are used in this case. Effect of
temperature during these periods increases to 200
megawatt by 1 degree Celsius (typically 40-80
megawatt / degree). Change in cloudiness with
precipitation causes an increase in consumption to
300 megawatt. Fluctuations of meteorological

factors cause surges of electricity, forcing urgently
to introduce reserve generating capacity with all the
attendant problems of this situation - violations of
dispatching schedules, unplanned fuel consumption,
lower reliability and efficiency of the energy system.
Dispatching personnel of Mosenergo during such
periods is especially needed in accurate forecasts of
changes in consumption based on weather factors.
Similarly, we can make an analysis of the power
market of any other region or area. Based on the
results of this analysis we can determine categories
of actors, and specify the characteristics of their
behavior and peculiarities of mutual interaction.
From the point of view of agent-oriented approach
these categories can be regarded as intelligent
agents.
The conceptual diagram in fig.1 shows the agents
possessed of the ability to reason on the basis of
production rules, to plan their activities and interact
with each other. The interaction is based on message
passing between agents.

Figure 1. Conceptual diagram of multi-agent planning of system power consumption

Obtained on the basis of the scheme and agents'
specifications, multi-agent system will support
decision-making in the construction of plan of power
consumption. The planning process will become
more transparent to decision makers. The user of
multi-agent system will obtain an opportunity to

study the evolution of the market, to follow
variations in the activity of energy consumption
depending on the influence of the environment, to
analyze the changing of balance between the power
generator and the consumers in future periods to
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adjust the volume of energy generation for reducing
the costs.
Implemented in multi-agent system, algorithms
and methods of planning the parameters and
technical and economic indicators, should provide
improvement as they accumulate the experience of
practical application, which can be easily adapted to
specific conditions in many regional energy
companies.
IV. CONCLUSION
Thus, we consider conceptual scheme of multiagent approach applying to modelling the process of
energy distribution. We define basic agents of the
considered domain on the basis of previous analysis
of Moscow Energy Company and choose the actors
(intelligent agents) of the system and present
conceptual scheme of their internal structure and
cooperation.
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New Structures of Adaptive Feedback
Systems
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1
Novosibirsk State Technical University
2
Institute of Laser Physics of Siberian Branch of Russian Academy of Sciences
The unit 5 has transfer function WC(s) ≈ 1 / WO(s). It
means that in the important frequency band ω < ωH
the following approximate equation take place

Abstract: The paper discusses new structures of
adaptive feedback systems, which have been developed,
on the base of the critical analysis of the known
structures. The proposed structures can provide most
effective adaptations of the regulators to the nonstationary object parameters.

WC(ω) WO(ω) ≈ 1.

Keywords: adaptive feedback systems, optimal
control, regulators.
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(1)

6

I. INTRODUCTION

F

The adaptive feedback systems are necessary in
electronic and mechanic techniques for the control
or stabilization of the important values of the various
processes or movements. This task is especially
difficult with non-stationary objects of control. In
this case, the mathematical model of the object has
parameters (coefficients) which change its values
during the time. Special adaptive systems resolve
this task by means of the according changing of the
regulator parameters. It allows providing the high
quality of the whole system in spite of the object
parameters changing [1–6]. For example, if the
object gain is decreasing than the regulator gain
should increase so that the total gain would be
unchanged. Some papers name these systems selftuning ones. The difficulty is in the determination of
the object parameters and its changing.

V

2

3
4

5

1

Y

Figure 1. Self-tuning system from [1]: 1 – object, 2 –
subtractor, 3 – regulator, 4 – DOLM, 5 – IMO, 6 – signal
analyzer, 7 – microprocessor, 8 – correcting device, F –
unknown disturbance.

Here s is the Laplace transform argument, ω is
frequency, Wi(ω) = || Wi(jω) · Wi(-jω) ||½, ωH is the
higher frequency of the band where the object model
is identified. The whole open loop transfer function
WE(ω) is equal to the multiplication of ones of the
regulator and object. Hence
WE(ω) = WD(ω) WC(ω) WO(ω) ≈ WD(ω). (2)
Therefore, initially regulator has good tune. The
whole system has the desired optimal features; it is
stable and has high accuracy.
While the object is functioning during the long
time, the unknown outer disturbance F acts to it.
They force the object model parameters to change.
The correcting device 8 analyzes the object input
and output signals and calculates on this base the
new values of the parameters of object transfer
function. On the base of this information, the
correcting device calculates the parameters of IMO
and prescribes them to the unit 5.
This simplified structure is rather useful, but the
details of this structure are absent in the according
chapter of the book [1]. Therefore, the main
disadvantage of the discussed structure is the lack of
the details, which would explain its working.

II. ANALYSIS OF THE KNOWN ADAPTIVE SYSTEMS
The self-tuning system shown at Figure 1
contains object, subtractor, regulator and correcting
device [1]. The regulator consists of the desired open
loop model (DOLM) and inverse model of the object
(IMO). The correcting device consists of the signal
analyzer and microprocessor.
In this system, the main feedback loop consists
of object, difference unit and regulator. The initial
object mathematical model is known. Let it is given
in the form of the transfer function WO(s). The initial
regulator tuning uses this model. The regulator is a
consequent joint of the units 4 and 5. The unit 4 has
transfer function WD(s) which accordance to the
desired (optimal) model of the open feedback loop.
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simple gain element with the gain equal to 1, and
signal at the inputs of DU 10 are equal to each other,
their difference is zero.
Figure 3 presents one of the known adaptive
feedback system [3].

Another disadvantage of this structure is the
impossibility of the system realization for the object
with delay element in its model. In this case, IMO
can’t be realized, because the inverted delay means
the prediction of the future signals.
Figure 2 presents one of the known adaptive
feedback system [2].
3
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Figure 3. Adaptive system [3]: 1 – object, 2, 20 –
subtractor, 3 – tuned regulator, 16 – model of object, 17 –
unit for the model tuning (UMT), 18 – microprocessor or
another calculation device (MP), 19 – driver, 21 –
identification unit, 22 – self-tuning unit

Figure 2. Adaptive system [2]: 1 – object, 2, 9, 10 –
subtractor, 3 – regulator, 11 – transfer function of the
regulator, 12 – delay element (DE) included to the object
model, 13 – minimal-phase part (MPP) of the object
model, 14 – model of MPP, 15 – model of DE, 16 – model
of object

In this system, main feedback loop contains
regulator and object. Initial object model is known.
This model is used for the initial regulator tuning.
The identification unit collects input and output
signals of the object and accomplishes its model
identification on this base. In contains the object
model 16, which input signals are the same that the
object input ones. Hence, its output signals ought to
be the same is the model is adequate to the object.
Subtractor 20 determines the difference between
these signals and uses it for the correction of the
model parameters. The corrected object model
parameters are applied to the microprocessor (MP)
to calculate the corrected parameters of the
regulator.
Main disadvantage of this structure is weak noise
protection. Some unknown disturbances always act
to the object. They produce the difference between
the real object output signals and signals of the ideal
model. If even the model is fully correct, this
difference will take place. Hence, the adaptive loop
will work incorrectly; it will force model to change
even when it is adequate to the object model.
Another important disadvantage is low
effectiveness. This structure does not allow
determining, what from the parameters have
produced the difference between the outputs of the
object and its model. This structure does not allow
discovering of more then one parameter of the object
changing.

In this system, the object model is proposed
known at the beginning of the system work. It is
assumed that the object model contains delay
element (DE). Hence, this model can be divided to
two parts: DE and minimal-phase part (MPP), which
is the rest part of the model except DE. The
regulator tuning satisfies such object, as it would not
contain DE, but MPP only. The adaptation loop for
the compensation of the DE influence contains
elements 14, 15 and 10. The authors of paper [2]
assume that element 14 is correctly equal to the
model of MPP, and element 15 is equal to the model
of DE. In this case the feedback signal from the DU
10 is such as if it would come from the output of the
object which would non contain DE. This feedback
signal provides stable control loop features while the
real object feedback is zero because of the action of
DE. Hence, loop from element 14 and 10 is virtual
stable feedback. The sequent connection of the
elements 14, 15 and 10 is parallel to the loop from
elements 14 and 10 only. This loop compensates
feedback of the short loop when the feedback from
the real object will occur, after the delay time will be
over. Also in this structure, there is connection from
MPP of the object to the model of MPP in the object
model 16. The working of the structure of this
connection is not clear from the paper [2]. This
connection is very important to make the system
adaptive. Without it is this system is not adaptive.
Another disadvantage of this structure is the
necessity of DE in the object model. Without DR the
adaptive feedback is zero, because element 15 is
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III. THE PROPOSED SYSTEM STRUCTURES

signal of the correlator has place when the used
model 23 is most precisely corresponds to the
mathematic model of the real object 1. UEMT
searches for the maximum of this signal while
changing one of the model parameter. For example it
can realize test deviation of the parameter in the
detailed structure shown at Figure 5.

In real object, more then one parameters can
change simultaneously. With the aim of the
increasing of the adaptive regulator effectiveness we
have developed modified structure of the system.
This aim is achieved with correlator. It allows
dividing of the identification functions of the
different parameters of the object. Moreover the
suppression of the influence of the unknown
disturbance to the working of the identification
procedure is achieved.
Figure 4 shows simplified structure of the
proposed adaptive system. Instead of the subtraction
of the signals we propose their correlation
calculation.
Besides, feedback of the error
suppression is substituted with self-tuning unit.
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Figure 5. Adaptive system: 1 – object, 2, 29 –
subtractor, 3 – tuned regulator, 22 – self-tuning unit, 23 –
model of object, 24 – signals multiplier, 25, 33 –
integrator, 26 – UEMT, 27 – correlator, 28 – former of the
initial values of the object model parameters (FIV), 30 –
adder, 31 – test signals generator, 32 – synchronous
detector

F

Figure 4. The proposed adaptive system: 1 – object, 2
– subtractor, 3 – tuned regulator, 21 – identification unit,
22 – self-tuning unit, 23 – model of object, 24 – signals
multiplier, 25 – integrator, 26 – unit of the extreme model
tuning (UEMT), 27 – correlator

The former of the initial values of the object
model parameters (FIV) forms start values. At least
one of the parameters is formed with subtractor 29
and adder 30. Test signal generator 31 forms
periodical signal to the adder and to the synchronous
detector 32. If the parameter is tuned precisely, then
the mean signal is zero. If the error of the tuning will
occur, then the nonzero signal will be formed and it
will force to store up the correction for it at the
integrator output. The method of the synchronous
detection allows excluding the influence of the
disturbance which acts to the object. Moreover this
method also allows tuning of several parameters at
the same time if the according number of the test
signal generators is provided.
This system can be additionally modified.
Instead the deviation the system contains at least two
models. Their difference is small and only in the
value of one parameter. For example if the object
model has set of the parameters {a1, a2, … aM, …
aN}, and it is necessary to correct the parameter aM,
then the set of the parameters of the first model is
{a1, a2, … aM-δa, … aN}, and the set of the second
one is {a1, a2, … aM+δa, … aN}. For this case the
detailed system structure is shown at Figure 6. The

Each element of the system except object can be
realized on the base of the signal processor or
microprocessor with analog-to-digital and digital-toanalog converters at its input and output
respectively. In this system initially the object model
is approximately known and the regulator is tuned
on the base of this knowledge. The identification
unit accomplishes the analysis of the accordance of
the object output signal to them of the object model,
and if the conformity error will occur, then the
according correction will be fulfilled. For this
purpose the identification unit contains unit of the
extreme model tuning (UEMT), model of object and
correlator. The object input signal is also supplied to
the model of the object 23. At the same time abject
is exposed by the disturbance which does not act to
the model. Hence the output signals of the object
and of the model were different. The signals
multiplier forms the multiplication of the output
signals of the object and model. The output product
is averaged at the integrator 25. Elements 24 and 25
together contain correlator 27. Maximum output
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best criteria function FC for many cases is the
following:

structure contains additional model and additional
signals multiplier. The test signal generator is not
necessary in this case.

T

FC = ∫ | e(t ) | tdt .

28
33

29

22

22

38

39
34

35

36
40

V

23
U

41

37

21

42

24
V

3

(3)

0

1

2

3

U

1

Y

Y

Figure 7. Adaptive system: 1 – object, 2, 39 –
subtractor, 3 – tuned regulator, 21 – identification unit, 22
– self-tuning unit, 37 – model of object, 38 – model of the
tuned regulator, 40 – test signals generator, 41 – quality
criterion calculator, 42 – regulator optimizer

Figure 6. Adaptive system: 1 – object, 2, 29, 36 –
subtractor, 3 – tuned regulator, 22 – self-tuning unit, 23 –
model of object with decreased required parameter, 24, 35
– signals multiplier, 28 – FIV, 33 – integrator, 34 – model
of object with increased required parameter

In such a way the system with identification unit
21 as shown at Figure 6 and with self-tuning unit as
shown at Figure 6 accomplishes the regular
correction of the object model and on the base of the
corrected model accomplishes the regular
improvements of the regulator tuning.
The
deviations or repeated modeling for the regulator
optimizations does not produce any deviations or
disturbances to the work of the main loop. The
regulator parameters changes with very small steps.
For the system it is interpreted almost as fixed
values of them. In the result the system has the best
tuning of the regulator.

The signal self-descriptiveness increases in this
structure at least into two times. In the previous
system one model by turns forms output signal with
positive and with negative increment of the
parameter, whereas in this system the two different
models form both signal at the same time. The
system working is clear from its structure. Since the
integration and subtraction are the linear operations,
then the according elements, when they are
consistent, can be interchanged. If other parameters
must be corrected then the corresponding loops can
be added.
The self-tuning unit can be organized as the
structure at Figure 7 shows.
In the self-tuning unit the object model 38 is
equivalent to the object 1 as a result of the action of
the identification unit 21. The parameters of the
model 38 can be changed because the influence of
the signals from the optimizer 42. Together with
subtractor 39, regulator model 38 and object model
37 contains model of the main control loop. With
different regulator parameters the quality of this loop
changes to the best or to the worst direction. The
quality criterion calculator 41 performs the analysis
of the error e(t) and calculates criteria function. For
example it can be integral from the module of the
error. The least of the values of this function
corresponds to the best tuning of the regulator. The
self-tuning unit can work in the more fast time scale
then the real object works. This part of work has
detail researches in our previous works [4–6]. The

IV. CONCLUSION
The proposed earlier technical decisions [4–6]
were useful for the regulator tuning when the object
parameters are known. Together with the proposed
in this paper system structures this results can
provide the new adaptive systems for objects which
parameters change in rather wide range. In this paper
the proposed method has detail structure for its
realization.
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Adaptive Control of the Object with Delay
V.A. Zhmud1, A.A. Voevoda1, V.M. Semibalamut2, D. O. Tereshkin2
1
Novosibirsk State Technical University
2
Institute of Laser Physics of Siberian Branch of Russian Academy of Sciences
Abstract: The paper discusses the known systems
for the adaptive control of the non stationary object
with delay. Some disadvantages are discovered. The
proposed structure of the new system is free from these
disadvantages.
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I. INTRODUCTION
Objects containing delay element (DE) in their
mathematical model are father often in many
technological and science tasks. The feedback
control of such objects is important and difficult
problem. For this purpose special adaptive systems
are necessary, which changes their regulator tuning
as the result of the changing of the object model
parameters to provide good quality of the whole
system [1–5]. In some papers principles of the
working of the proposed structures of the system are
outlined not definitely. Therefore, more concrete
structures are desirable.

Figure 1. Adaptive system [2]: 1 – object, 2, 9, 10 –
subtractor, 3 – regulator, 11 – transfer function of the
regulator, 12 – delay element (DE) included to the object
model, 13 – minimal-phase part (MPP) of the object
model, 14 – model of MPP, 15 – model of DE, 16 – model
of object

III. THE PROPOSED SYSTEM STRUCTURES
The proposed structure provides effective
adaptation of the system to the chancing object
parameters. For this purpose the identification unit is
introduced into the structure. The regulator structure
is proposed as it is in the paper [1], it therefore
consists of the desired model of the open loop and
inverse model of the MPP.
Figure 2 presents the proposed system. Each
element, except object, can be realized on the base
of the signal processor or microcontroller with ADC
and DAC at its inputs and outputs.
In the initial state the regulator is good tuned on
the base of the known object model parameters.
Only mathematical model can be divided into two
parts, but real object is indivisible. For the
measurement only output signal is available. Control
action can be supplied only to the object input.
Therefore input and output signals of the object are
supplied to the identification unit. It gradually
correct the earlier given object model with the
collected corrections on the base of the analyzed
signals. It separately identifies the delay value and
the MPP parameters such as gain, time constant and
so on.

II. ANALYSIS OF THE KNOWN ADAPTIVE SYSTEMS
FOR THE OBJECTS WITH DELAY

Paper [1] presents self-tuning system with
feedback. Most essential weakness of this system is
the lack of the details about the principle of its
action. Other disadvantage is the impossibility of its
realization in the case of the delay element present in
the object mathematical model.
Figure 1 shows one of the best structures of the
adaptive system for the object with delay [2]. In this
system the object model 15 is used for the
organizing of the adaptive feedback. Essential
condition of the effectiveness of this structure is the
delay element (DE) 12 in the structure of the object
model. Hence the object model can be divided into
the two parts – DE and remaining minimal-phase
part (MPP). In the working of the above system it is
proposed that DE is stationary part, and MPP
presents some unaccounted opportunity of its
identification for the according changing of the
model of MPP in the structure of the model of the
object 15. The essence of the adaptive structure is
the method or stricture of the adaptive channel, and
without is the presented system is not useful.
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Instead the deviation the two or more similar
models with small difference in one parameter can
be proposed. Figure 3 presents the according
system. In this case no deviation is necessary.
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Figure 2. The proposed system: 1 – object, 2, 9 and 10
– subtractor, 3 – regulator, 13 – MPP, 14 – model of DE,
15 – model of object, 16 – desired model of the open loop,
17 –inverse model of the MPP, 18 – identification unit

20

Figure 4. The detailed structure: 1–20 – the same as at
Figure 2, 21 – controlled object model

The structure of the identification unit can be
various but more simple way is using of the model
of the object with introduced corrections on the base
of the analysis of the difference between output
signals of this model and ones of the real object.
The details of the identification unit are shown at
Figure 2.

In this system the output signals of the object
model 15, which is used for the feedback prevented
influence of the DE, is not supplied to the
identification unit. Hence, this structure is mo
complex. However with the modern digital
techniques this complexity is not the problem. Much
more useful are the better quality and speed of the
system. In this system it is achieved due to the
absence of the deviations to the object model 15
which forms the feedback signal for the control loop.
The model 15 changes its parameter only gradually
in the correspondence with the real object model
changing. The quantity of the used models in the
identification unit is not restricted. The more
parameters are changing, the more models similar to
21 are necessary. These researching models do not
decrease the speed of the main model 15 working.
Hence in this structure better speed and quality of
the system can be achieved.
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Figure 3. The detailed structure: 1–18 – the same as at
Figure 2, 19 – correlator, 20 – optimizer

IV. CONCLUSION
The proposed earlier technical decisions can
provide the new adaptive systems for objects which
delay whose parameters change in rather wide range.
In contrast to the systems in the papers [1, 2] in this
paper the proposed method has detail structure for
its realization.

The identification unit contains correlator and
optimizer. The correlator calculates the correlation
function between the output signals of the real object
and its model whereas their input signals are the
same. In the accordance of the deviation method the
optimizer introduces slow and small deviation into
the model parameter. It also determines the
correspondence of the sign of the correlation
function increment to the sign of the parameter
increment. After that the interesting parameter is
changing to the direction which provides the
increase of the correlation function. It the both as
increase as decrease of the parameter produces
decrease of the correlation function then the
parameter tuning is treated as correct.
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The Study of the Influence of High-Frequency
Part of Logarithmic Frequency Response Curve to
the Quality of the Feedback Controls System
V.A. Zhmud, O.D. Yadryshnikov, A.N. Zavorin
Novosibirsk State Technical University
Abstract: The paper discusses the influence the highfrequency part of the logarithm frequency response of the
object to the quality of the feedback locked system and the
transient responses in it. The optimality of the task
resolving was evaluated by means of the modelling in
programs MATLAB 7.11.0 and VisSim 6.0.
Keywords: Regulators, numerical
mathematical modeling, stabilization.

optimization,

I. INTRODUCTION
The frequency methods of the regulator design are
most usable and vivid [1–3]. Some authors state that
high-frequency (HF) part of logarithm frequency
response (LFR) curve is not important for the analysis
of the system quality [1]. We must mention that the
high-frequency part is defined as the part where value is
less then -20 dB. This is the reason take into account
only low-frequency and middle-frequency parts.
However, the high-frequency part can be rather various.
It is mostly unknown because the identification if this
part is most difficult. It is interesting to research the
dependence of the quality parameters of the feedback
locked system on the kind of the HF part of LFR curve.
The paper researches this at the example of the astatic
system.
II. THE TASK AND METHODS OF ITS RESOLVING
Figure 1 shows the typical feedback system. In the
Laplace field the system equation is the following:
(1)
Y ( s ) = W0 ( s )U ( s ) + H ( s ).

The Laplace transform from the control signal u(t) is
the following:
(3)
U ( s ) = W R ( s )[V ( s ) − Y ( s )].
Here V(s) is Laplace transform from the input signal
(prescribed value) v(t); WR(s) is transient function of
regulator. The influence of the HF part of LEF curve to
the features of the responses of the locked system is the
goal of the researches.
The HF part of LEF curve begins from the value of
the frequency ω2 ≈ 10 ω1 [4]. Here ω1 is the frequency
of unit gain. We will research the influence of the shift
of the nearest break of the asymptotic LEF curve and of
the angle of the slope of HF part. Оптимизация
коэффициентов регулятора выполняется в ПО
VisSim 6.0 и ПО MATLAB 7.11.0.
The optimization in the program VisSim 6.0 was
accomplished with the following four quality criteria.
t

t

Fc1 = ∫ e(t ) dt ,

(4)

0
t

Fc 3 = ∫ e 2 (t ) ⋅ tdt , (6)
0

Fc 2 = ∫ e(t ) ⋅ tdt , (5)
0
t

Fc 4 = ∫ r ⋅ tdt.

(7)

0

The main aim of the optimization is the achievement
of the minimum of the functional Fc1, Fc2, Fc3 and Fc4.
Here e(t)=v(t)-y(t) is the error control, v(t) is prescribed
value, y(t) is output signal, t is time, r is calculated on
the base of the structure shown at Figure 2.

Here the object transfer function is:
W0 ( s ) =

Bm ( s )
.
An ( s )

(2)

In the equations (1) and (2) Y(s), U(s) and H(s) are
Laplace transforms from the output signal y(t),
disturbance h(t) and controlling signal u(t), respectively;
Bm(s) and An(s) are the polynomials of the order m and
n; s is Laplace transform argument.
e(t)
v(t)

2

h(t)

u(t)
3

\

Figure 2. Structure for the quality criterion forming,
where the restriction values are min = 0, max = 10, power
index is 1

y(t)
1

4

Figure 1. Feedback system: 1 – object, 2, 4 – subtractor, 3
– regulator

The substantiation of the quality criteria (4)–(7) is
given in [5–6]. Program VisSim 6.0 and MATLAB
7.11.0 allows using of the known optimization
algorithms [7–8]. Namely program VisSim 6.0, realizes
methods of Powell, Pollack-Rebier and Fletcher-
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Reeves. In program MATLAB 7.11.0 the optimization is
based on the use of the unit Signal Constraint from
application Simulink Response Optimization. This unit
is supplied to the output of the system. In its tuning
operator should set the desired borders of the transient
response. In command window of MATLAB 7.11.0 the
initial approximations for the regulator coefficients
must be set. Their names are written into the list of the
tuning parameters (in the window Signal Constraint the
operator uses menu Optimization, item Tuned
Parameters and with the button Add introduce the
parameters of the regulator). Then the optimization
procedure must be started. The result is the set of the
optimal regulator coefficients. This program uses three
optimization methods: gradient descent, pattern search
and simplex search.

the quality parameters σ and t3%) depending on the shift
value (in decibels) are shown in Table 1.

III. THE INFLUENCE OF THE HF PART OF
SHIFT TO THE QUALITY OF THE SYSTEM

Figure 4.Transient response of the initial system output
y(t) as reaction to the unit step input v(t)

LFR BREAK

The shift of the break point of the HF part of LFR
curve to the HF direction does not effect to the transient
responses. It is rather evident result. The influence of
the shift to LF direction is of most interest.
LFR of the researched system is shown at Figure 3.
The transient function parameters are the following:
20 lgК= -20 dB, К = 0.1;
lg ω1= -1 dec; ω1=0.1 rad/s; T1=10 s;
lg ω2 = - 0.88 dec; ω2 = 0.132 rad/s; T2 = 7.56 s;
lg ω3 = 0 dec; ω3 =1 rad/s; T3 = 1 s;
The transient function of the open loop of the system
is the following:
0,1(1 + 7.56s)
(8)
WOPEN . ( s) =
,
s(10s + 1)( s + 1)
Figure 5. Shifts of the break of the HF part of LFR curve

Table 1.
The dependence of the σ and t3% on the shift of the
break of the HF part of LFR to the LF direction
Shift,
Open loop transfer
σ, % t3%, s
dB
function, WOPEN.(s)
0

0 . 1(1 + 7 . 56 s )
s (10 s + 1)( s + 1)

1.2

29.55

6

0.1(1 + 7.56 s )
s (10 s + 1)(1.995 s + 1)

2.15

48

10

0.1(1 + 7.56 s )
s (10 s + 1)(3.162 s + 1)

4.26

51.1

16

0.1(1 + 7.56 s )
s (10 s + 1)(6.3s + 1)

13

55.64

20

0.1(1 + 7.56 s )
s (10 s + 1) 2

21.97

95.5

Figure3. Asymptotic LFR curve of the system

Figure 4 presents transient response of the initial
system. Here the overshooting is σ = 1.2 %, process
duration determined by 3 % - zone is t3% = 29.55 s,
system is astatic. With shift of the break poin to the LF
direction we get new system and analize transient
responses in it. The resulted LFR curves are shown at
Figure 5. The results of the modelling (in the form of
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The results demonstrates that the break shift to the
LF direction essentially affect the system quality.
IV. THE INFLUENCE OF THE ANGLE OF THE SLOPE OF
HF PART OF LFR CURVE TO THE QUALITY OF THE
SYSTEM

For the research of the influence of the angle of the
slope of HF part of LFR curve to the quality of the
system we add filter into initial system (8). Its time
constant is equal to 1 s. This filter changes the slope of
the HF part. It becomes equal to - 60 dB/dec. The
quality parameters will become worse. We can
simultaneously shift the break point to the HF direction
to restore the high quality of the system. We will find
the necessary value of the shift to get demanded
parameters of the quality (σ = 1.5%, 5%, 10%, 20%).
Then we added the additional filters and accomplished
similar researches.
Table 2 presents the quality parameters σ and t3%
depending on the order of the additional filter. Table 3
presents the filter cutoff frequency for the deference
overshooting.

the system. Tables 2 and 3 presents the quantity
estimate of this fact.
V. ILLUSTRATIVE EXAMPLE
Let discuss the illustrative example of this
phenomena. Propose the assumption that the HF part of
LFR curve according to the (8) has changed so that the
three-order filter was added to the object model. Hence,
the resulting system will not agree to the demanded
quality parameters. The new transient response will be
the following:

Wс . у . ( p ) =

1

2.056

47.06

2

3.51

49.13

3

6

49.4

4

9.79

49.67

5

15.08

62.66

6

21.45

71.4
Table 3.

Filter cutoff frequency for the deference
overshooting, rad/s
Overshooting

20

10

5

1,5

1

-

-

-

2.33

2

-

-

-

4.60

3

-

-

1.126

7.30

4

-

-

1.47

9.09

5

-

1.84

11.1

6

1.04

Filter
order

1.235
1.48

2.7

(9)

From the Table 3 we can see that for σ = 1.5 %, it is
necessary to increase cutoff frequency of the additional
filter into 7.3 times. For this case, the new transient
function is the following:

Wс . у . ( p ) =

0,1( 1 + 7 ,56 p )

p( 10 p + 1 )( p + 1 )(0,137 p + 1)

3

For σ = 5 %, we get:

Table 2.

The dependence of the σ and t3% on the order of
the additional filter at frequency 1 rad/s
The order of the
σ, %
t3%, s
additional filter

0,1( 1 + 7 ,56 p )
.
p( 10 p + 1 )( p + 1 )4

Wс . у . ( p ) =

0,1( 1 + 7 ,56 p )

p( 10 p + 1 )( p + 1 )(0,888 p + 1)

3

. (10)

. (11)

For the first case, we need the regulator for the
object (9) in the form:

WR ( p ) =

( p + 1 )3
.
( 0,137 p + 1 )3

(12)

For the second case, we need regulator:

WR ( p ) =

( p + 1 )3
.
( 0,888 p + 1 )3

(13)

For the system (9), (12) we get σ = 1.5%,
t3% =28.6 s. For the system (9), (13) we get σ = 5%,
t3% = 49.5 s.
VI. THE REGULATOR OPTIMIZATION
For the practical demonstration of the optimization
errors for the incorrectly evaluated HF part of LFR
curve, we use optimization in program VisSim 6.0 and
MATLAB 7.11.0 for the object (9).
The regulator structure corresponds to the transfer
function:
K
(14)
G ( s ) = K p + I + K D s,
s
Figure 6 presents the modeling project in program
VisSim 6.0.
Figure 7 presents the optimization project in
MATLAB 7.11.0. The parameters if the tuning og the
unit Signal Constraint are shown at Figures 8–10. The
results of the optimization are presented at Tables 4 and
5. We used VisSim 6.0 and MATLAB 7.11.0 for the
optimization of PID-regulator.

13.7

The results demonstrate that the increase of the slope
of LFR in HF field causes the decrease of the quality of
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Table 4.
The results of optimization in VisSim 6.0
Crite
rion

Fc1
Fc2
Fc3

Figure 6. The modeling and optimization project in
VisSim 6.0

Fc4

Regulator transfer
function, G(s)

σ, %

t3%, s

0.00005
+ 12.44 s
s
0.51
5.32 +
+ 10.46 s
s
0.001
4.41 +
+ 11.83s
s
0.712
6.82 +
+ 16.27 s
s

3.3

22.46

66.7

27.1

5.63

22.6

61.55

27.1

4. 4 +

Table 5.
The results of optimization in MATLAB 7.11.0
Crite
rion

Figure 7. The project for the modeling and optimization
of the system with object (9) in program MATLAB 7.11.0

Regulator transfer
function, G(s)

σ, %

t3%, s

Fig. 8.

3.457 +

0.003
+ 12.092 s
s

0.5

19.5

Fig. 9.

1.726 +

0.0018
+ 2.629s
s

4.84

33.4

0.001
+ 24.8s
s

1

40

Fig. 10.

4.34 +

VII. CONCLUSION

Figure 8. The first variant of the tuning of the unit Signal
Constraint

Figure 9. The secont variant of the tuning of the unit
Signal Constraint

We can see that the results in VisSim 6.0 with criteria
(4) and (7) are worse of all from the point of view of the
both as overshooting as response duration. The results
for tunes in MATLAB 7.11.0 according to the tunes
demand stated at Figure 8 are the best of all from the
both points of view. The results with the demands stated
at Figure 9 and 10 are worse from the point of view of
the duration.
So we can conclude that the permissibility of the
neglect of the high-frequency part of the logarithmic
frequency response curve depends on the used method
of the numerical regulator optimization. If we surely
know that after zero crossing the curve preserves the
negative slope - 20dB/dec at least during 1 decade and
does not increases anywhere further, it is probably
rather acceptably to use such neglect. The delayed
objects demands further researching.
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Calculation of the Fisher Information Matrix
on Base of Steady State for Discrete-Time
Systems in State-Space Description
A.A. Voevoda, G.V. Troshina
Novosibirsk State Technical University
Abstract: For a low order objects the technique of
construction of the single-point and point-to-point
design of the experiment, finished to engineering level is
offered. That in the given work it is offered to consider
the steady state that considerably simplifies a technique
is essential and is actual for practical use.

mean and nonnegative definite covariance matrix Q ,
ν is stationary Gaussian white noise sequences with
zero mean and positive definite covariance matrix R .
Moreover, θ is a vector of parameters that typically
correspond to unknown values of physical
coefficients. The modeling is usually carried out in
terms of state variables x that have physical
significance, and then the observable outputs will be
known combinations of the states. This state-space
description is one to which the Kalman filter applies.
Let's consider a technique of construction of the
Fisher information matrix for a case when unknown
parameters θ = (θ1 , θ 2 ,..., θ n ) are not only in the
matrix Φ , but also in the matrix Η , i.e.
Φ (θ ), Η (θ ) . We assume that all transients have
ended, that is the steady state. It is required to
estimate the unknown parameters θ entering in state
and observation matrixes, on the basis of application
of the Fisher information matrix.

Keywords: numerical optimization, stabilization,
control, mathematical modeling, active identification,
state estimation.

I. INTRODUCTION
Modern approaches of research physical,
technical, economic and other processes study are
based on construction and application of the
mathematical models. In given article the techniques
calculation of the Fisher information matrix that is
the most important and labor-consuming part in a
problem of experimental design at identification of
dynamic objects, for various combinations of
occurrence of unknown parameters in object
matrixes, unlike a number of other works is given. In
the present work for the purpose of simplification of
the settlement parities used at calculation of the
Fisher information matrix, steady state for discrete
stationary systems is investigated at action of
periodic input signals. The received results are more
compact and are convenient for engineering
calculations. Also the concrete settlement parities
having a practical orientation when only some
unknown parameters are included in the low order
objects are resulted.

III. THE FISHER INFORMATION MATRIX
CALCULATION WITH UNKNOWN PARAMETERS IN
STATE AND OBSERVATION MATRIXES
The algorithm of calculation of elements of the
Fisher information matrix is in detail enough
considered in [1-5]. The list of formulas necessary for
engineering
calculations
is
low
resulted:
∂Pk +1, k ∂Φ
 ∂P
∂Φ Τ 
=
Pk , kΦ Τ + Φ  k , k Φ Τ + Pk , k
,
∂θi
∂θi
∂θi 
 ∂θi

∂Pk +1,k

II. THE STATEMENT OF PROBLEM

∂θ 2

While linear, time-invariant models no doubt
form the most common way of describing a
dynamical system. The stable, completely observable
and controllable, linear discrete-time dynamic system
is considered by the following form:
xk +1 = Φ xk +Ψ uk + Γ wk ,

=0,

∂Σ k−+11  1  − 3 ∂Pk +1, k Τ
=  − Σ k +1H
H ,
∂θ1
∂θ1
 2

∂Σ k−+11  1  −3  ∂H
∂H Τ 
=  −  Σ k +1 
Pk +1, k H Τ + HPk +1, k
,
∂θ 2
∂θ 2 
 2
 ∂θ 2

∂K1k +1 ∂Pk +1, k Τ −1
∂Σ k−+11
=
H Σ k +1 + Pk +1, k H Τ
,
∂θ1
∂θ1
∂θ1

yk +1 = Hxk +1 + vk +1 ,
where x - state vector, u - control vector; w process noise vector, Φ ,Ψ , H - state matrix, control
matrix and observation matrix respectively; y observation vector; ν - measurement noise vector.
We assume that Φ is stable, (Φ ,Ψ ) and (Φ , Γ )

∂K1k +1
∂H Τ −1
= Pk +1, k
Σ k +1 ,
∂θ 2
∂θ 2
∂Pk +1, k +1

 ∂K1k +1 −1
∂Σ −1 
Σ k +1 H − K1k +1 k +1 H  Pk +1,k +
= −
∂θ1
∂θ1
∂θ1


∂Pk +1,k
,
+ I − K1k +1 Σ k−+11H
∂θ1

(

are controllable pairs, (Φ , Η ) is observable, w is
stationary Gaussian white noise sequence with zero

)
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∂Pk +1,k +1

∂Σ ∞  1  −1  ∂H
∂H Τ 
= − Σ∞ 
P1 H Τ + HP1

∂θ 2  2 
∂θ 2 
 ∂θ 2
,


∂H 
,
P
=  − K1k +1 Σ k−+11
∂θ 2
∂
θ 2  k +1,k

∂K 2k ∂Φ
∂K1k
K 2k = Φ K1k ,
K1k + Φ
,
=
∂θ1
∂θ1
∂θ1

∂P0 
∂H 
 P1
=  − K1∞ Σ ∞−1
∂θ 2 
∂θ 2 
,

∂K 2k
∂K1k
,
=Φ
∂θ 2
∂θ 2

Φ A,k +1,k

∂P0  ∂K1∞ −1
∂Σ −1 
= −
Σ ∞ H − K1∞ ∞ H  P1 +
∂θ1  ∂θ1
∂θ1






Φ
0
0




∂Φ
−1
=
0
Φ − K 2k Σ k H
,
∂
θ
1




−1 ∂ H
−1
0
Φ − K 2k Σ k H 
 − K 2k Σ k
∂ θ2



+ ( I − K1∞ Σ ∞−1 H )

K 2∞ = Φ K1∞





K
2
k


Ψ 
 ∂K 2k

∂
Σ
 
−1
k
K A, k +1, k = 
− K 2k Σ k
 , Ψ A, k +1, k =  0  ,
∂θ1 
 ∂θ1
 0 
 ∂K 2

−1 ∂Σ k
k


− K 2k Σ k
∂θ 2 
 ∂θ 2
x A, k +1, k = Φ A, k +1, k x A, k , k −1 +Ψ A u ,

,

∂K 2∞ ∂Φ
∂K1∞
=
K1∞ + Φ
∂θ1
∂θ1
∂θ1

∂K 2∞
∂K1∞
=Φ
∂θ 2
∂θ 2

Φ A,1

Σ A,k +1,k = Φ A,k +1,k Σ A,k ,k −1Φ ΤA,k +1,k + K A,k K ΤA,k ,

ci = [0 M 0 MK M I M 0]

Τ
  ∂xˆ
 
  ∂xˆ

E   k +1,k   k +1,k   = c j Σ A, k +1,k + xA,k +1,k x AΤ, k +1,k  cΤi .
  ∂θ i   ∂θ j  

∂P1
∂θ1 ,

,

,





0
0
Φ

 ∂Φ

−1
Φ − K 2∞ Σ ∞ H
=
0

 ∂θ1

 ∂Φ

−1
Φ − K 2∞ Σ ∞ H 
0

 ∂θ 2


,

Let's result formulas for calculation of the Fisher
information matrix for the first order object with two
unknown parameters according to the steady state.
Let Φ = θ1 , Ψ =1, Γ =1, H = θ 2 , then





K 2∞


∂K 2∞
−1 ∂Σ ∞ 

K A,1 =
− K 2∞ Σ ∞
Ψ 
 ∂θ1
∂θ1 
 ∂K 2

Ψ A,1 =  0 
∂Σ
∞

− K 2∞ Σ ∞−1 ∞ 
 0 
∂θ 2 
 ∂θ 2

P1 = ΦP0Φ Τ + ΓQΓ Τ , Σ ∞ = ( HP1H Τ + R )1 / 2 ,

x A,1 = Φ A,1 x A,1 +Ψ Au

,

K1∞ = P1 H Τ Σ ∞−1 , P0 = ( I − K1∞ Σ ∞−1 H ) P1 .

 ∂P
∂P1 ∂Φ
∂Φ Τ 
=
P0Φ Τ + Φ  0 Φ Τ + P0

∂θ1 ∂θ1
∂θ1 
 ∂θ1
,

∂P1
=
∂θ 2

,

 ∂xˆ   ∂xˆ Τ 
E  1   1   = c j [Σ A,1 + x A,1 xΤA,1 ] cΤi
 ∂θ j   ∂θ i  
,

0,

∂K1∞ ∂P1 Τ −1
∂Σ ∞−1
H Σ ∞ + P1H Τ
=
∂θ1
∂θ1
∂θ1 ,
∂K1∞
∂H Τ −1
= P1
Σ∞
∂θ 2
∂θ 2

,

Σ A,1 = Φ A,1Σ A,1Φ ΤA,1 + K A,1K ΤA,1

After some further simplifications, one obtains

,

ci = [0 M 0 MK M I M 0] .
Example 1. Let's illustrate the above-stated
parities on an example of calculation of the Fisher
information matrix for the first order object with
unknown parameters in a matrix Φ and in a matrix
Η for control input signal u = ± 2 in case of the
steady state. Let parameters of system and the
characteristic of casual influences will be the
following: Φ =-0.25;
Ψ =1;
Γ =1;
H =1;
Q = 0.1; R = 0.3. Let's calculate det( M ) for control
input signal of type "meander" with the period T = 6
at values u = 2 and u = -2, and for t = 1, 5, 6, 7,
u = 2, and for t = 2, 3, 4, u = -2. We receive for the

,

∂Σ ∞−1  1  − 3 ∂P1 Τ
=  − Σ ∞ H
H
∂θ1  2 
∂θ1
,
∂Σ ∞−1  1  −3  ∂H
∂H Τ 
=  −  Σ∞ 
P1 H Τ + HP1

∂θ 2  2 
∂θ 2 
 ∂θ 2
,
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point t = 3 value of the determinant of the Fisher
information matrix det( M ) = 4.5 .
Let's consider a technique of construction of the
Fisher information matrix for a case when matrixes
Ψ , Γ , H are known, and unknown parameters are
included into a matrix Φ which is given in a

0

canonical form Φ = 
θ1

K A,1

− 1
 . For convenience of
θ 2 

Ψ 
Ψ A,1 =  0  , x A,1 = Φ A,1 x A,1 +Ψ Au ,
 0 

computing procedures the algorithm is presented in
the form of three groups of formulas:
first
P1 = Φ P0Φ Τ + Γ QΓ Τ , Σ ∞ = ( HP1 H Τ + R )1/ 2 ,

Σ A,1 = Φ A,1Σ A,1Φ ΤA,1 + K A,1 K ΤA,1 ,

K1∞ = P1 H Τ Σ ∞−1 , P0 = ( I − K1∞ Σ ∞−1 H ) P1 ;
second
 ∂P
∂P1 ∂Φ
∂Φ Τ  ,
=
P0Φ Τ + Φ  0 Φ Τ + P0

∂θ1 ∂θ1
∂θ1 
 ∂θ1

c1 = [ I

 ∂xˆ   ∂xˆ Τ 
E  1   1   = c1 [Σ A,1 + x A,1 xΤA,1 ] cΤ2 ,
 ∂θ1   ∂θ 2  

∂P1 ,
∂θ1

 ∂P
∂P1 ∂Φ
∂Φ Τ 
=
P0Φ Τ + Φ  0 Φ Τ + P0
,
∂θ 2 ∂θ 2
∂θ 2 
 ∂θ 2

 ∂xˆ   ∂xˆ Τ 
E   1   1   = c2 [Σ A,1 + x A,1 xΤA,1 ] c1Τ
 ∂θ 2   ∂θ1  

∂Σ ∞−1  1  −3 ∂P1 Τ
= − Σ∞ H
H ,
∂θ 2  2 
∂θ 2

N −1
 ∂Σ
∂Σ 
M ij = ∑ { Sp  ∞ Σ ∞−2 ∞  +
∂θi 
k =0
 ∂θ j

∂P0  ∂K1∞ −1
∂Σ −1 
= −
Σ ∞ H − K1∞ ∞ H  P1 +
∂θ 2  ∂θ 2
∂θ 2



 ∂xˆ
+ Sp  H Τ Σ ∞−2 HE  1
 ∂θ

 j


∂P1 ;
∂θ 2

Τ

  ∂xˆ1 
 

  ∂θ i 


∂Σ
∂Σ 
+ Sp Σ ∞−1 ∞ Σ ∞−1 ∞ 
∂θ i
∂θ j 


third

∂K 2∞ ∂Φ
∂K1∞
=
K1∞ + Φ
,
∂θ1
∂θ1
∂θ1


 +


}.

The first group of the equations dares as system of
the nonlinear algebraic equations, the second – as
system of the linear algebraic equations, the third – as
set of the linear equations solved consistently one
after another.
Example 2. Let the matrix of a condition with two

∂K 2∞ ∂Φ
∂K1∞
=
K1∞ + Φ
,
∂θ 2
∂θ 2
∂θ 2

Φ A,1

.

Fisher information matrix M are defined as

∂K1∞ ∂P1 Τ −1
∂Σ ∞−1
=
H Σ ∞ + P1 H Τ
,
∂θ 2
∂θ 2
∂θ 2

K 2∞ = Φ K1∞ ,

0] ,

 ∂xˆ   ∂xˆ Τ 
E  1   1   = c2 [Σ A,1 + x A,1 xΤA,1 ] cΤ2 ,
 ∂θ 2   ∂θ 2  

∂K1∞ ∂P1 Τ −1
∂Σ ∞−1
,
=
H Σ ∞ + P1H Τ
∂θ1
∂θ1
∂θ1

+ ( I − K1∞ Σ ∞−1H )

0 0] , c 2 = [ 0 I

 ∂xˆ   ∂xˆ Τ 
E  1   1   = c1[Σ A,1 + x A,1 xΤA,1 ] c1Τ ,
 ∂θ1   ∂θ1  

∂Σ ∞−1  1  − 3 ∂P1 Τ
=  − Σ ∞ H
H ,
∂θ1  2 
∂θ1

+ ( I − K1∞ Σ ∞−1H )





K 2∞


 ∂K 2∞

∂
Σ
=
− K 2∞ Σ ∞−1 ∞  ,
∂θ1 
 ∂θ1
 ∂K 2
∂
Σ 
∞
− K 2∞ Σ ∞−1 ∞ 

∂θ 2 
 ∂θ 2





Φ
0
0


 ∂Φ

Φ − K 2∞ Σ ∞−1 H
=
0
,
 ∂θ1

 ∂Φ

Φ − K 2∞ Σ ∞−1 H 
0

 ∂θ 2


0

parameters looks like Φ = 
θ1

− 1
 , where we take
θ 2 

θ1 = θ 2 =0,5 (further it is considered by unknown
parameters),

and

the

characteristic

influences will be the following:

of

casual

1

Ψ =   ,
 0
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H = (0 1) ,

 0,1 0 
 ,
Q = 
 0 0,1

R =0,3.

Let's

[11]

calculate det( M ) for control input signal of type
"meander" with the period T = 6 at values u = 2 and
u = -2, and for t = 1, 5, 6, 7, u = 2, and for t = 2, 3, 4
u = -2. We consider that transients have ended. The
best plan corresponds to measurements during time
moments 1, 2, 3.

[12]

[13]

IV. THE RESULTS DISCUSSION AND CONCLUSIONS
System identification techniques form a versatile
tool for many problems in science and engineering.
In a problem of experimental design in the
assumption of iterative procedure application for
search of the best design the most difficult and laborconsuming part is a calculation of the Fisher
information matrix [6-8]. For a class of linear discrete
dynamic systems in given article following results are
presented:
- according to the steady state of discrete objects
for a periodic input signal for a stationary case the
technique of calculation of the Fisher information
matrix is given, essentially different from the results
received by other authors where the steady state isn't
considered and which essentially calculations
simplified and can be used in engineering practice;
- formulas for calculation of the Fisher
information matrix when unknown parameters
contains in elements of the state and observation
matrixes according to the steady state are received.

[14]

[15]
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Non-Linear Probability Models
and Data Processing
V.V. Gubarev
Novosibirsk state tchnical university,
K.Marxa, 20, 630092, Novosibirsk, Russia
Abstract: Concepts of the "linear" and "nonlinear" random signals, as phisical information
carriers, and their mathematical models in the form of
random variables, vectors, the continuous in time
processes and the discrete series are considered.
Concepts are coordined with methods of defining and
characteristics of static and dynamic signals models.
The examples underlining unfitness or small suitability
of the "linear" characteristics in a non-linear reality
are resulted; characteristics and models, suitable for
non-linear situations and also examples of their
application for identification of non-linear systems and
estimation
of
communication
parameters
of
multidimentional distributions of random vectors,
processes, series.
Keywords: Data processing, probability, models

models, random vectors X = ( X 1 , X 2 ,..., X n ) as an
example of the static model /the first model/ and
stationary processes X (t ) = ( X 1 (t ), X 2 (t ),..., X n (t ) )
as an example of the dynamic model (the second).
For abridgement let be X i = X (ti ) or X i = X i (ti ) ,

i = 1, n .

2. PROBABILISTIC MODELS DECRIPTION
2.1. INITIAL DEFINITIONS AND DESIGNATIONS
To concretize approaches stated in paper, we
consider only static and "dynamic" probabilistic

F (x1 ,..., xn ; t1 ,..., t n )

W (x1 ,..., x n ; t1 ,..., t n ) probabilistic
absolutery
relative
density

{[

M f X i (ti ), X j (t j ); X k (t k ) = x k

]} ,

and

function and
distribution,

i, j, k = 1, n ,

i, j ≠ k , the operator of mathematical expectation

[

]

f X i (ti ), X j (t j )
at
X k (t k ) = xk ,
supposing, certainly, that it exists and has finite
quantities.
(average)

1. INTRODUCTION. PROBLEM STATEMENT
The theory of probabilistic models of real
processes and objects, i.e. models, represented as the
form of random variables, vectors, scalar and vector
functions with one (random processes, time series –
RP) or several (fields) arguments, is well enough
theoretically developed. However their application
in the majority of theoretical and practical
implementation used us one-dimensional or bivariate
distributions of probabilities, linear, rarely nonlinear, correlation and regression analysis, static (for
values and vectors) and linear correlation-spectral
dynamic (for processes, fields) analyses. However
rapid development and propagation of signal and
data collection and processing tools leads to
necessity of use non-linear description of real
processes and objects since linear approximation of
description is not effective.
The goul of the present report is reviewing of
non-linear probabilistic models of signals as
information carriers about real processes and
objects.

Let

2.2. METHODS OF THE RANDOM PROCESSES
DESCRIPTION

Definition of non-linear random processes as
signals models, it is necessary to connect methods of
their mathematical description, representation. Let’s
review the most popular. Two methods based on the
main and selective probability spaces, are generalpurpose, suitable for random variables, vectors and
processes. For random variables and vectors this
method means the defining through distribution
laws, for example, F (⋅) or W (⋅) . The concept of
"nonlinearity" in this case is similar to what will be
considered for the defining of random processes
(RP) through family of finitedimensional
distributions (see the third method of the defining
for RP). The second method of the defining for the
random processes is connected with probabability
measures
on
set
of
process
trajectory
(implementations, sample functions). Linearity or
nonlinearity of RP is thus defined by linearity or
nonlinearity (in some sense) of process trajectory
characteristics or average characteristics. This
method is not widely used. Therefore we won't
consider it in detail.
In practice the third method – the defining of RP
by means of family of finite dimensional
distributions, i.e. a set of distributions
F (x, t ), F (x1 , x2 ; t1 , t2 ),..., F (x1 ,..., xn ; t1 ,..., tn )
for
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different п = 1,2,3, … and t1 , t2 ,..., tn ∈ ( −∞, ∞ ) [1]
is most often used. We will consider it in detail.
Besides the explicit RP defining by means of a
probability measure their representation in the form
of the mathematical description of output signals of
some given dynamic system with in advance known,
simply described input signals often is used. It is the
description in the form of systems of the integrodifferential or finite-difference equations, when RP
is their decision. For example, random processes as
autoregression or moving average. Linearity or
nonlinearity of RP thus is a consequence of linearity
or nonlinearitigs in the standard sense of equations
system and therefore doesn't need special reviewing.
The same can be said about other two types of
random processes – canonical and not canonical [1,
3]. As soon as in practice their modeling
representation is implemented through the same
characteristics, as for the models defined by
finitedimensional distributions, we will consider
terms the "linear" or "non-linear" model first, start,
stage only obtained by the characteristics received
through distribution laws.
3. STATIC NON-LINEAR PROBABILITY MODELS
The idea of probability models of real processes
and objects is connected to the description with not
separate specific quantities of random values,
vectors and functions, but with mass behavior of
quantities in the same conditions. Therefore
"linearity" or "nonlinearity" model concepts should
be considered through the characteristics reflecting
this mass character in any sense: on the average,
quantiles, in particular on median, in mean-square,
on them interquantiles. We consider in the present
paper only by linearity or nonlinearity of model at
averages level. We say, that model is linear, if its
regression
functions,
for
example,
mX ( y; τ) = M{X (t ) / X (t + τ) = y}
or

mX ( y; τ) = M{X (t ) / Y (t + τ) = y},
are
linear
functions with respect to all arguments. We will
consider otherwise its non-linear.
It is clear that for random variables and vectors,
which development in time, and, hence, its dynamic,
is not considered, it is logical to suppose all models
as static models. But it’s not wright for random
processes X (t ) . For them, it is possible, to consider
static of processes, i.e. their characteristics for the
fixed moments of time t1 , t 2 ,..., t n , as well as
dynamics, i.e. behavior of characteristics with
changing t1 , t 2 ,..., t n and their arrangement among
themselves.
Since
for
stationary
processes
F (x1 ,..., x n ; t , t + τ1 ,..., t + τ n −1 ) =
= F (x1 ,..., xn ; τ1 ,..., τ n −1 ) ,

characteristics

of

stationary RP are independence from t. They depend
only from τ1 ,..., τ n −1 relative positioning of of time
moments t , t + τ1 ,..., t + τ n −1 , and the static
description is similar to the description of a random
vector
X 1 = X 1 (t ), X 2 = X 2 (t + τ1 ),..., X n = X n (t + τ n −1 )
with one stipulation connected with not each
regression function of a random vector can be
regression function of random process, especially
autoregression function [1].
Necessary and sufficient conditions at which
functions of a regression of two random variables or
random processes samples will be linear, are
presented in [1, 4]. In many sources examples of
bidimentional distributions with nonlinear regression
are presented. In [2] there are examples of three
discrete and 45 absolutely continuous bidimensional
and 9 multidimentional distributions, from which
only small part has the linear regressions, are
resulted. From sets of bidimensional and
multidimentional distributions a particular to be
interested such, which distribution densities can be
presented in the form of expansions in orthogonal
series (rows) on system of the functions, which
weight coincide with onedimensional distribution
densities [1, 2, 4], and also noncentral distributions
generalizing them [2]. Among them well-known
distributions which examples are discussed in the
report.
For random vectors it is repeatedly shown, that
in case of non-linear regression the application of
traditional Pearson correlation coefficients as
numerical index of presence, direction and closeness
(tightness) parameters of communication of random
variables can mislead (see examples in [1]). Many
new
closeness
parameters
(indexes
of
communication) for non-linear regression were
offered (see, for example, [2]). There are among
them
correlation
relations,
concorrelation
coefficients [1, 2] and others, the part from which is
resulted in the report.
4. DYNAMIC NON-LINEAR PROBABILITY MODELS
Now we will consider bi- and multidimensional
models reflecting of random processes dynamics of
development, i.e. its parameters and characteristics
dependence on samples arrangements τ1 ,..., τ n −1 .
We will name such RP and, hence, random signals
described by them, non-linear, if regression
functions of process samples X (t ), X (t + τ) (at τ ≠
0) or (at X (t ), Y (t + τ) any τ) are non-linear.
Usually for the closeness characteristic of these
counting’s are used auto
o
o

R XX ( τ) = M  X (t ) X (t + τ)  ,
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o

X (t ) = X (t ) − m X ,
(1)
and cross
o
o

R XY ( τ) = M  X (t ) Y (t + τ) 
(2)


correlation functions (CF), received through
them normalized CF (NCF)
ρ XX ( τ) = R XX ( τ) R XX (0) ,
ρ XY ( τ) = R XY ( τ)

R XX (0) RYY (0) ,

(3)

and as well as spectral power densities (SPD)
S XX ( υ) = F{R XX ( τ); ϕ( jυτ)}
and

S XY ( υ) = F{R XY ( τ); ϕ( jυτ)}, where
–
F (⋅)
continuous (then υ = ω ∈ ( −∞, ∞ ) ) or discrete (then
υ ∈ ( − π 2 , π 2) )
more
ϕ( jυτ) ,

Fourier
often

transform on base
exponential,
when

ϕ( jυτ) = exp{ jυτ}, j = − 1 .
As soon as CF R(τ) is correlation moment and
NCF ρ(τ) – correlation coefficient, for their small
suitability as connected characteristics of direction
presence and closeness on average for non-linearly
connected X (t ), X (t + τ) or X (t ), Y (t + τ) at
different τ, all stated earlier is valid closeness. The
elementary examples, confirming it for the
monotonous
one-to-one
transformations
Y (t ) = f [ X (t )] , are presented in [2] and in the
picture.
As SPD S (υ) derive from by linear
transformations from CF, it is followed from stated
above that traditional spectral analysis can be not
effective, even to mislead researchers, for non-linear
RP. Therefore in the report various variants of the
description of correlation-spectral analysis analogs
of considered type non-linear random processes are
given. These are expansion method for Voltaire
rows (series), dispersition, concorrelation, wavelet
analyses, the methods, connected with selection and
separate research of the linear and non-linear
components of systems, etc.
Explicitly the method concorrelation and
conspectral analyses [1, 2] is described in detail: its
bases, a singularity, merits and demerits. Examples
of correlation and concorrelation functions for many
typical bidimensional distributions are resulted and
their merits and demerits for the decision of
application-oriented tasks are presented.
As an example in the adduced table of
bivariate distributions dependences formulas of CF
and concorrelational functions (CCF) from
connection parameters of distributions are given.
Concorrelational functions (CCF) K XY (τ) is
defined as [1, 2]:
K XY ( τ) = Μ{(FX [X (t )] −

− Μ{F X [X (t )] })(FY [Y (t + τ)] − Μ{FY [Y (t + τ)] })} (4)
(1)
half-concorrelation (HCCF) H FX Y (τ) and

H XFY (τ)

H XFY ( τ) = Μ{( X (t ) − Μ{X (t )} )⋅

⋅ (FY [Y (t + τ)] − Μ{FY [Y (t )] } )},
H FX Y ( τ) = Μ{(FX [X (t )] −

(5)

− Μ{F X [X (t )] })(Y (t + τ) − Μ{Y (t )} )} .
(6)
Normalized CCF (NCCF) are analoques of NCF
ρ XY (τ) . For example,

χ XY ( τ) = K XY ( τ)

K XX (0) KYY (0) . (7)

Direct continuous or discrete exponential Fourier
transform F{⋅} of CCF and HCCF are conspectral
(CCD)

C XY (υ)

or half-conspectral "capacity"

density (HCCD) Π FX Y (υ) and Π XFY (υ) .
Let's give an example wonderful two properties
of CCF and, hence, CCD. The first: CCF and CCD
are for all random processes and series exist while
CF and SCD are exist only for those ones, which
have the finite moments of 1st and 2nd orders.
The second relate invariancy of CCF and CCD to
noninertional transformations of signals. If
and
V (t ) = g [Y (t )] ,
U (t ) = f [ X (t )]
where f (⋅) and g (⋅) are determined monotone oneto-one functions,
KUV ( τ) = ε f ε g K XY ( τ) ,
(8)

CUV ( υ) = ε f ε g C XY ( υ) ,

(9)

ε f = sign[df ( x ) dx ] .

(10)

5. PRACTICAL EXAMPLES
Examples of practical tasks decision using
various methods of non-linear random process
representation are resulted in the report. These are
examples on identification of non-linear systems, in
particular Hammerschtein-Wiener (linear dynamic –
non-linear static – linear dynamic links), estimations
of correlation parameters of real processes dynamic,
etc.
6. CONCLUSION
Initial approaches to representation and
application of random signal non-linear models are
stated. In summary priority problems, which should
be resolved for wide application of non-linear
probability models, are formulated.

(4)
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Development and realization of the advanced
object model for automatic code generation
T.V. Avdeenko, S.V. Levchuk
Novosibirsk State Technical University
possibility to obviously specify, in what table there
should be the columns corresponding to class
members - in the own class table or in the classancestor table.
Besides, the model of an application domain does
not contain information on permissible ranges of
values of class members (the type of data is not taken
into account), and also about a method of generation,
input and display of values. Now this problem is
assigned to the programmer - he can solve it
somehow, having inserted a corresponding program
code in a body of automatically generated class
pattern. However, considering a triviality of similar
problems, this code, in most cases, can be generated
automatically. We have to notice, that in some cases
these problems are more expedient for assigning on
DBMS, for example, at generation of casual unique
number, and in a body of the class constructor simply
to insert the call to corresponding function of a
database (also generated automatically).
Rational Rose is the powerful and effective tool
of automation of information system development,
but it is still very far for perfection. Although it is
impossible to achieve 100% automatic program m
code generation [2], nevertheless it is necessary to
approach it. In present paper decisions allowing
raising a degree of automation of software
development processes is offered.

Abstract: In present paper methods of information
systems development are discussed. Existing approaches
of transformation of object-oriented model of an
application domain to the scheme of relational database
and their lacks on an example of system of designing
Rational Rose are considered. The new method of
working out information system, and also preliminary
results of using this method in practice is offered.
Keywords:
databases

Object-relational

mapping,

relational

I. INTRODUCTION
Existing distinctions in approaches to application
domain modeling in relational Database Management
System (DBMS) and programs developed in the
environment of object-oriented programming create
the problems related with the coordination of
interconnected subsystems at a stage of working out
and their further support. As a matter of fact, it means
that at creation of information system we have to
develop two different projects - a relational database
and library of classes - besides that these subsystems
are a projection of the same application domain.
At present this problem is solved by using of
methods, allowing transformation of metadata from
one representation to another. There is a considerable
quantity of the software products, allowing to
develop the model of classes and then to convert it
into the scheme of a relational database, and vice
versa (for example, Rational Rose [1]). Conversion is
provided by means of matching pairs of basic
concepts for each data model: the class in object
model corresponds to the table of relational model; a
class member in object model - to a table column of
relational model, etc. However it is impossible to
achieve full interchangeability of models, because in
each of them there are the elements which are absent
in other model. For example, methods and events in
object model are absent in relational model. On the
contrary, indexes and constraints in relational model
have no straight analog in object model. Besides,
such class and table unification is not always
defensible. For example, the program developer
would probably want the class to generate the
descendants which do not have their own members,
or he would want to locate the data of classdescendant in the same table, as data of classancestor. In other words, within the framework of
such fixed-programmed data models conversion
mechanism as built in Rational Rose, there is no

II. METHOD
An essence of an offered method consists in
using of such model for which the scheme of
relational database and classes’ model would be the
special cases deduced from more elaborate
representation of an application domain – advanced
object-oriented model (fig. 1). This representation
includes the detailed description of class members:
the range or the list of values, rules of input or
automatic generation of values, a way of display of
values in the user interface, etc. Relationship between
classes (inheritance or association) is expressed as a
property of special type which is also described in
detail. Any property inherited by a class-descendant
can be redefined in it (is overridden).
The offered approach based on the advanced
object model was implemented in the program
system intended to help the program developer in the
initial application domain representation. The results
of working with the developed program are the
automatically generated database instance (format
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override of property in a database and in class
definition (i.e. in a code) it is created the function,
generating a unique value with use of appropriate
method (or checking the uniqueness if the way of
initialization of the value is specified as user input).
• Reference (a foreign key) - property of integer
data type which value is the object identifier (a
primary key) of correspondi`ng class. The reference
is characterized by capacity of communication and its
type. There can be the following types of references:
o Association (the value can be null; when
removing the referenced object the value of the
reference in dependent objects is established as null);
o Aggregation (the value cannot be null, but
can change; removal of object of the reference is
impossible in the presence of dependent objects);
o Composition (the value cannot be null and
cannot change; while removal of object of the
reference dependent objects are also deleted).
At compilation of the project for each override of
property of the reference type in a database and in
class definition is created a pair of functions: the
tabular function returning the list of permissible
values; the scalar function checking a correctness of
entered value. Notice, that restrictions on capacity of
relationship for all overrides of the given property
defined in classes-ancestors are checked.
• Enumeration - property of integer type of data,
the reference to record in the special table-database
directory. The list and attributes of values of the
directory are filled in the course of project working
out. At compilation of the project for each override of
the property in a database and in class definition is
created a pair of functions: the tabular function
returning the list of permissible values; the scalar
function checking the correctness of entered value.
The field of the table defined for given property, is
the foreign key referring to a primary key in the
special table-directory.
• Calculated value - the property, which value is
defined by special expression in language of data
manipulation, used by DBMS. Property can be stored
- in this case it has a field in the class table, filled
each time at updating or creating of object, or it is not
stored - it is calculated each time at the moment of
the object call.
• Usual field - property of any type of data. For
numerical types the range of values can be defined.
3. Property override. Each property of a class,
can be redefined (overridden), thus any property has
at least one override - in the class in which it is
defined initially. The property override contains the
following data:
• Default value;
• A method of initialization of property value at
the moment of object creation (input by the user or
automatic generation);
• Interface for input of values by the user (a text
field, the dropdown list, a calendar etc.);
• Characteristic of relation for properties of
reference type (type of the relation; restrictions on set
of objects);

MS SQL Server 2005) and the compiled library of
classes for an application creation, working with this
database. The database contains:
• Tables of classes;
• Representations of classes (natural connection of
class tables and its ancestors connected by the
relation "one-to-one");
• Stored procedures for creation, editing and
removals of class instances, one procedure for each
concrete class;
• Scalar functions of generation of class members
values, for which automatic generation of values (the
counter, a random number, minimum free), and also
check functions of a correctness of values is defined;
• Tabular functions which are giving out lists of
permissible values for foreign keys and class
members of enumeration type.
•
Figure 1. - Transformation of metadata

Class structure
Hierarchically organized structure of class
metadata contains the following five levels:
1. Class. Classes are connected by simple
inheritance (recursive relationship) where each classdescendant inherits all properties and methods of
class-ancestor. During the development process the
programmer may assign an own table in a database to
a class - in this case the table will be connected by
the type relation "one-to-one" with the class-ancestor
table; automatically created primary key of the table
simultaneously will be an foreign key of the given
relation. If an own table is not assigned to a class, its
fields (properties) will take places in the classancestor table.
2. Property. For each property (class member) if
it is stored, the field of the appropriate type is created
in the table of the class. If property is marked as
virtual, it can be redefined in the descendant classes.
Property can be one of following types:
•
Identifier - property of integer or text type of
the data, which value should be unique for every
object of some set of objects. The set of objects can
be set through a class, or through a foreign key.
Value of the identifier at object creation can be
entered by the user or generated automatically (only
for integer types of data) by one of three ways: the
consecutive counter, a random number, the minimum
free. While compilation of the project for each
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• Characteristic of a range of definition of unique
values for properties of type the identifier (a way of
automatic generation of values; restrictions on a set
of referenced objects);
• Expression in DBMS data manipulation
language, used for determining the value of
properties of calculated value type, and also for
formation of the user representation of value of
properties of other types.
4. Range of values. For properties of numerical
types (except references) a range of values and an
increment step is defined; for text and binary types length of data. For properties of the reference type
capacity of relation, and also (optional) restriction on
a class of the connected objects are defined.
5. Denominate values. It contains a list of the
denominate number values with the text description
and other attributes. While project compilation the
list of denominate values is created in the special
table-directory; in the library of classes it is a special
enumerated type of the appropriate class member.

quantity of program code. In particular, the user
controls for Windows have been created, allowing on
the basis of the entered application domain model to
work with instances of classes and to keep changes in
a database, to look through structure of objects and
their relationships. Using of these controls permits to
avoid creating a considerable quantity of class forms.
In turn, the increase in quantity of automatically
generated code allows hoping for reduction of
influence so-called «the human factor» by working
out information system, and also for reduction of the
efforts connected with debugging and the further
support of a product.
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Abstract: Precision phase measurements are
necessary for the laser deformation measurer (LDM),
radiofrequency displacement measurer (RDM) and
other measuring techniques. The most important
parameters of these devices are the frequency range of
the measuring, accuracy, dynamic range of the input
value (limits of its changing) and leading frequency. In
LDM and RDM the demands to these parameters are
very tight. The paper discusses the fault-tolerant
algorithms of the hardware and software devices for
these purposes.
Keywords: Precision measuring, phase meter,
digital signal processing.

I. INTRODUCTION
Methods of the measuring of the phase
difference of two high-frequency signals are very
important in laser interferometer instrumentation [1].
The most significant factors of the signal, which
hinders the measurements, are deep amplitude
modulation (50-90 %), large dynamic range of the
phase changing (40 дБ), big additive and
multiplicative noises.
Well known methods of the phase measurements
are based on the time intervals or pulses duration
determination. Their use demands preliminary
transformation of the initial sinusoidal signals into
the pulsed signals. All the further signal processing
is directed to the precise determination of the tome
moments of the pulse fronts or the intervals between
them. Such methods are not valid for the precision
phase measurement.
As the alternative measuring methods we
observed the use of the frequency-dependant
electronic circuits, phase detectors on the base of the
triggers or comparators and so on. However, the
most accuracy can be achieved only with phase
meters on the base of the precise speed analog-todigital converters (ADC) with the following digital
signal flow processing [1, 2]. Such processing
allows most effectively suppress the influence of all
the kind of the noises and disturbances. This method

does not form parasitic step jumps when the phase
overcomes value ϕ = N π , N = 0,±1. ± 2... [3].
II. THE MAIN PROBLEMS OF THE PRECISION PHASE
MEASUREMENTS

II. I. THE FINDS OF THE DISTORTIONS AND THEIR
TRANSFORMS AT COMPARATORS ANS TRIGGERS

1. The ideal signal without noises. The ideal
comparator forms from the ideal sinusoidal signal
the ideal pulses as Figure 1 shows. Fronts of these
pulses agree with the moments when the sinusoidal
signals overcome the zero level. The obtained
rectangular signals are more suitable for the direct
duration measurements. However these signals
contain much less information then the initial ones
do. While the initial signals change their value, the
rectangular signals are constant, and only at the
moment of the zero crossing of the initial signals,
the value of the rectangular signals has
corresponding step change. So the initial signals
contain the information uninterruptedly, and the
rectangular signals contains in discretely. For
example, if we consider the part of the initial signal
during the first square of the grid, then we can judge
about the approximate value of the frequency. And if
the three squares will be taken we can accomplish
rather certain measurement. It we will try to do the
same with the rectangular signals, we will not be
able to do that. This signal is constant during the
first square; hence we only can say that the half of
the period is more then the duration according to one
square. The rectangular signal during the first three
squares indicates only that the half of the period is
more then the duration according to one square and
half.
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Figure 1. The ideal sinusoidal signal and its
transformation wit the ideal comparator

Figure 3. The signal with LF noise and its
transformation with the ideal comparator

2. The additive high-frequency (HF) noise
influence. Figure 2 shows the signal with HF noise
and its transformation with the ideal comparator. If
we would use narrow-band filter to the initial signal,
we would get more acceptable signal in the result.
Accordingly, if we will transform this signal with
ADC and use the digital narrow-band filter to the
resulting flow of the digital samples, then we will be
able to decrease the influence of the noise. It is only
necessary that the noise would not prevent the
correct working of the ADC. Hence the KotelnikovShannon theorem conditions must be satisfied. Some
kinds of the ADC, which uses the integration of the
input signals, do not need even this demand
satisfaction. So with the adequate method of the
signal processing it is possible to remove any
harmful influence of the noise to the result of the
phase measurement. But this is not the case with the
rectangular signals.

4. The join action of the additive HF and LF
noises. Figure 4 shows the signal with HF and LF
noises and its transformation with the ideal
comparator. The analog or digital filtration of the
noised signal can allow restoring the initial
sinusoidal signal. It is impossible to remove the
influence of the noises after the signal passes the
comparator and obtained rectangular form with a lot
of the short pulses in ite front and falling edge.

Figure 4. The signal with HF and LF noises and its
transformation with the ideal comparator

5. The constant zero shift or drifts. Figure 5
shows the signal with shift of the zero and its
transformation with the ideal comparator. This event
increases the parasitic influence of the additive LF
noise of the initial signal to the producing false
phase modulation.
Figure 2. The signal with HF noise and its
transformation with the ideal comparator

3. The additive low-frequency (LF) noise
influence. Figure 3 shows the signal with LF noise
and its transformation with the ideal comparator.
The use of the filtration to the initial signal allows
the restore the initial ideal signal without LF noise.
It can be done in the digital form with the digital
filters too. However the signal from the comparator
output which is the rectangular pulses with the
shifted fronts can be effectively processed for the
reconstruction of the initial ideal signal. The noise
influence in this case can not be removed.

Figure 5. The example of the signal with LF and HF
noises and shift of zero
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The resulting signal is shown at the Figure 6 at
the bottom. The ideal signal transform is shown at
the same Figure 6 overhead.

Figure 6. The ideal rectangular signal (above) and the
result of the transformation of the noised signal shown at
Figure 5 (beneath)

Figure 8 shows the result of the transformation
of such signal (beneath) and ideal signal transform
(above). For more detail Figure 9 presents the
difference of these signals, and Figure 10 shows the
view of its fragment in large time scale.

Figure 9. The difference between the signals shown at
Figure 8

6. The amplitude modulation of the signal
(multiplicative noise). Figure 7 shows the signal
with shift of zero and amplitude modulation
(multiplicative disturbance). If the signal would not
have the shift of zero, then amplitude modulation
would produce parasitic phase deviation in the
rectangular pulses. If only shift would take place,
then it would produce only constant phase error.
Simultaneous action of the shift and amplitude
modulation causes synchronous parasitic phase
modulation.
Figure 10. The same signals as in Figure 9 (fragment),
in large time scale

Figure 7. The signal distorted with amplitude
modulation and shift of zero

7. Preliminary conclusion. All above distortion
can be passed over with initial signal by means of
the filtering. The digital filtering after the conversion
with ADC is fit. But after the nonlinear
transformation with comparator or trigger these
distortions causes unremovable distortions. Hence
the digital processing of the signal sampled with
speed ADC is preferable as compared with the
comparator of trigger transformation with the
sequence time duration measurements.

II. II. THE PROBLEM OF THE PHASE MEASUREMENTS
WITH THE LARGE PHASE DEVIATIONS RANGE

Figure 8. The result of the transformation of signal
shown at Figure 7 (beneath) and ideal signal transform
(above)

1. The proportions between the measurements
accuracy and the phase deviation range. None of
analog signal can have unlimited signal-to-noise
ratio (SNR). The best oscillators form signal which
exceeds noises at 80–90 dB, and for the most of the
oscillators this value is about 60–70 dB. Hence the
accuracy of the any former of the analog signal is
not less then 0.001 % from the range of the changing
of the output signal. Therefore if the total phase
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change range is ∆ϕ = x rad , then the accuracy of
the former is δϕ = x 10 −5 rad . The increase of the
gain of the phase detector will cause the signal
coming out of the prescribed range. Hence the signal
will be restricted.
2. Output signal step jumps when the
frequencies are not equal to each other. Let to the
two inputs of the difference phase meter the two
signals of the different frequencies are supplied. The
difference phase will increase or decrease at all the
times. None of the analog signal can increase
without limit. Therefore the output signals of the
most of the analog phase meters after the
achievement of the value of ± 2π changes in spurts.
This situation corresponds to the phase shift more
then ± 2π which any analog phase detector can not
identify. It determine only the phase difference
inside the range from − 2π to + 2π . Said jumping
of the output signal is one of the inherent
disadvantages of the analog phase meters used
pulsed input signals (for example, specialized micro
circuit AD9901).
The conception of the analytical signal allows
introducing the phase modulated signal as the
projection of the revolving vector. The coherent
component is the projection to abscissa, and
quadrature signal if the projection to the ordinate. In
this case the phase difference is the angle between
the two vectors. In the case of the permanent phase
measurements of the two analytic signals with the
account of their history, the phase difference can be
easily treated in the unrestricted range as the
cumulative total angle of the relative rotation. Such
unrestricted phase difference can be presented only
with digital concept of the signal processing.
3. Insensibility of the small phase difference.
While the two analog signals are used to measure the
phase difference the results are continual even
closely to the zero one. For the pulsed signals there
is the problem of the front duration. As the result the
measurement of the phase difference between almost
coherent pulsed signals has some insensibility range,
if Schmitt trigger was used. It comparator was used
for the transformation of the sinusoidal signal to the
rectangular one, then the bounce-like distortions
takes place.
4. The noise increasing with the amplitude
decreasing. Another disadvantage of the pulse phase
meters is the noise increasing with the amplitude
decreasing. This is specified with the essence of the
transformation of the analog signal to the digital one.
As the result the decreasing of the signal causes the
increasing of the phase error.
5. The problem of the compromise choice of
the leading frequency. Let the leading frequency
can be chosen arbitrary from the point of view of the
most accuracy of the phase measurements. If this

frequency is too high then the pulse front duration
will be essentially large in comparing with the
period duration. Hence the accuracy will be small.
If the frequency will be too small then the crossing
of zero level by signal will be too slow. Hence the
signal will be close to zero too long time, and the
accuracy of the definition of the time of this crossing
will not be determined correctly. Therefore the error
of the phase measurement will be large too. Even
small noise will cause big mistake. So the best
phase measurement demands the compromise choice
of the leading frequency.

II. III. THE SUM OF THE PROBLEMS OF THE PRESISION
PHASE MEASUREMENTS

1. The methods using the initial sinusoidal
signals are preferable in compare with the using of
the comparator or Schmitt trigger.
2. The methods of the digital processing of the
analog signal sampled with ADC are preferable; the
digital conception of the output signal is preferred.
3. The input signal is recommended to be filtered
only to satisfy the ADC demands from the point of
view of the Kotelnikov-Shannon theorem. It means
than the quantity of the sample must be not less then
two per period. It is formulated for the wide-band
signal. If narrow-band signal is used then another
rules can be used. In this case the difference
frequency will present as the result of the sampling.
III. PHASE DEVIATIONS MEASURING ON THE BASE
OF THE ADC AND MICROPROCESSOR UNIT
III. I. THE HARDWARE CHOICE

There is a reason to avoid too narrow-band
filtering. Any filtering of the amplitude-modulated
signal changes the leading frequency. Only signal
without modulation of the amplitude preserves the
leading frequency with arbitrary accuracy.
In the practical task of the small deformations
measurements [1] the envelope spectrum is close to
the Gaussian function. Hence the signal supplied to
the phase meter has the close form of the spectrum.
Theoretically its spectrum is not restricted; therefore
any filtering will introduce the distortions to the
leading frequency value. The more distortion will
occur in the results of the phase measurement. And
so the preliminary filtering is mot desired. More
preferable is the choice of the most speed ADC with
the consequent processing for calculating of the
phase. The digital filtering can be accomplished by
such a way, which will not introduce the phase
distortions, but only the delay of the result.
A simple argument for the ADC against the
comparator is that the comparator can be considered
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as a single-bit ADC. This fact demonstrates the loss
of the information on it.
From ADC we want speed and accuracy. We
consider that the win of the speed in two times costs
the loss of the two digits (four times accuracy), and
even more. With this opinion we prefer sample
frequency 125 MHz and 14 digits ADC of Analog
Devices
(ATmega32),
with
the
adequate
microprocessor unit on the board.
III. II. THE CHOICE OF THE PROCESSING ALGORITHM

Papers [1–2] proposes the effective processing
method for the special relation between the mean
signal frequency f1 and the sampling frequency f S

f1 = f S / 3 . This relation can be
provided with the choice of the measuring setup and
its parameters or by means of the preliminary
heterodyne signal transform. Another approach is
the according choice of the sampling frequency f S .
On the base of the further experience of the
researches we propose the relation equal to four:
f1 = f S / 4 . Figure 11 shows the proposed phase
meter structure.
of the ADC:

U1

2

1
U2

4

5

3

Figure 11. The structure of the proposed phase meter:
1 – sample oscillator (clock), 2, 3 – ADC; 4 –
microprocessor unit, 5 – computer

The input signals have the form close to than of
the Figure 7. The phase meter must measure their
phase difference. The deposit of the distortion into
the result is not desirable.
Let discuss the working of the one measuring
channel, for example only ADC 2 sampling the
signal U1. It produces four samples per period of the
input frequency. The result is the sequence of the
digital samples. Let introduce the double numeration
of them to divide it to the four separate sequences.
So we get: [u11, u12, u13, u12, u21, u22, u23, u22 …]. It
can be separated to four sequences [un1, un2 …],
where n = 1, 2, 3 and 4. Each of them is the
sequence of the counting of the difference
frequency. Its phase is the difference of the phases
of the sample oscillator and the input signal. They
have the relative phase shift ∆ϕ = (n − 1) / T , where
T is the period of the difference frequency.

The phase shift at the value of the half of the
period is equivalent to the inversion of the signal:
cos (ωt + π) = – cos (ωt). Therefore for the case of
the constant frequency and amplitude the following
relation is correct: un(m+2) = – unm. Hence the
difference of them means doubling of the initial
value. At the same time the shifts of zeros levels of
ADC and signal will be removed at the result of this
subtraction. Thus from the sequence of N counting
we can form the new sequence of N/2 counting, in
which the above shifts will be removed:
vij = uij – ui(j+2).
(1)
We will use only i = 3 and i = 4, and introduce
new notation, xk and yk:
x1 = u11 – u13, y1 = u12 – u14,
x2 = u21 – u23, y2 = u22 – u24, and so on.
(2)
Each counting in (2) is doubled mean value of
the two samples. The constant gain k1 = 2 is
permissible as any constant gain when we measure
phase. If the initial values are not equal, then the
corresponding point of the mean value of them lies
in the middle of the interval between the initial
samples.
Figure 12 presents the initial sequence (Fig.12,
a) and the resulting on the first stage sequence (2)
(Fig.12, b). These samples are the values of the
average values of the signals of the difference
frequency. At that xi are the coherent component,
and yi are quadrature component values. These
values are given for the different moments of the
time. For new values of the additionally averaged
values we propose using the weight coefficients. For
the samples x1, y1, x2 and y2 the middle moment lies
at the middle of the interval between y1 and x2 (see
Fig. 12). This point is away from the samples x1 and
y2 to the value of 2.5/4 of the period, and from y1 and
x2 to the value of 1.5/4 of the period. For the
calculation of the value at this point we must use the
weight coefficients 3/8 and 5/8. Since the constant
gain is permitted, then we can recommend the
coefficients 3 and 8 as more simple for the
calculation. Hence at the next step of the digital
filtering of the samples flow we propose the
following equation:
X1 = 3 x1 + 5 x2, Y1 = 5 y1 + 3 y2,
X2 = 3 x2 + 5 x3, Y3 = 5 y3 + 3 y3, and so on. (3)
As the result we will get from each eight samples
only 2 new samples, which means averaged values
of the coherent and quadrature of the signal of the
difference frequency (multiplied to the total gain
k1 k2 = 16).
Further sequences {Xi, Yi} are used as the
projections of the analytic signal vector to the axes X
and Y. Further filtering is usual summing, if it is
necessary. Hence the phase can be calculated with
the following equation:
φi = atan2(Xi,Yi).
(4)
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Here atan2(X,Y) is standard function equal to
arctg(Y/X) for |Y|<|X| and arcctg(X/Y) for |Y|>|X|. It is

defined at the whole quantity {Xi, Yi}.

u1

u1

u2

u2

4

3

4

3

u3
u3

4

3

a

u2

u1

u1

1

u3
u2

1

2

u3

1

2

2

b
y2=u22-u24

y1=u12-u14

x3=u31-u33

x2=u21u

x1=u11-u13

X2=3x2+5x3

X1=3x1+5x2

Y1=5y1+3y2

c
Y2=5y2+3y3

Figure 12. The transformation of the counting from ADC by means of the difference at the first step and weight summing
at the second step

If at this stage the flow of the samples is too fast
for the processing it by means of the microprocessor,
then the additional filtering must be used in
accordance with any known algorithm. As an
example simple summing can be used. If the
hardware can calculate phase with the equation (4),
then it is better to do, and only then use digital
filtering if it is necessary. The conveyer filters are
recommended [4].
IV. SINGLE-FAULT-TOLERANCE ALGORITHM
The nature of the signals causes the possibility of
the faults of the counting. Hence, some of the
samples from ADC can be taken mistakenly. Mostly
the situation will produce zero counting or close to
this. But really zero signals are possible containing
in the flow.
To distinguish the single fault of the counting
because of the absence of the input signal due to
disturbs in the measuring track (which is result of

the nature of the measuring) from the correct small
or zero counting we propose to compare it with the
according nearest counting. But the according
nearest counting is not the nearest one, because the
nearest one is not according one. It is seen in Figure
12 that, for example, counting u23 must not to be
even approximately equal to the nearest values u22 or
u14. It must be approximately equal to the values of
u13 and u33. It also is approximately equal to the
inversion of the values of u21 and u31. But if these
values are small and the ADC or signal zero shifts
are big, then the later equivalence is not relatively
correct. The former equivalence is correct anyway.
So we chose the values with which it is correct to
compare the current sample during the processing.
We can use nearest future counting into the
processing algorithm because the digital processing
allows some delay of the processing. So we can
testify the correctness of the counting u23 with delay
and only after the counting u33 will be taken.
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We also need the standard of the permissible
error. We propose the fixed part of the input signal
amplitude. For example the absolute value of the
difference between u23 and the nearest previous
according counting u13 must not be greater then
10 % of square root from the sum of the squares of
X1 and Y1 (see Figure 12) with the according gain. It
is better to use relatively distant samples from the
both sides of the checked ones. For example for the
calculating of the signal amplitude in the point close
to u23, we can use samples u21, u33, u14 and u32 with
the following equation:

A = 0.5 (u 21 − u33 ) 2 + (u14 − u32 ) 2 .

(5)

If |u23 – u13| < 0.1 A, then u23 is correct, but if
not, then new value of u23 will be calculated as
u23 = 0.5 (u33 – u13).
The additional anti-aliasing filter can be used
during the flow filtering.
V. BURST-FAULT-TOLERANCE ALGORITHM
The nature of the measurement techniques
assumes the possibility of the faults of the
continuous part of the signal. The single-fault
protection is of no use here. In fact, the phase
difference is not measured during some period,
which is relatively short to accumulate large phase
changing, but it is sufficiently long to cause
mistaken working of the phase measurer.
The previously discussed phase measurers on the
base of the counting of the duration between the
signals fronts have the opportunity of the step phase
error to the value ± 2π. Some special algorithms of
the processing are more precise but they are even
mush worse from the point of view of the step phase
error. They can cause the error of value ± Nπ/2,
where N is arbitrary integer number.
In our case, we get the analytic signal {Xi, Yi},
which describes the two projection of the vector.
Hence, we can calculate the phase signal (4) and
imagine it as serial samples of the continuous signal
φ(t). In addition, we can calculate the amplitude
sequence Ai = k (Xi2+Yi2)1/2, where k = 1/(k1k2) is not
mach importable gain coefficient for the processing
algorithm, because we are interesting only in the
phase of the signal, but not in it absolute value of the
amplitude. We can lay k = 1 just for the simplicity.
Hence, we can obtain the imaginary continuous
function A(t).
After that, we should research the statistics of the
pair signal {φ(t), A(t)}, while we have its discrete
flow of the samplings {φi, Ai}. We assume that the
signal A(t) can has sudden interruption, which will
be indicated as the decrease of its level. Some too
small level will be correspond to the sharp increase
of the noises of the signal φ(t). These fragments of
the signal mast be regarded as false measurements

due to the faults of the information part of the signal.
Then we can mark these intervals as mistaken. We
will get the minimal amplitude level, which
corresponds to the reliable signal. In the further
processing, we will treat any signal less then this
level as unreliable one. The last question is only
what the phase change can occur during the
unreliable signal. If it is surely smaller, then the half
of the possible phase step error (which is 2π), then
the new phase must be locked to the range between
φj – π and φj + π, where φj is the last reliable
measurement. Then the interval of the unreliable
measurement can be approximated with smooth
curve between the last reliable measurement before
it and the first one after it.
If the accumulated phase change during the
unreliable signal duration differs from the last
reliable measurement to the value more then 2π, then
almost nothing can be done. Such situation is not
realistic, real measuring devices does not allow such
long signal fading.
We can only propose the dynamic prediction of
the future phase value and evaluation of the new
phase value (to lock in to one of the meanings,
which changes to the value of ± Nπ) using the value
of the mean derivation of the phase φ(t). If really the
mean frequencies of the two input signals are not
equal to each other, then the phase has the linear
regression. Then we can wait that this regression
will continue during the time, while the signal was
invalid. Hence the new phase value must be not
close to the point of the last reliable measurement φj,
but to the predicted value φk = φj + tkω, where tk is
the duration of the invalid signal fragment, ω is the
angle velocity equal to the time derivation of the
φ(t), which can be evaluated as ω≈(φi – φj) / (ti – tj).
Here φi are phase values according to the time
moments ti. With this algorithm the invalid signals
with the phase changing more then ± 2π can be
correctly processed with the true phase restoring in
some cases.
VI. THE REALIZATION AND USING
The whole device can be realized on the base of
the signal processor of evaluation kit or so on. We
have realized the device on the base of the processor
Altera [5], using ADC of the type ADC6645, which
has 14 digits and can work at the sampling
frequency 100 MHz. Also we used ATmega32 with
the sampling frequency 125 MHz.
First of all the phase meters were developed for
the use in the laser deformation meters and
radiofrequency displacement meters [1, 6]. The
phase meter effectively suppresses the amplitude
modulation, additive and multiplicative noises.
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Petri Nets Modeling with Supporting
of System History Storing
A.A. Voevoda, A.V. Markov, D.O. Romannikov
Novosibirsk State Technical University
Abstract: Parallelism in Petri nets is considered on
example of finding pass from the labyrinth. Colored
Petri nets with history supporting are used for this
purpose. In addition, mechanism for sharing
information between UML and Petri nets is
considered.

difficult and obtained results might be difficult for
describing.
Petri nets is a very good choose for parallel
system modeling and for systems that contain some
parallel parts.

Keywords: Software engineering, Petri Nets, UML
Parallel processes.

I. INTRODUCTION
Software designing is building of a properties of
a system based on analysis of a problem definition
that are a software requirements, data domain
models etc. Process of the software designing might
be manual or automated depending on kind of
software. Different kind of notations can be used for
software designing such as block diagrams, flow
charts, ER-diagrams, UML-diagrams, DFDdiagrams or Petri Nets.
The using of UML-diagrams and Petri nets [2, 4]
allows detecting some kind of defects for developers
on design stages. Analysis of dynamics of a system
can be describing with common Petri Nets language
[1].
Petri Nets is a tool for system investigation. The
theory of Petri Nets gives a possibility of system
modeling with its math representation as Petri net.
Also base on Petri Nets analysis we can obtain
important information about system structure and
dynamic properties of the system.
In spite of variety of modeling systems, some
common properties can be mark out that should be
reflected in features of the models. The main idea is
that systems consist of the separate collaborated
parts. Each part might be a system and its behavior
can be described independently of other part of the
system, excepted parts collaboration.
Actions of the systems parts can be executed at
the same time or in the parallel.
Such parallelism makes some hardship for
system modeling. Synchronization should be
implemented for all parts of the system that
collaborate each other. So, sending of the
information messages from on part to other should
be executed synchronously. This requirements might
provoke to wait one part of other part. Also
coordination between system parts might be very

II. THE SYSTEM DESCRIPTION
Our system is a labyrinth; it is a five-to-five
field. Some of the boxes are a “walls” and some are
“passing”. In addition, labyrinth contains end and
start points.

Figure 1. Labyrinth is a modeling system

Labyrinth (see figure 1) is a two-dimensional
array x[i][y] where every element contains zero or
one (zero is a “wall”, one is a pass).
System description we implemented with UML
diagrams based on algorithm from [5 - 8] works.
At the first, we implemented class diagram (see
fig. 2) that contains only class “Robot” that works
with array labyrinth.

Figure 2. Class diagram
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Labyrinth array contains information about
coordinates. We should draw special attention that
history of the token contains history of the passed
way. Based on the method of software designing [6 8] we need to implement structure diagram that
depicted on the figure 3 that contains initial state and
compound state - moving and figure 4 that contains
inside of moving state.

Figure 5. Petri nets implementation for structure diagrams
on fig. 3 and 4

IV. ANALYSIS OF THE PETRI NETS SYSTEM
Figure 3. Structure diagram for “Robot” class

Petri nets implementation of this system was
made in the software packet CPN Tools that
provides possibility for system analysis. Based on
this analysis CPN Tools compiles report that
presented on Table.
Table.
State space report for system on figure 5.

Figure 4. Moving state

When token might move to the different sides the
object forks for moving to available directions. Also
we use notations [9] for the states with comments
that indicates that Petri nets implementation should
store history of the token moving.
III. PETRI NETS IMPLEMENTATION
Based on the rules of the UML-Petri nets
transformation [6 - 8] we obtain colored Petri nets
that depict on the Figure 5.
Notations saveHistory: true that depicted on
figure 4 indicate that we want to save token history.
For this purpose we add additional variable “h” to
the places with type IIDS. On the transitions Cond1,
Cond2, Cond3 and Cond4 new step history added to
the token.
Mechanism of notations with additional
information in the UML diagrams very powerful and
can be used for the future investigations, for
example time adds to the UML.
Place Final contains tokens that find pass from
the beginning place to end place, also, these tokens
contain pass history.

Statistics
State Space
Nodes: 16571
Arcs: 68950
Secs: 300
Status: Partial
Scc Graph
Nodes: 16571
Arcs: 68950
Secs: 3
Home Properties
Home Markings
None
Liveness Properties
Dead Markings
6188 [16571,16570,16569,
16568,16567,...]
Dead Transition Instances
None
Live Transition Instances
None
Fairness Properties
No infinite occurrence
sequences

Model’s
state
space
contains 16571 nodes,
68950 arcs and 300
sections.

Model does not contain
home marking.
Petri net contains dead
marking.
Model does not contain
dead transitions.

There are
occurrences.

not

infinite

System contains “dead” marking. This fact can
be explained in cause of token cannot pass to the all
directions.
V. THE RESULTS DISCUSS AND CONCLUSIONS
The mechanism for sharing information between
UML and Petri nets is considered. This mechanism
can be used for adding information to UML
diagrams for Timed Petri nets or for any other
issues.
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Another important result is a using of tokens
with history pass supporting. This can be used as
additional analysis of the system. For example, we
can store position of the tokens for the last N steps
and based on this history draw graphs with time
specifics.
For system improving, we can propose using
some external programs for array’s structure
implementation like Excel.

[6]

[7]

[8]
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Cloud Computing Security Issues
V.I. Guzhov, K.O. Bazhenov, S.P. Ilinykh, A.R. Vagizov
Novosibirsk State Technical University

Annotation: Cloud computing is a fundamental
shift from traditional client/server or tier architecture
which lays emphasis on effective utilization of IT
infrastructure, reduction in operational cost and
optimum customer satisfaction thus helping the
enterprise in increased profits with satisfied
customers. There are many security issues than the
traditional “authentication & authorization, integrity,
consistency, backup & recovery” which might turn
out to be abuse of technology, if not considered.
Keywords: Cloud computing, security, privacy.

I. INTRODUCTION
Cloud computing has been defined by NIST as
a model for enabling convenient, on-demand
network access to a shared pool of configurable
computing resources (e.g., networks, servers,
storage, applications, and services) that can be
rapidly provisioned and released with minimal
management effort or cloud provider interaction
[1]. Cloud computing technologies can be
implemented in a wide variety of architectures,
under different service and deployment models, and
can coexist with other technologies and software
design approaches. The security challenges cloud
computing presents, however, are formidable,
especially for public clouds whose infrastructure
and computational resources are owned by an
outside party that sells those services to the general
public.
II. ABOUT CLOUD COMPUTING
In addition to the usual challenges of
developing secure IT systems, cloud computing
presents an added level of risk because essential
services are often outsourced to a third party. The
externalized aspect of outsourcing makes it harder
to maintain data integrity and privacy, support data
and service availability, and demonstrate
compliance.
In effect, cloud computing shifts much of the
control over data and operations from the client
organization to their cloud providers, much in the
same way organizations entrust part of their IT
operations to outsourcing companies. Even basic
tasks, such as applying patches and configuring
firewalls, can become the responsibility of the
cloud service provider, not the user. This means
that clients must establish trust relationships with

their providers and understand the risk in terms of
how these providers implement, deploy, and
manage security on their behalf. This trust but
verify relationship between cloud service providers
and consumers is critical because the cloud service
consumer is still ultimately responsible for
compliance and protection of their critical data,
even if that workload had moved to the cloud. In
fact, some organizations choose private or hybrid
models over public clouds because of the risks
associated with outsourcing services.
Other aspects about cloud computing also
require a major reassessment of security and risk.
Inside the cloud, it is difficult to physically locate
where data is stored. Security processes that were
once visible are now hidden behind layers of
abstraction. This lack of visibility can create a
number of security and compliance issues.
In addition, the massive sharing of
infrastructure with cloud computing creates a
significant difference between cloud security and
security in more traditional IT environments. Users
spanning different corporations and trust levels
often interact with the same set of computing
resources. At the same time, workload balancing,
changing service level agreements, and other
aspects of today's dynamic IT environments create
even more opportunities for misconfiguration, data
compromise, and malicious conduct.
Infrastructure sharing calls for a high degree of
standardized and process automation, which can
help improve security by eliminating the risk of
operator error and oversight. However, the risks
inherent with a massively shared infrastructure
mean that cloud computing models must still place
a strong emphasis on isolation, identity, and
compliance.
Cloud computing is available in several service
models (and hybrids of these models). Each
presents different levels of responsibility for
security management.
• Software-as-a-Service.
Software-as-aService (SaaS) is a model of software deployment
where by one or more applications and the
computational resources to run them are provided
for use on demand as a turnkey service. Its main
purpose is to reduce the total cost of hardware and
software
development,
maintenance,
and
operations. Security provisions are carried out
mainly by the cloud provider. The cloud subscriber
does not manage or control the underlying cloud
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infrastructure or individual applications, except for
preference selections and limited administrative
application settings.
• Platform-as-a-Service.
Platform-as-aService (PaaS) is a model of software deployment
whereby the computing platform is provided as an
on-demand service upon which applications can be
developed and deployed. Its main purpose is to
reduce the cost and complexity of buying, housing,
and managing the underlying hardware and
software components of the platform, including any
needed program and database development tools.
The development environment is typically special
purpose, determined by the cloud provider and
tailored to the design and architecture of its
platform. The cloud subscriber has control over
applications and application environment settings
of the platform. Security provisions are split
between the cloud provider and the cloud
subscriber.
• Infrastructure-as-a-Service.
Infrastructure-as-a-Service (IaaS) is a model of
software deployment whereby the basic computing
infrastructure of servers, software, and network
equipment is provided as an on-demand service
upon which a platform to develop and execute
applications can be established. Its main purpose is
to avoid purchasing, housing, and managing the
basic hardware and software infrastructure
components, and instead obtain those resources as
virtualized objects controllable via a service
interface. The cloud subscriber generally has broad
freedom to choose the operating system and
development environment to be hosted. Security
provisions beyond the basic infrastructure are
carried out mainly by the cloud subscriber.
Figure 1 illustrates the differences in scope and
control between the cloud subscriber and cloud
provider, for each of the service models discussed
above. Five conceptual layers of a generalized

cloud environment are identified in the center
diagram and apply to public clouds, as well as each
of the other deployment models. The arrows at the
left and right of the diagram denote the
approximate range of the cloud provider's and
user's scope and control over the cloud environment
for each service model. In general, the higher the
level of support available from a cloud provider, the
more narrow the scope and control the cloud
subscriber has over the system.
The two lowest layers shown denote the
physical elements of a cloud environment, which
are under the full control of the cloud provider,
regardless of the service model. Heating,
ventilation, air conditioning (HVAC), power,
communications, and other aspects of the physical
plant comprise the lowest layer, the facility layer,
while computers, network and storage components,
and other physical computing infrastructure
elements comprise the hardware layer.
The remaining layers denote the logical
elements of a cloud environment. The virtualized
infrastructure layer entails software elements, such
as hypervisors, virtual machines, virtual data
storage, and supporting middleware components
used to realize the infrastructure upon which a
computing platform can be established. While
virtual machine technology is commonly used at
this layer, other means of providing the necessary
software abstractions are not precluded. Similarly,
the platform architecture layer entails compilers,
libraries, utilities, and other software tools and
development environments needed to implement
applications. The application layer represents
deployed software applications targeted towards
end-user software clients or other programs, and
made
available
via
the
cloud.

Figure 1. Differences in Scope and Control among Cloud Service Models
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Availability

III. CLOUD COMPUTING ISSUES
What are the "security" concerns that are
preventing companies from taking advantage of the
cloud? Numerous studies, for example IDC's 2008
Cloud Services User Survey [2] of IT executives, cite
security as the number one challenge for cloud users.
The Cloud Security Alliance's initial report [3]
contains a different sort of taxonomy based on 15
different security domains and the processes that need
to be followed in an overall cloud deployment. We
categorize the security concerns as:
• Traditional security
• Availability
• Third-party data control
Traditional Security
These concerns involve computer and network
intrusions or attacks that will be made possible or at
least easier by moving to the cloud. Cloud providers
respond to these concerns by arguing that their
security measures and processes are more mature and
tested than those of the average company.
Concerns in this category include:
VM-level attacks. Potential vulnerabilities in the
hypervisor or VM technology used by cloud vendors
are a potential problem in multi-tenant architectures.
Vulnerabilities have appeared in VMWare, Xen, and
Microsoft's Virtual PC and Virtual Server. Vendors
such as Third Brigade mitigate potential VM-level
vulnerabilities through monitoring and firewalls.
Cloud provider vulnerabilities. These could be
platform-level, such as an SQL-injection or cross-site
scripting vulnerability in salesforce.com. For instance,
there have been a couple of recent Google Docs
vulnerabilities [4] and [5]. There is nothing new in the
nature of these vulnerabilities; only their setting is
novel. In fact, IBM has repositioned its Rational
AppScan tool, which scans for vulnerabilities in web
services as a cloud security.
Phishing cloud provider. Phishers and other social
engineers have a new attack vector, as the Salesforce
phishing incident [6] shows.
Expanded network attack surface. The cloud user
must protect the infrastructure used to connect and
interact with the cloud, a task complicated by the
cloud being outside the firewall in many cases. For
instance, [7] shows an example of how the cloud
might attack the machine connecting to it.
Authentication and Authorization. The enterprise
authentication and authorization framework does
not naturally extend into the cloud. How does a
company meld its existing framework to include cloud
resources? Furthermore, how does an enterprise merge
cloud security data (if even available) with its own
security metrics and policies?

These concerns center on critical applications and
data being available. Well-publicized incidents of
cloud outages include Gmail (one-day outage in midOctober 2008 [8]), Amazon S3 (over seven-hour
downtime on July 20, 2008 [9]), and FlexiScale (18hour outage on October 31, 2008 [10]).
1. Uptime. As with the Traditional Security
concerns, cloud providers argue that their server
uptime compares well with the availability of the
cloud user's own data centers.Besides just services and
applications being down, this includes the concern that
a third-party cloud would not scale well enough to
handle certain applications. SAP's CEO, Leo
Apotheker said: "There are certain things that you
cannot run in the cloud because the cloud would
collapse...Don't believe that any utility company is
going to run its billing for 50 million consumers in the
cloud." (11/24/08, searchSAP.com)
2. Single point of failure. Cloud services are
thought of as providing more availability, but perhaps
not - there are more single points of failure and attack.
3. Assurance of computational integrity. Can an
enterprise be assured that a cloud provider is faithfully
running a hosted application and giving valid results?
For example, Stanford's Folding@Home project gives
the same task to multiple clients to reach a consensus
on the correct result.
Third-party data control
The legal implications of data and applications
being held by a third party are complex and not well
understood. There is also a potential lack of control
and transparency when a third party holds the data.
Part of the hype of cloud computing is that the cloud
can be implementation independent, but in reality
regulatory compliance requires transparency into the
cloud.
All this is prompting some companies to build
private clouds to avoid these issues and yet retain
some of the advantages of cloud computing. For
example, Benjamin Linder, Scalent System's CEO,
says [11]: "What I find as CEO of a software company
in this space, Scalent Systems, is that most enterprises
have a hard time trusting external clouds for their
proprietary and high-availability systems. They are
instead building internal "clouds", or "utilities" to
serve their internal customers in a more controlled
way."
1 Due diligence. If served a subpoena or other
legal action, can a cloud user compel the cloud
provider to respond in the required time-frame? A
related question is the provability of deletion, relevant
to an enterprise's retention policy: How can a cloud
user be guaranteed that data has been deleted by the
cloud provider?
2 Auditability. Audit difficulty is another side
effect of the lack of control in the cloud. Is there
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sufficient transparency in the operations of the cloud
provider for auditing purposes? Currently, this
transparency is provided by documentation and
manual audits. Information Security A related concern
is proper governance of cloud-related activity. It's
easy, perhaps too easy, to start using a cloud
service.One popular auditing guideline is the SAS 70,
which defines guidelines for auditors to assess internal
controls, for instance controls over the processing of
sensitive information. SOX and HIPAA are other
well-known regulations. US government agencies
generally need to follow guidelines from FISMA,
NIST, and FIPS.Certain regulations require data and
operations to remain in certain geographic locations.
Cloud providers are beginning to respond with geotargeted offerings [12].
3 Contractual obligations. One problem with
using another company's infrastructure besides the
uncertain alignment of interests is that there might be
surprising legal implications. For instance, here is a
passage from Amazon's terms of use [13]: NonAssertion. During and after the term of the Agreement,
with respect to any of the Services that you elect to
use, you will not assert, nor will you authorize, assist,
or encourage any third party to assert, against us or
any of our customers, end users, vendors, business
partners (including third party sellers on websites
operated by or on behalf of us), licensors, sublicensees
or transferees, any patent infringement or other
intellectual property infringement claim with respect
to such Services.This could be interpreted as implying
that after you use EC2, you cannot file infringement
claims against Amazon or its customers suggesting
that EC2 itself violates any of your patents. It's not
clear whether this non-assert would be upheld by the
courts, but any uncertainty is bad for business.
4 Cloud Provider Espionage. This is the worry
of theft of company proprietary information by the
cloud provider. For example, Google Gmail and
Google Apps are examples of services supported by a
private cloud infrastructure. Corporate users of these
services are concerned about confidentiality and
availability of their data.
5 Data Lock-in. How does a cloud user avoid
lock-in to a particular cloud-computing vendor? The
data might itself be locked in a proprietary format, and
there are also issues with training and processes. There
is also the problem of the cloud user having no control
over frequent changes in cloud-based services.
6 Transitive nature. Another possible concern
is that the contracted cloud provider might itself use
subcontractors, over whom the cloud user has even
less control, and who also must be trusted. One
example is the online storage service called The
Linkup, which in turn used an online storage company
called Nirvanix. The Linkup shutdown after losing
sizeable amounts of customer data, which some say
was the fault of Nirvanix [14]. Another example is
Carbonite [15], who is suing its hardware providers
for faulty equipment causing loss of customer data.

IV. NEW PROBLEMS
In this section we outline new problem areas in
security that arise from cloud computing. These
problems may only become apparent after the
maturation and more widespread adoption of cloud
computing as a technology.
Cheap data and data analysis. The rise of cloud
computing has created enormous data sets that can be
monetized by applications such as advertising.
Google, for instance, leverages its cloud infrastructure
to collect and analyze consumer data for its
advertising network. Collection and analysis of data is
nowpossible cheaply, even for companies lacking
Google's resources. What is the impact on privacy of
abundant data and cheap data-mining? Because of the
cloud, attackers potentially have massive, centralized
databases available for analysis and also the raw
computing power to mine these databases. For
example, Google is essentially doing cheap data
mining when it returns search results. How much more
privacy did one have before one could be Googled?
Because of privacy concerns, enterprises running
clouds collecting data have felt increasing pressure to
anonymize their data. EPIC has called for Gmail,
Google Docs, Google Calendar, and the company's
other Web applications to be shut down until
appropriate privacy guards are in place [16]. Google
and Yahoo!, because of pressure from privacy
advocates, now have an 18 month retention policy for
their search data, after which it will be anonymized.
This means that some identifying data will be removed
such as IP addresses and cookie information. The
anonymized data is retained though, to support the
continual testing of their algorithms. Another reason to
anonymize data is to share data with other parties. We
note that anonymizing data is a difficult problem. For
example, in [17] the Netflix data set was partially deanonymized, and in [18] the then-Governor of
Massachusetts was identified as a patient of
Massachusetts General Hospital from an anonymized
list of discharged patients. Tools are needed for
effective anonymization, which will increase in
importance as clouds proliferate and more data is
collected that needs to be analyzed safely or shared.
Cost-effective defense of availability. Availability
also needs to be considered in the context of an
adversary whose goals are simply to sabotage
activities. Increasingly, such adversaries are becoming
realistic as political conflict is taken onto the web, and
as the recent cyber attacks on Lithuania confirm [21].
The damages are not only related to the losses of
productivity, but extend to losses due to the degraded
trust in the infrastructure, and potentially costly
backup measures. The cloud computing model
encourages single points of failure. It is therefore
important to develop methods for sustained
availability (in the context of attack), and for recovery
from attack. The latter could operate on the basis of
minimization of losses, required service levels, or
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similar measures.
Increased
authentication
demands.
The
development of cloud computing may, in the extreme,
allow the use of thin clients on the client side. Rather
than a license purchased and software installation on
the client side, users will authenticate in order to be
able to use a cloud application. There are some
advantages in such a model, such as making software
piracy more difficult and giving the ability to
centralize monitoring. It also may help prevent the
spread of sensitive data on untrustworthy clients.
Thin clients result in a number of opportunities
related to security, including the paradigm in which
typical users do not have to worry about the risks of
any actions - their security is managed by the cloud,
which maintains the software they run. This
architecture stimulates mobility of users, but increases
the need to address authentication in a secure manner.
In addition, the movement towards increased hosting
of data and applications in the cloud and lesser
reliance on specific user machines is likely to increase
the threat of phishing and other abusive technologies
aimed at stealing access credentials, or otherwise
derive them, e.g., by brute force methods.
Mash-up authorization. As adoption of cloud
computing grows, we are likely to see more and more
services performing mash-ups of data. This
development has potential security implications, both
in terms of data leaks, and in terms of the number of
sources of data a user may have to pull data from this, in turn, places requirements on how access is
authorized for reasons of usability. While centralized
access control may solve many of these problems, that
may not be possible - or even desirable.
One example in this area is provided by Facebook.
Facebook users upload both sensitive and nonsensitive data. This data is both utilized by Facebook
to present the data to other users, and also utilized by
third party applications that are run by the platform.
These applications are typically not verified by
Facebook. Hence, there is a drive to create malicious
applications that run in Facebook's cloud to steal
sensitive data, e.g., see [20].

of control of sensitive data. Current control measures
do not adequately address cloud computing's thirdparty data storage and processing needs. In our vision,
we propose to extend control measures from the
enterprise into the cloud through the use of Trusted
Computing and applied cryptographic techniques.
These measures should alleviate much of today's fear
of cloud computing, and, we believe, have the
potential to provide demonstrable business
intelligence advantages to cloud participation.
Our vision also relates to likely problems and
abuses arising from a greater reliance on cloud
computing, and how to maintain security in the face of
such attacks. Namely, the new threats require new
constructions to maintain and improve security.
Among these are tools to control and understand
privacy leaks, perform authentication, and guarantee
availability in the face of cloud denial-of-service
attacks.
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Design Optimization of Shell and Tube Heat
Exchanger Using Teaching-Learning-Based
Optimization Algorithm
R. Venkata Rao and Vivek Patel
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Abstract: This study explores the use of teachinglearning-based optimization (TLBO) algorithm for
design optimization of shell and tube heat exchanger
(STHE). Minimization of total annual cost of the heat
exchanger is considered as objective function. Eleven
design variables such as shell diameter, tube outer
diameter, tube pitch, tube layout pattern, number of
tube passes, center baffle spacing, baffle spacing at
inlet and outlet, baffle cut, shell-to-baffle diametrical
clearance, tube-to-baffle diametrical clearance and
tube bundle outer diameter are considered for the
optimization problem. Pressure drop and minimum
flow velocity constraint considered during the course
of optimization. A case study is also presented to
demonstrate the effectiveness and accuracy of the
proposed algorithm. The results of optimization using
TLBO algorithm are validated by comparing with
those obtained by using genetic algorithm (GA),
Particle swarm optimization (PSO) and civilized
swarm optimization (CSO) algorithm for the same
case study.
Keywords: Shell and tube heat exchangers;
Teaching-Learning-based
optimization;
Particle
swarm optimization; Civilized swarm optimization;
Genetic algorithm;

I. INTRODUCTION
Energy recovery is one of the important means
of energy conservation to save the scarce energy.
Heat exchangers are used in industrial process to
recover heat between two process fluids. Shell and
tube heat exchangers (STHEs) are the most widely
used heat exchangers in process industries because
of their relatively simple manufacturing and their
adaptability to different operating conditions. The
design of STHEs, including thermodynamic and
fluid dynamic design, cost estimation and
optimization, represent a complex process
containing an integrated whole of design rules and
empirical knowledge of various fields [1, 2].
The design of STHEs involves a large
number of geometric and operating variables as a
part of the search for an exchanger geometry that
meets the heat duty requirement and a given set of
design constrains. Usually a reference geometric

configuration of the equipment is chosen at first and
an allowable pressure drop value is fixed. Then, the
values of the design variables are defined based on
the design specifications and the assumption of
several mechanical and thermodynamic parameters
in order to have a satisfactory heat transfer
coefficient leading to a suitable utilization of the
heat exchange surface. The designer’s choices are
then verified based on iterative procedures
involving many trials until a reasonable design is
obtained which meets design specifications with a
satisfying compromise between pressure drops and
thermal exchange performances [3-6].
Several investigators had used different
optimization techniques considering different
objective functions and different methodology to
optimize the heat exchanger design. Selbas et al. [2]
used genetic algorithm (GA) for the optimal design
of STHEs considering the pressure drop constraint.
The authors had used simplified Kern’s method for
the heat exchanger design. They considered
minimization of total heat exchanger cost as an
objective function. A case study was also
considered to demonstrate the application of
algorithm. Serna and Jimenez [7] developed an
algorithm for the design of STHE considering the
Bell-Delaware method. Caputo et al. [8] carried out
heat exchanger design for economic optimization
considering the Kern’s methodology and using GA.
The authors had considered minimization of total
annual cost as an objective function to find out the
optimal heat exchanger architecture. WildiTremblay and Gosselin [9] used GA to minimize
the STHEs cost. They used Bell-Delaware method
for evaluating the heat exchangers performances.
The authors had also considered the maintenance of
STHE due to fouling. Two case studies are also
presented to demonstrate the usefulness of their
approach. Ponce-Ortega et al. [10] used GA for the
optimal design of STHEs. The authors had
considered minimization of total annual cost as an
objective function. Rao and Patel used PSO and
CSO to minimize the STHEs cost [11].The main
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objectives of this work is to optimize the influential
parameters of STHEs from economic point of view.
II. TEACHING-LEARNING-BASED OPTIMIZATION
(TLBO)
TLBO is a teaching-learning process inspired
algorithm proposed recently by Rao et al. [12]
based on the effect of influence of a teacher on the
output of learners in a class. The algorithm mimics
teaching-learning ability of teacher and learners in a
class room. Teacher and learners are the two vital
components of the algorithm and describes two
basic modes of the learning, through teacher
(known as teacher phase) and interacting with the
other learners (known as learner phase). The output
in TLBO algorithm is considered in terms of results
or grades of the learners which depend on the
quality of teacher. So, teacher is usually considered
as a highly learned person who trains learners so
that they can have better results in terms of their
marks or grades. Moreover, learners also learn from
the interaction among themselves which also helps
in improving their results.
TLBO is a population based method. In this
optimization algorithm, a group of learners is
considered as population and different design
variables are considered as different subjects
offered to the learners and learners’ result is
analogous to the ‘fitness’ value of the optimization
problem. In the entire population, the best solution
is considered as the teacher. The working of TLBO
is divided into two parts, ‘Teacher phase’ and
‘Learner phase’. Working of both the phases is
explained below.
TEACHER PHASE
It is first part of the algorithm where learners
learn through the teacher. During this phase a
teacher tries to increase the mean result of the class
room from any value M1 to his or her level (i.e. TA).
But practically it is not possible and a teacher can
move the mean of the class room M1 to any other
value M2 which is better than M1 depending on his
or her capability. Considered Mj be the mean and Ti
be the teacher at any iteration i. Now Ti will try to
improve existing mean Mj towards it so the new
mean will be Ti designated as Mnew and the
difference between the existing mean and new
mean is given by [17],

TF = round [1 + rand (0,1){2 − 1}]
(2)
Based on this Difference_Mean, the existing
solution is updated according to the following
expression.
(3)
X new,i = X old ,i + Difference _ Meani
LEARNER PHASE
It is second part of the algorithm where learners
increase their knowledge by interaction among
themselves. A learner interacts randomly with other
learners for enhancing his or her knowledge. A
learner learns new things if the other learner has
more knowledge than him or her. Mathematically
the learning phenomenon of this phase is expressed
below.
At any iteration i, considering two different
learners Xi and Xj where i ≠ j

X new,i = X old ,i + ri ( X i − X j ) If f ( X i ) < f ( X j )
X new,i = X old ,i + ri ( X j − X i ) If f ( X j ) < f ( X i )

(4)

Accept Xnew if it gives better function value.
III MATHEMATICAL MODELING AND OBJECTIVE
FUNCTION

In the present work, the fluid inlet and outlet
temperatures, flow rates, width of the pass divider
lane, the number of pass divider lane and the
number of seal strip pairs are considered as design
specifications. While eleven design variables such
as shell diameter, tube outer diameter, tube pitch,
tube layout pattern, number of tube passes, center
baffle spacing, baffle spacing at inlet and outlet,
baffle cut, shell-to-baffle diametrical clearance,
tube-to-baffle diametrical clearance and tube
bundle outer diameter are considered for the
optimization problem. The range of the design
variables are listed in Table 1 while fig. 1 indicates
the considered heat exchanger geometry along with
all the decision variables.

Difference _ Meani = ri ( M new − TF M j )

(1)
Where TF is the teaching factor which decides
the value of mean to be changed, and ri is the
random number in the range [0, 1]. Value of TF can
be either 1 or 2 which is a heuristic step and it is
decided randomly with equal probability as,

Figure 1. Shell and tube heat exchanger geometry
with tube pitch pattern arrangement

The 2-nd Indo-Russian Joint Workshop on Computational Intelligence and Modern Heuristics in Automation
and Robotics. Novosibirsk, NSTU. 630092, prosp. K. Marksa, 20, Russia. 10th - 13th September 2011.

138

The present work relies on Bell-Delaware
methods for the calculation of the shell-side heat
transfer coefficient hs. According to this method an
ideal heat transfer coefficient hi is determined and
corrected by correction factors to take into
consideration the shell geometry and various
leakage and bypass streams [13].
hs = hi J c J l J b J s J r
(5)
where hi is the heat transfer coefficient for an
ideal tube bank and Jc, Jl, Jb, Js, Jr are the
correction factors. Details of the individual heat
transfer coefficient calculation and the related
correction factors given in above equation can be
found in [13].
Tube side heat transfer coefficient (ht) is
computed from following correlation [13],
k
ht = 0.024 t Ret 0.8 Prt 0.4
(6)
di
where di and kt are tube inside diameter and tube
side fluid thermal conductivity.

Tube side pressure drop (∆Pt) include
distributed pressure drop along the tube length and
concentrated pressure losses in elbows and in the
inlet and outlet nozzle. Tube side pressure drop is
calculated by,

ρv2  L
∆Pt = t t  ft + p  N p
(7)
2  di

Constant p is given different values by different
authors. Value suggested by Kern [3] is used In the
present work.
Shell side pressure drop (∆Ps) includes the
pressure loss of the pure transverse flow in the zone
between the tops of the baffles (∆Pcr), the pressure
loss in the baffle window (∆Pw) and the pressure
loss in the inlet and outlet zone of the heat
exchanger [13].
∆Ps = ∆Pcr + ∆Pw + ∆Pi − o
(8)
Details of the individual pressure drop
calculation and the related correction factors given
in above equation can be found in [13]
Table 1

Range of design variables

Total cost Ctot of a heat exchanger can be seen
as the combination of two major costs: the initial
cost Cic and the operating cost Coc. The initial cost
of a heat exchanger is estimated from the following
correlation
Cic = δ M δ P δ T PC
(9)
where, PC is the purchase cost of the
equipments in $ and δM, δP and δT are the correction
factor for the material of construction, operating
pressure and temperature.
The operating cost can be determined from [9],
( E + Et ) × op × ec
Coc = s
(10)
1000
where, Es and Et are the required pumping
powers in Watt for the shell and the tube sides,

respectively. Finally, the total cost of the heat
exchanger is expressed as [9],

Ctot = Cic

i (1 + i )

ny

+ Coc
(11)
−1
where, i is the fractional interest rate per year
and ny is the expected life time of the heat
exchanger.
Minimization of total cost Ctot is taken as the
objective function, and considering all the
constraints objective function is formulated as
below,

(1 + i )

ny

OF = Ctot + γ 1 max[ ∆Ps − ∆Pcs ] + γ 2 max[ ∆Pt − ∆Pct ] + γ 3 [vt ]

(12)
where, γ1, γ2 and γ3 are penalty factors used to
penalized the objective function when the pressure
drop on shell side or tube side exceeds the
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maximum allowable pressure drops or tube side
flow velocity exceeds the allowable limit
IV. CASE STUDY
The effectiveness of the present approach using
TLBO algorithm is assessed by analyzing a case
study of 1.5 MW duty heavy gas oil – crude oil heat
exchanger which were earlier analyzed using GA,
PSO and CSO and taken from the literature. The
original design specifications available in reference
[9] are supplied as an input to the described
algorithm for considered case study. The resulting
optimal architectures of exchanger obtained by
TLBO are compared with the results obtained by
using GA, PSO and CSO approach. All the values
of operating costs are computed with expected life
time of the heat exchanger (ny) =20 year, annual
interest rate (i) =5%, energy cost (ec) =0.1 $/kWh,
annual operating period (op) =5000 hour/year and
pumping efficiency (η) = 0.85 [9]. Maximum
allowable pressure drops of 10 kPa are imposed on
both the sides. Allowable tube side flow velocity is
between 1 and 3 m/s. For the considered material of
construction, operating pressure and temperatures
of operation, the capital cost correction factors are

assumed to take values of δM =1, δP =1.2 and δT
=1.6.
Table 2 shows the optimized parameters of
the case study obtained using TLBO algorithm and
its comparison with the optimized parameters
obtained by using GA, PSO and CSO approach.
The present design approaches assumed
tube side flow of heavy gas oil and shell side flow
of crude oil. Results of the present work show that
reduction in heat exchanger area is observed using
TLBO approach compare to GA, PSO and CSO
approach [9]. Because of the reduction in heat
exchanger area, the capital investment is also
decreased. The reduction in the heat exchanger
length along with the higher number of tubes
reduces the tube side pressure drop. Similarly,
smaller shell diameter along with smaller heat
exchanger length reduces the shell side pressure
drop in the present design. So, the combine effect
of reduction in tube side as well as shell side
pressure drop in the present approach reduces the
operating cost of the exchanger. Overall, the
combined effect of reduction in capital investment
and operating costs result in reduction of the total
cost of the exchanger as compared to the GA, PSO
and CSO approaches.
Table 2

Comparison of the heat exchanger design geometries

Figure 2 shows the convergence of the objective function using TLBO algorithm and its comparison with
convergence of PSO and CSO algorithms.
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Figure 2. Convergence of TLBO. PSO and CSO for regenerator optimization

To assess sensitivity of TLBO algorithm, trials
are made in the present work by parametrically
changing electricity cost in the total cost function.
The effect of ±50% variation of electricity price
with respect to nominal value is examined for the
considered case study; the comparative are shown
in Table 3. It is observed that the considered

algorithm responded correctly by reducing the
pressure losses when electricity price increased at
the expense of increased exchanger surface area,
and making opposite when electricity cost is
reduced.

Table 3:
Sensitivity of TLBO approach to electricity price

V. CONCLUSION
The present study demonstrates successful
application of TLBO algorithm for the optimization
of shell and tube heat exchanger. Eleven design
variables are optimized in the present work. The
algorithm’s ability is demonstrated using a case
study and the performance is compared with GA,
PSO and CSO approach presented by previous

researchers. Improvements in the results are
obtained using TLBO algorithm as compared to
GA, PSO and CSO approach shows the better
potential of the TLBO algorithm for such a thermal
system design optimization. The presented TLBO
algorithm can be easily modified to suit
optimization of other types of thermal systems
involving a number of design variables and
objectives. These features boost up the applicability
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design of shell and tube heat exchangers. Applied
Thermal Engineering. 2009. Vol. 29, p.203-209.
[11] R.V.Rao, V.K.Patel. Design optimization of shell and
tube heat exchangers using swarm optimization
algorithms. Proceeding of IMech, Part A Journal of
Power and Energy. 2011. Vol. 225. p.619-634.
[12] R.V. Rao, V.J. Savsani, D.P. Vakharia. Teaching–
learning-based optimization: A novel method for
constrained
mechanical
design
optimization
problems. Computer-Aided Design. 2011. Vol. 43,
p.303-315.
[13] R.K. Shah, P. Sekulic. Fundamental of Heat
Exchanger Design. John Wiley & Sons. 2003.

of the presented TLBO algorithm for thermal
system optimization. Unlike other population based
optimization techniques, TLBO does not require
any algorithm parameters to be tuned which make
the implementation of TLBO simpler and easy.
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Abstract: Fused deposition modeling (FDM) has a
complex part building mechanism making it difficult to
obtain reasonably good functional relationship
between responses and process parameters. To solve
this problem, present study proposes use of artificial
neural network (ANN) model to determine the
relationship between five input parameters such as
layer thickness, orientation, raster angle, raster width
and air gap with three output responses viz., roughness
in top, bottom and side surface of the built part.
Bayesian regularization is adopted for selection of
optimum network architecture because of its ability to
fix number of network parameters irrespective of
network size. ANN model is trained using LevenbergMarquardt algorithm and the resulting network has
good generalization capability that eliminates the
chance of over fitting. Finally, Bacterial-foraging
optimization algorithm (BFOA) which attempts to
model the individual and group behavior of
Escherichia coli (E. coli) bacteria as a distributed
optimization process is used to suggest theoretical
combination of parameter settings to improve overall
roughness of part. This paper also investigates use of
chaotic time series sequence known as logistic function
and demonstrates its superiority in terms of
convergence and solution quality.
Keywords: Rapid prototyping; Desirability; Multiobjective optimization; Chaotic sequence; Bacteria
Foraging.

I.

INTRODUCTION

Fused deposition modeling (FDM) is a rapid
prototyping (RP) technology that fabricates parts by
stacking and bonding layers in one direction. This
method uses heated thermoplastic filaments which
are extruded from the tip of nozzle in a prescribed
manner on previously deposited layer to build the
parts layer by layer. For general engineering
applications, the FDM processed parts sometimes
become unsuitable because surface finish is
inevitably excessively rough, especially on the
inclined surfaces of the parts. As a result,

considerable efforts have been devoted by numerous
researchers to improve the surface finish of the parts.
In broad spectrum of RP, investigators have
proposed many empirical models through
experimental data analysis [1-7]. A critical analysis
of literature reveals that most of the surface
roughness models consider layer thickness and build
orientation neglecting many other parameters
involved during actual part building stage. Anitha et
al. [3] and Ahn et al. [7] have pointed out that the
effect of parameters other than these may not be
statistically significant but certainly influence for
controlling surface roughness of the part. Further,
none of the proposed model is able to predict the
roughness of FDM part satisfactorily. As FDM
process involves a large number of process
parameters which interact themselves, it leads to a
complex phenomenon for part building. Therefore, it
is of utmost importance to study their influence on
the surface roughness so that optimum setting for
minimizing the roughness can be determined [8, 9].
Previous work on FDM has shown that process
parameters such as layer thickness (x(1)), part build
orientation (x(2)), raster angle (x(3)), raster width (x(4))
and air gap (x(5)) significantly influence on
dimensional accuracy and mechanical strength of
processed part [8, 9]. Therefore, the present study
considers the same process parameters as above to
study their effect on surface roughness and
subsequent optimization of process parameters to
minimize roughness.
Generally, design of experiments (DOE) based
approaches are adopted to develop empirical relation
between input parameters and output responses
through exhaustive experimentation [8, 9].
Sometimes,
traditional
approaches
become
unsuitable for developing good functional
relationship particularly when a process behaves in a
non-linear manner and involves large number of
interacting parameters. However, neural networks
can be easily applied to situations where relationship
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between the predictor variables (independents,
inputs) and predicted variables (dependents, outputs)
is very complex and cannot be easily articulated in
the usual terms of correlations. Inspired by this
characteristic, present study uses back propagation
algorithm (BPA) based artificial neural network
(ANN) for prediction of surface roughness of top,
bottom and side faces of a FDM built part. In order
to achieve faster convergence, Levenberg-Marquardt
algorithm (LMA) is used for training purpose. LMA
is virtually a standard approach in nonlinear
optimization and it significantly outperforms
gradient decent, conjugate gradient methods and
quasi-Newton algorithms for medium sized
problems [10]. Commonly, the network architecture
which gives the minimum root mean square error is
selected for formulating input-output relationship.
This may not guarantee the generalization ability of
trained network, especially when the training data
set is smaller than the number of parameters in the
network. To overcome this problem, Bayesian
regularization is adopted due to its capability to
minimize error using minimal weights and thus,
avoids cross validation. It is particularly useful to
problems that would suffer if a portion of the small
available data is reserved to a validation set [11].
In order to optimize process parameters using
ANN, numerous researchers have proposed several
evolutionary techniques, notably genetic algorithm
(GA) [12] and particle swarm optimization (PSO)
[13]. Usually, these algorithms simulate natural
genetics and impersonate the collective behavior of
social insects. They have been dominating the realm
of optimization algorithms and proved their efficacy
in solving several engineering optimization
problems. Unlike the classical evolutionary
techniques, bacteria foraging optimization algorithm
(BFOA) is based on the foraging theory of natural
creatures that try to optimize (maximize) their
energy intake per unit time spent for foraging
considering all the constraints presented by their
own physiology such as sensing and cognitive
capabilities and environment. Problem optimization
based on the principle of bacteria foraging is easier
to implement because only few parameters need to
be adjusted. Every bacterium remembers its own
previous best value as well as the neighborhood best
and hence, it has a more effective memory capability
than other techniques [14]. Also efficient diversity
of the swarm is maintained as all the bacteria use the
information related to the most successful bacterium
in order to improve themselves [15]. In contrast, the
worse solutions are discarded and only the good
ones are saved in genetic algorithm (GA) [16].
Therefore, the population revolves around a subset
of the best individuals in GA. Particle swarm
optimization (PSO) can be considered as a good
option because of its fast convergence but it has the

tendency to get trapped at local optimum unless
some procedure is adopted to escape [17]. The
efficiency of BFOA in solving real parameter
optimization problems has made it a potential
optimization algorithm of current interest [18].
Hence, present study uses BFOA for establishing
optimal combination of process parameters to
improve overall roughness of the part.
II. DATA COLLECTION
Test specimens of dimension 30x10x10 mm
were fabricated using FDM Vantage SE machine.
For specimen fabrication, control parameters are set
at the levels shown in Table 1 for each experimental
run. For change in layer thickness, change of nozzle
is required. Due to unavailability of nozzle
corresponding to layer thickness value at medium
level, a modified value for layer thickness is taken.
The material used for specimen fabrication is
acrylonitrile butadiene styrene (ABS P400). The 3D
model of the specimen is modelled in CATIA V5
and exported as STL file. STL file is imported to
FDM software (InsightTM).
Table 1.
Factors and their levels
Control Factors
Factor
Layer
thickness
Orientation
Raster
angle
Raster
width
Air gap

Symbol
Scaled
value
x(1)

Level
Low

Medium

0.1270

0.1780*

0.2540

mm

x(2)
x(3)

0
0

15
30

30
60

degree
degree

x(4)

0.4064

0.4564

0.5064

mm

0.0000

0.0040

0.0080

mm

x(5)

Unit
High

* modified value

Three readings of average surface roughness
(Ra) on top, bottom and left side surface of each
specimen is taken along the direction shown. Mean
of three observations is taken as representative value
of respective surface roughness. For measuring
surface roughness, a contact type roughness tester
Hommelwerke Turbo Wave V 7.20 is used. The
database is then divided into two categories such as
(i) A training category, which is exclusively used to
adjust the network weights (ii) A test category,
which corresponds to the set that validates the
results of the training protocol (Table 2).
III. NEURAL NETWORK
A neural network consists of a number of
simple, highly interconnected processing elements
or nodes and is a computational algorithm that
processes information by a dynamic response of its
processing elements and their connections to
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external inputs. BPA based neural networks are
commonly used to model a nonlinear relationship
between a system’s input and output. The behavior
of a neural network is determined by the
architecture, the transfer functions and the learning
rule. To develop a back propagation neural network,
the training and testing data sets are first collected.
The data sets consist of both the input parameters
and the resulting output parameters. Input vectors
and the corresponding target vectors are used to train
a network until it can approximate a function or
associate input vectors with specific output vectors.
Once the network is trained, testing data set of input
and output vectors is used to confirm the generalized
predictability of network [19].
The training of neural network involves
updating the weights of the connections in such a
manner that the error between the outputs of the
neural network and the actual output is minimized.
The standard BPA with a fixed learning rate and
momentum usually suffers from extremely slow
convergence [20]. To achieve faster convergence,
the learning rate of an algorithm that defines the
shift of the weight vector has to be dynamically
varied in accordance with the region that the weight
vector currently stands. The LevenbergMarquardt algorithm comes under the faster BPA
and was designed to approach second-order training
speed but without having to compute the Hessian
matrix directly.
The BP method, as a kind of Gradient-based
training algorithms, is most commonly used by
researchers. However, in some cases, the BP
algorithm is not efficient due the fact that the
gradient vanishes at the solution. Hessian-based
algorithms allow the network to learn more subtle
features of a complicated mapping. The training
process converges quickly as the solution is
approached, because the Hessian does not vanish at
the solution. To benefit from the advantages of
Hessian based training, we focused on the
Levenberg-Marquardt algorithm.
When training with the LM method, the
increment of weights ∆w can be obtained as follows
−1
(1)
∆w = J T (w)J (w) + µI J T (w)e
T
Here, J (w) is the Jacobian matrix, J (w) J
(w) is referred as the Hessian matrix, I is the identity
matrix, µ is the learning rate which is to be
updated using the depending on the outcome. In
particular, µ is multiplied by decay rate β(0<β<1)
whenever F (w) decreases, whereas µ is divided by
whenever F (w) increases in a new step.
The standard LM training process can be
illustrated in the following steps:
1) Initialize the weights and parameter, µ
2) Compute the sum of the squared errors
over all inputs F (w)

[

3) Until the termination condition is met, Do
a) Solve (2) to obtain the
increment of weights ∆w.
b) Using w+∆w as the trial w , and
judge
IF trial F (w) < F (w) in step 2) THEN
w=w+∆w, µ=µ+µβ, Go back to step 2)
ELSE
µ=µ/β, Go back to step a)
END IF
Table 2.
Experimental data

]

Similarly with the BP algorithm, the L-M
algorithm is assumed to have converged when the
norm of the gradient is less than some predetermined
value, or when the error has been reduced to some
error goal. For µ=0 the algorithm becomes GaussNewton method. For very large µ, the LM
algorithm becomes steepest decent or the error
backpropagation algorithm. The parameter is
automatically adjusted at each iteration in order to
secure convergence.
One of the problems that occurs during neural
network training is called over fitting that is the error
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on the training set is driven to a very small value,
but when new data is presented to the network the
error is large. This problem can be addressed by
using the Bayesian approach to control model
complexity. Typically, training aims to reduce the
sum of squared errors F = E D . Bayesian
framework also considers the sum of squares of the
network weight EW and the objective function is
formulated as minimization of F = βE D + αEW ; α,
β are objective function parameters. If α << β, then
the training algorithm will drive the errors smaller. If
α>> β, training will emphasize weight size reduction
at the expense of network errors, thus producing a
smoother network response. In this framework, the
weights of the network are considered to be random
variables. One can then apply statistical techniques
to estimate distribution parameters, e.g. variances.
According to Bayes’ rule the probability distribution
can be written as:
P ( D | w, β ,η )P( w | α ,η )
(2)
P ( w | D, α , β ,η ) =
P( D | α , β ,η )

where D corresponds to the input-output data set,
η denotes the network model and architecture and w
are the network weights. P ( w | α ,η ) is the prior
density, which corresponds to our knowledge of the
weights
before
any
data
is
collected,
P( D | w, β ,η ) is the probability of the data occurring
given the weights w. P( D | α , β ,η ) is the normalized
factor which guarantees that the probability is 1. If
the noise in the training set data is Gaussian and that
the prior distribution for the weights is Gaussian
then,
1
(3)
P ( w | D ,α , β ,η ) =
e- F
Z (α , β )
Thus, minimization of F is equivalent to
maximization of P( w | D, α, β, η) which gives the
parameter values as: α = γ and β = n − γ where
2 EW

2 ED

γ a measure of how many parameters in the neural
network are effectively used in reducing the error
function. If γ is very close to the actual number of
parameters, then the minimum size network may not
be large enough to properly represent the true
function. In this case, simply add more hidden layer
neurons and retrain. If the larger network has the
same final γ , then the smaller network was large
enough. Otherwise, more hidden layer neurons may
need to be added. If the network is sufficiently large
then a second larger network will achieve
comparable values for γ , EW and E D . For ANN
training input parameters as per LMA are shown in
Table 3 and network is made to stop when maximum
value of µ is reached or minimum value of

performance function has met. The LMA with
Bayesian regularization has been adopted in many
engineering applications [21-23].
IV. FITNESS FUNCTION
For generating fitness function, the concept of
desirability is used. Desirability represents the
closeness of a response to its ideal value and lies
between 0 and 1. If a response falls within the
unacceptable intervals, the desirability becomes 0.
The more closely the response approaches the ideal
value, the closer the desirability is to 1. All the
desirability can be combined to form a composite
desirability which converts multi-responses into a
single-response [9, 24]. In the present problem, it is
desirable to reduce the roughness values in all the
three surfaces. Therefore, “lower the better” quality
characteristic is considered for measuring the
desirability. The desirability can be expressed as
(4)
1

 High − y
j
ij

d ij =  High j − low j

0



if

yij ≤ lowi

if

lowi ≤ yij ≤ Highi

if

yij ≥ Highi









(4)

where dij is the desirability of ith alternative of jth
response, yij is the found value of ith alternative of jth
response, lowj and Highj are the minimum and the
maximum values respectively of the experiment data
for jth response. These desirability values are
combined into single unit known as composite
desirability as:
1
m
m
(5)
w
(5)
Cdi = ( d ij j ) Σ , where Σ = w j ,

∑

∏

j =1

j =1

C di

is the composite desirability of ith alternative, wj

is the weight or importance of jth response (usually
decided by the designe)r. For the present study, wj
=1, ∀j .
The fitness function is formulated as follows:
Maximization of F(X) = Cd ( η (X))
subjected to:

0.127 ≤ x (1) ≤ 0.254
0 ≤ x ( 2 ) ≤ 30
0 ≤ x ( 3) ≤ 60

(6)

0.4064 ≤ x ( 4) ≤ 0.5064
0.000 ≤ x ( 5) ≤ 0.008
where X=[x(1), x(2), x(3), x(4), x(5)] are the process
variables, input to neural network η , whose outputs
are combined to form composite desirability Cd.
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V. BACTERIA FORAGING OPTIMIZATION
ALGORITHM

In any natural evolutionary process, survival of
species depends upon their fitness criteria which rely
upon their food searching and motile behavior. The
law of evolution supports those species who have
better food searching ability and either eliminates or
reshapes those with poor search ability. This is
similar to design optimization where the designer
tries to find the best possible solution in the
least amount of time which can be used for desired
activity. Because of these similarities, Passino [25]
proposed bacteria foraging optimization algorithm
(BFOA) based on the foraging behavior of
Escherichia coli (E. coli) bacterium. The foraging
strategy of E. coli bacterium present in the human
intestine can be explained by four processes viz.,
chemotaxis, swarming, reproduction, elimination
and dispersal [14, 15, 25].
a)
Chemotaxis: The characteristics of
movement of bacteria in search of food can be
defined in two ways - swimming and tumbling
together known as chemotaxis. A bacterium is said
to be ‘swimming’ if it moves in a predefined
direction, and ‘tumbling’ if moving in an altogether
different direction. Mathematically, tumble of any
bacterium can be represented by
θi (j+1, k, l)= θi(j, k, l)+C(i)Ø(j)
(7)
where θi (j,k,l) is ith bacterium position at the jth
chemotactic step, kth reproduction step, and lth
elimination-dispersal event. C(i)>0, i=1,2,…,S
denotes a basic chemotactic step size taken in unit
random direction Ø(j). Otherwise, C(i) is a basic
chemotactic step size that will be used to define the
lengths of steps during swimming. S is the total
number of bacteria.
b) Swarming: For the bacteria to reach at the
richest food location (i.e. for the algorithm to
converge at the solution point), it is desirable that
optimum bacterium should try to attract other
bacteria so that together they converge at the
solution point more rapidly. To achieve this, a
penalty function based on relative distance of each
bacterium from the fittest bacterium during the
search duration is added to the original cost function.
Finally, when all the bacteria have merged into the
solution point, penalty function assumes a value of
zero. The effect of swarming is to make the bacteria
congregate into groups and move as concentric
patterns with high bacterial density.
Mathematically, cell to cell attraction and
repelling effect is given by

S

Fcc (θ g ( j , k , l ), θ ( j , k , l )) = ∑Fcci (θ gm ( j , k , l ), θ i ( j , k , l ))
i =1
S

p

i =1

m =1

= ∑[-d attract exp(-ωattract ∑(θ g
S

p

i =1

m =1

m

+ ∑[ hrepellent exp(-ωrepellent ∑(θ g

- θ mi ) 2 )]

m

- θ mi ) 2 )]

(8)
Fcc is called swarm attractant cost. θg is the
position of the global optimum bacterium and m
represents the mth parameter of bacterium location.
dattract is the depth of the attractant released by the
cell, ωattract measures the width of the attractant
signal, hrepellent is the depth of the repellent effect and
ωrepellant is the measure of width of the repellent
signal. Since it is not possible for two bacterium to
have same location, it is assumed that hrepellent =
dattract.
c) Reproduction: The original set of bacteria,
after getting evolved through several chemotactic
stages, reaches the reproduction stage. Here, the best
set of bacteria (chosen out of all the chemotactic
stages) gets divided into two groups. The healthier
half replaces the other half of bacteria, which gets
eliminated, owing to their poorer foraging abilities.
This makes the population of bacteria constant
during the evolution process. Mathematically, for
reproduction, the population is (12)
sorted in terms of
accumulated cost (Fsw) which is sum of cost function
value (F) added with the swarm attractant cost (Fcc).
Fsw(i, j, k, l) = F(i, j, k, l) + Fcc(θg(j, k, l), θ(j, k, l))
Half of the bacteria population having better cost
will survive and remaining half are replaced by
randomly generated new population.
d) Elimination and Dispersal: In the evolution
process, a sudden unforeseen event can occur, which
may drastically alter the smooth process of evolution
and cause the elimination of the set of bacteria
and/or disperse them to a new environment. From a
broad perspective, elimination and dispersal are
parts of the population level long distance motile
behavior. In its application to optimization, it helps
in reducing the behavior of stagnation i.e. being
trapped in a premature solution point or local
optima.
Suppose that θ is the
position of a bacterium, and F (θ) represent the
objective function with the basic goal to find the
minimum. Let P (j, k, l) = {θi (j, k, l) | i=1, 2 ….., S}
represent the position of each bacterium in the
population of s bacteria at the jth chemotactic step,
kth reproduction step, and lth elimination-dispersal
event. Let F (i, j, k, l) denote the cost at the location
of the ith bacterium θi (j, k, l). The steps of the
algorithm are presented below:
Step 1: Initialization
i. Number of parameters (p) to be optimized.
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ii. Number of bacteria (S) to be used for searching
the total region.
iii. Maximum swimming length (SLmax) after which
tumbling of bacteria will be undertaken in a
chemotaxis step.
iv. Number of iteration (Nc) to be undertaken in a
chemotaxis loop.
v. Maximum number of reproduction (NR) cycles.
vi. Maximum number of elimination-dispersal (Ne)
events imposed on bacteria.
vii. Probability (Ped) with which eliminationdispersal will continue.
viii. Location P(p, s, 1) of initial set of bacteria.
ix. Random swim direction (Ø(j)) and step length
(C(i)).
x. Swarming coefficients (dattract, wattract, hrepelent
and wrepelent).
Step 2: Elimination-dispersal loop
With some probability (Ped), the existing set
of bacteria gets eliminated and dispersed in a
new random direction. Increment l=l+1.
Continue step 2 if l<Ne, else go to step 3.
Step 3: Reproduction loop
i. For given k and l, and for each i=1,2,…,S sort
accumulated total cost (Fsw) in the ascending
order of cost. Let Fhealth = sort {Fsw (j, k, l)}.
Higher cost of any bacteria means poor health
(Objective is minimized).
ii. Out of the total S bacteria, the better halves
having lower Fhealth values, sustain the evolution
process and replace the other less healthy
bacteria.
Increment k=k+1. Repeat step 3 if k<NR , else
go to step 4.
Step 4: Chemotaxis loop
i. Calculate cost function value F (i, j, k, l).
ii. Find the global minimum bacteria (θg) from all
the cost functions evaluated till that point.
iii. Calculate Fsw (i, j, k, l).
iv. If j=1, tumble
v. For j > 1
If Fsw(i, j, k, l) < Fsw(i, j-1, k, l) and SL < SLmax
Swim and increment SL=SL+1
Else,
tumble and reset SL=0.
The next bacterium (i+1) is taken for swimming
or tumbling process till i=S.
Step 5: Stop if stopping condition is met else go to
step 2.
In order to ensure stability of the
chemotactic dynamics in BFOA, the step-size
parameter C(i) must be adjusted according to the
current location of the bacterium and its current
fitness to improve the convergence performance as a
result proposed algorithm uses adaptive step size as
given by:

F i (θ )
C (i ) =
1
1+ i
F (θ )

(9)

where Fi(θ)=Fitness of ith bacterium.
If Fi(θ)→0, then C(i)→0 and when Fi(θ)→large,
C(i) →1. This implies the bacterium which is in the
vicinity of noxious substance associates with higher
cost function. Hence, it takes larger steps to migrate
to a place with higher nutrient concentration.
In BFOA, two types of random
number generation approaches are adopted. First
approach uses commonly used technique which
generates a sequence of random numbers r1, r2,
r3…between zero and m-1 using following relation:
r j +1 = ( ar j + c ) mod m
(10)
where a and c are positive integers and m is the
modulo.
The generated sequence is
characterized by the values of a, c, m, and by the
seed r0. This series will produce values that will be
repeated with a period no longer than m, starting
from the seed r0. From a practical perspective, this
generator is very easy to implement. But limitation
of these generators is that low-order bit is often
much less random than their high-order bit [26]. In
second approach of random number generation,
chaotic sequences are used. Chaotic sequences are
the type of random number generator whose choice
is justified by their erratic and stochastic behavior.
Recently, chaotic sequences have been adopted in
evolutionary algorithms for random number
generation [27]. Instigated from this concept, chaotic
time series sequence known as logistic function is
used in this work to investigate their faster
convergence towards optimal solution. Logistic
function is defined as:
(11)
C t +1 = R × C t × ( 1 − C t )
where, Ct is the value of chaotic variable in tth
iteration and R shows the bifurcation parameter of
the system. Here, C0 = 0.1 and R = 4.
VI. RESULTS AND DISCUSSIONS
After training, the topology 5-7-3 is selected as
the optimum. In order to evaluate the competence of
this trained network, the training data set was
presented to the trained network. Figure 1 shows the
regression analysis between the network response
and the corresponding targets. High correlation
coefficient (R-value) between the outputs and targets
establish the performance of network.
For determining the variation in response with
change in factor levels, a response is noted by
setting a factor at its low, medium and high levels
and remaining factors fixed at low level. Figure 2
shows the factor variation results on three responses.
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In Figure 2, x(i)j denotes ith factor at jth level. If
factor 2 is set at high level and remaining factors at
low level, x(i)j is written as x(2)3. Now, the response
obtained at this setting is plotted in figure 4. For top
surface (Figure 4.a), it is observed that roughness
becomes minimum when x (1) = 0.254 mm, x (2) = 0
degree, x (3) = 0 degree, x (4) = 0.5064 mm and x (5) =
0.008mm. For bottom surface, the roughness
(Figure 4.b) becomes minimum when factors are set
at x (1) = 0.127 mm, x (2) = 0 degree, x (3) = 30 degree,
x (4) = 0.4564mm and x (5) = 0.008mm. Similarly,
surface roughness (Figure 4.c) can be minimum
when factors are set at x(1) = 0.127 mm, x(2) = 30
degree, x(3) = 30 degree, x(4) = 0.5064mm and x(5) =
0.000 mm for side surface.

j

where Pi is percentage contribution of ith factor
to the jth response, SSij is sum of square of ith
parameter of jth response and SSTj is the total sum of
square.

Figure 2 Factor variation effect on Roughness (a) Top
surface (b) Bottom surface (c) Side surface (x(i)j is ith
factor at jth level)

Here
ni

∑( y
SSi =
j

where
Figure 1. Performance of neural model (a) Top surface
roughness predicted versus Target value (b) Bottom
surface roughness predicted versus Target value (c) Side
surface roughness predicted versus Target value.

Each parameter is taken at their low, medium
and high level respectively and other factors are
maintained at their fixed levels. Responses are
evaluated using ANN. The variation of each
response with respect to each parameter variation is
used for trend analysis. The percentage contribution
of each parameter to respective response is
determined as:
SS j
(12)
Pi j = i j × 100
SS T

j
ik

- T j )2

k =1

(13)

ni - 1

j

yik is the average response of ith parameter at

kth level for jth response, T j is the average of jth
response and

ni is the total level of ith parameter.

Adding all these sum of square for jth response will
give the total sum of square ( SSTj ) as:
N

SSTj = ∑SSi j

(14)

i =1

where N is total number of parameters.
Percentage contribution of each factor to
respective face surface roughness is given in Table
3. It can be concluded that raster width (x(4), raster
angle) is the most important factor(6)for top surface.
Similarly, part orientation (x(2)) and layer thickness
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(x(1)) contribute more on the bottom surface and side
surface roughness respectively in comparison to
other factors.
Table 3. Percentage contribution

Process parameter values for maximization of
Cd are found by bacteria foraging method.
Parameters of swarming such as dattract, wattract, hrepelent
and wrepelent are set at 1.9, 0.2, 1.9 and10
respectively. In order to apply BFOA, initial
parameters are set as: number of bacteria S = 10,
chemotactic loop limit Nc = 20, maximum swim
length SLmax = 250, reproduction loop limit NR = 10,
elimination-dispersal loop limit Ne = 20, and
probability of elimination dispersal Ped = 0.001. For
calculation of composite desirability (fitness
function), high and low values for each response is
taken from experimental data (Table 2). The high
values of surface roughness are 19µm, 39 µm, and 1
µm for top, bottom and side surfaces respectively.
Similarly, low values of surface roughness are 2 µm,
2 µm and 0.2 µm for top, bottom and side surfaces
respectively. The algorithm is coded in MATLAB
and run on HP Compaq dc7600 Pentium IV desktop
computer.
The BFOA algorithm is run for 500 iterations
and results are shown in Figure 3. It can be observed
that chaotic function not only has better convergence
but also gives the good result as compared to that
based on random number function. The fitness
function value of 0.9567 is obtained in 408 iterations
if chaotic time series sequence (logistic function) is
adopted for random number generation. The fitness
value approaches 0.9357 in 401 iterations if
congruential random generator is adopted.
The final optimum results under the assumptions
considered in the present work are given in Table 4.
Sood et al. have optimized process parameters for
improving dimensional accuracy and mechanical
strength of FDM built parts [8, 9]. Improvement of
surface finish of FDM built parts using BFOA has
been reported in [28]. However, the approach uses
weighted principal component for converting
multiple responses into a single response, inputoutput relations are established through regression
analysis and process parameters are optimized via.

BFOA. The optimal parameter setting thus obtained
are layer thickness = 0.127 mm, part build
orientation = 29.97°, raster angle = 0.045°, raster
width = 0.407 mm and air gap = 0.0000004 mm.
The surface roughness is 2.9947 µm, 4.7589 µm and
0.6971 µm at top, bottom and side surfaces
respectively.

Figure 3. Convergence curve

When functional relations are
established through neural network as in this study,
the optimal parameter settings are layer thickness =
0.1402 mm, part build orientation = 12.9290°, raster
angle = 15.9366°, raster width = 0.4170 mm and air
gap = 0.0073 mm. The surface roughness values at
top, bottom and side surfaces are 3.4861 µm, 3.9649
µm and 0.1892 µm. The resulting process
parameters seem to be convenient to set in the
machine and overall surface roughness is uniform in
top and bottom surfaces and side surface becomes
much smoother. However, data-sets in both the
works are different leading to different optimized
parameters. The major advantage of the present
work rests on use of neural network having high
order generalization capability to develop functional
relationship among inputs and outputs in a complex
situation to avoid shortcomings of empirical
relations.
Table 4.
FOA results
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[2]

VII. CONCLUSIONS
In this work, functional relationship between
process parameters and three responses (top, bottom
and side surface roughness) for FDM built parts has
been developed using BPA based ANN
methodology. The process parameters considered
are layer thickness (x(1)), part build orientation (x(2)),
raster angle (x(3)), raster width (x(4)) and air gap (x(5)).
For faster training of ANN, Levenberg-Marquardt
algorithm was used. Advantage of using this
algorithm is due to the fact that it approaches
second-order training speed without having to
compute the Hessian matrix. The common method
of improving network generalization is to use a
network that is just large enough to provide an
adequate fit. Unfortunately, it is difficult to know
beforehand how large a network should be for a
specific application. To overcome this problem,
Bayesian regularization which provides better
generalization performance was adopted. Process
analysis carried out based on prediction values of
neural network shows the existence of non-linear
relationship between output and process parameters.
Raster width (x(4)) is found to be most important
parameter for improving surface finish at the top
surface. Similarly, part orientation (x(2)) and layer
thickness (x(1)) are significant for reduction of
surface roughness at bottom and side surfaces
respectively. Although variation in these parameters
affects the surface topology but contribution of other
factors, no matter how minor they are, may also
have deciding effect on surface topology; hence
cannot be neglected. A latest evolutionary approach
known as bacterial foraging has been used to predict
the optimal parameter settings. It predicts parameters
in universal range of values that may not exist in the
experimental system set up. Therefore, this
technique suggests alternative system settings so as
to produce optimum results in the process. Further, it
is also demonstrated that chaotic sequence based
random number generation is a better alternative
than the conventional random number generation
procedure as far as convergence characteristic of the
algorithm is considered. Methodology adopted here
is quite general and can be relevant to other
problems
of
function
approximation
and
optimization, especially when multi input-multi
output system is considered. In future, the proposed
algorithm can be used along with pareto-optimality
for multi-objective optimization problem.
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Chaotic Dynamics of the System of Two
Coupled Harmonic Mappings
E.V. Rabinovich
Novosibirsk state technical university
Abstract: For the chaotic dynamic system
consisting of two coupled harmonic mappings we
consider the system properties and control
mechanisms of evolution regimes. It focuses on the
influence of the coefficients value of the dissipative
and inertial couplings on the dynamics of periodic,
quasiperiodic and chaotic regimes of system. To study
used a qualitative analysis resources of nonlinear
discrete mappings: bifurcation diagrams and maps of
dynamic regimes.

Gede zones, and outside the human body – by the
field structures (Figure 1b).
For modelling the system of five DC, similar
dynamic Wuxing model of Chinese Medicine (Figure
1а), it is offered to use the discrete mappings coupled
with each other by feedforward and feedback.

Keywords: nonlinear discrete mapping, bifurcation
diagram and map of dynamic regimes

I. INTRODUCTION
Modern European medicine is more and more
steadfastly studies the diagnostic and therapeutic
approaches of Chinese Medicine, in appreciation of
their high efficiency. All over the world attempts to
build the physical and mathematical models
adequate to the basic notions and conceptions of
Chinese Medicine are undertaken. Several models
consider the human organism according to the
theory of open nonlinear dynamic systems.
The special attention is paid to the widespread
in biophysics models with chaotic dynamics
regimes, partly because that they are very sensitive
to weak external influences [1, 2]. In particular the
description of the energy states of the human
organism, based on dynamics of its dissipative
structures (DS), introduced by I. Prigogine for
nonequilibrium thermodynamic systems [3].
The given model coordinated with concepts of
Chinese Medicine, considers a human energy system
as an open nonlinear dynamic system, consisting of
five intercoupling water DS which cyclic dynamics
determines the energy of the development, functioning
and self-regulation of human (Figure 1а).
These five DS have the certain topological
localization (points, lines, areas) and can be shown
both inside and outside of an organism. For example,
on skin surface DC may be represented by fractal
projection zones, acupuncture points and Zakharyine-

Figure 1. Dynamic models of human organism

The analysis of model dynamics allows identifying
the state of each DS and, if necessary, providing
corrective action on it. Correction of a DS evolution
regime can be performed both by external influence,
and by changing the value of dynamic control
parameters and coupling coefficients between the
structures [3].
In this paper a simplified model of the system
formed by two DS, which cyclically change their
state, represented by two coupled harmonic discrete
mappings is investigated.
The article content deals with the peculiarities of
the dynamics of the system with a combination of
inertial and dissipative couples.
In the first part of article by means of
bifurcation diagrams influence of dynamics of one
discrete mapping on dynamics regimes of another is
investigated. In the second article part by means of
cards of dynamic regimes influence of the
coefficients value of the dissipative and inertial
couplings on the dynamics of periodic,
quasiperiodic and chaotic regimes of system is
investigated. Also here the possibilities of control
on evolution regimes of dynamic system from the
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medical point of view are considered.
II. MATHEMATICAL BASE
Discrete mapping of a set M into itself f: M →
M is called the equation of the form xn+1 = f(xn).
Since each point x under the action of mapping f
iterations moves on the set M then f defines the
evolution of a dynamical system on set M over a
discrete time n.
A point x is called a still point of mapping f, if
f(xn) = x for any n. A point x is called a periodic
point of mapping f of period k, if f(xk) = x, where
f(xi) ≠ x for i < k. If for some point x are defined all
the iterations of f(xn), then the set {f(xn)} is called
the attractor or the orbit of x under the mapping f.
The orbit of a periodic point consist of k points and
is called a cycle of the period k. The point x is a
periodic point of mapping f the period k if it is a
still point of iteration of the order k, but not a
periodic point of iterations of lower order [4].
To describe a system consisting of two coupled
discrete mappings xn+1 = f(xn), yn+1 = f(yn) it is
necessary to specify the coupling between
mappings.
Figure 2 illustrates the structure of the system
with various versions of the coupling. Figure 2a
represents a system of two independent discrete
mappings. Figure 2b - a coupling system between
iterations of the same order. The equations
describing the dynamic system have the form

Such couple tends to equalize the instantaneous
states of the subsystems, so it is called the
dissipative, the coefficient D - the coefficient of
dissipative couple. Figure 2c represents a system
with coupling between iterations of the previous
and current orders. The equations describing the
dynamic system have the form
xn+1 = f(xn) + C(yn - xn),
yn+1 = f(yn) + C(xn - yn).
Such couple assists to preserve the memory of
the state in the previous step, so it is called the
inertial and the coefficient C is the ratio of inertial
couple.
Finally, the system may present a combination
of the above two types of coupling (Figure 2d). The
equations describing the dynamic system have the
form
xn+1 = f(xn) + D(f(yn) - f(xn)) + C(yn - xn),
yn+1 = f(yn) + D(f(xn) - f(yn)) + C(xn - yn).
Consider a discrete mapping xn+1 = cos(Axn),
which is one of the simplified forms of the circle
mapping on itself, and showing a rather complex
chaotic evolution. To analyze the dynamics of the
cosine mapping construct the dependence x = f(x) =
cos(Ax) steady-state values of x from the dynamic
control parameter A (see Figure 3).

xn+1 = f(xn) + D(f(yn) - f(xn)),
yn+1 = f(yn) + D(f(xn) - f(yn)).

a)

b)

Figure 3. Bifurcation diagram of the mapping
xn+1 = cos(Axn)

c)

d)

Figure 2. Types of the coupling in a system
consisting of two mappings [5]

At some values of control parameter A in a
Figure 3 there is a qualitative variation of dynamics
character – the quantity of still points changes. In
some parts of the chart this quantity changes in
chaotic type. Spasmodic variations of qualitative
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behavior of system at smooth variation of the
control parameter are called bifurcations.
Bifurcation diagram showing the cascades of
bifurcations, is one of the main tools of studying the
system dynamics behavior, as evidently allows to
see the evolution regimes at variation of control
parameter. On Figure 3 at A = 1.24 we see the first
bifurcation - period doubling bifurcation.
If the system consisting of several mappings, for
example, f1(x) = cos(Ax) and f2(y) = cos(By), is set,
the evident concept about its behavior is given with
a map of dynamic regimes – the diagram on a plane
of control parameters A and B, where different
regimes are shown in different colors. Thus each
point of a control parameters plane characterizes a
regime arising after completion of transient of both
mappings iterations [6].
The direct interrelation of a map of dynamic
regimes and a bifurcation diagram of one discrete
mapping takes place. If a map of dynamic regimes
to present in the three-dimensional shape, that the
bifurcation diagram of the first discrete mapping is
a plane section of this figure, received at the fixed
value of the second mapping control parameter.
Modelling of system is made in the software
environment of MatLab.
III. INFLUENCE OF DYNAMICS OF ONE DISCRETE
MAPPING ON DYNAMICS REGIMES OF ANOTHER
After the introduction of couples between the
mappings the investigated system model has the
form:
f1(x) = cos(Ax), f2(y) = cos(By),
xn+1 = f1(xn) + D(f2(yn) – f1(xn)) + C(yn - xn) =
= (1 - D)cosaxn – Cxn + Dcosbyn + Cyn,
yn+1 = f2(yn) + D(f1(xn) – f2(yn)) + C(xn - yn) =
= Dcosaxn + Cxn +(1 - D)cosbyn - Cyn.
Let's consider variations, which occur with the
bifurcation diagram of mapping f1(x) at a variation
of the control parameter B of mapping f2(y) for the
small fixed values of the coupling coefficients
(D = 0.01 and С = 0.05).
1. B = 0 (Figure 3a). At the given value of the
control parameter at mapping it is observed
aperiodic regime. This regime of mapping f2(y)
does not render any influence on dynamics of
mapping f1(x), the bifurcation diagram practically
coincides with the diagram of single mapping.
2. B = 1.5 (Figure 4b). At the given value of the
control parameter at mapping it is observed the
cycle of period 2. Under the influence of the
periodic regime aperiodic regime of mapping f1(x)
also becomes a periodic regime of the period 2. The

first period doubling bifurcation point disappears.
Areas of stable periodic regimes in chaotic area
(areas of the periods 3 and 4 are essentially
narrowed, and at further increase B almost vanish)
decrease.
3. B = 2, B = 2.075 (Figure 4c, d). At the given
values of the control parameter at mapping f2(y)
cycles of the periods 4 and 8 are observed
accordingly. Under action of these regimes instead
of aperiodic regime of mapping f1(x) the cycles of
the appropriating periods appear. Let's notice, that
at bifurcation diagrams of mapping f1(x) lines
appear breaks that is not peculiar to single mapping.
Besides it is possible to note influence already and
on the second cascade of period doubling
bifurcations.
4. B = 2.51 (Figure 4e). At the given value of
the control parameter at mapping f2(y) it is observed
the chaotic regime. At mapping f1(x) aperiodic
dynamics practically in all areas is observed. There
are only two periodic regimes of the period 3 and 6
instead of a part of areas aperiodic regime and a
regime of the period 2. In the second cascade of
bifurcations disappear all the periodic regimes.
5. B = 2.53 (Figure 4f). At mapping f2(y) the
cycle of the period 3 is observed. On the place of
aperiodic regime of mapping f1(x) too there is a
cycle of the period 3.
6. B = 3.1 (Figure 4g). At mapping f2(y) the
cycle of the period 4, which appears on the place of
aperiodic regime of mapping f1(x), is observed.
However the second cascade of bifurcations again
finds regimes of period doubling.
7. B = 3.5 (Figure 4h). At the given value of the
control parameter at mapping f2(y) the chaotic
regime once again is observed. But this time areas
of periodic regimes inside of a chaotic regime of
mapping f1(x) are clearly visible.
From the made supervision it is visible, that in
the system consisting of two coupled cosine
mappings, variation of dynamics of one mapping
strongly affects dynamics regimes of another,
which undergo essential variations.
The basic feature of these variations consists
that appear regimes of synchronization or so-called
resonant cycles [7]. Synchronization is understood
as a situation arising at interaction of two systems,
each of which «individually» shows periodic
oscillations. It consists in the fact that the systems
can begin to oscillate at one frequency, even if prior
to the interaction their frequencies were different.
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a) B = 0

b) B = 1.5

d) B = 2.075

c) B = 2

f) B = 2.53

е) B = 2.51

h) B = 3.5

g) B = 3.1

Figure 4. Variations in bifurcation diagram of mapping f1(x) = cos(Ax) at change of mapping f2(y) = cos(By) evolution
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Here also it is possible to speak about «chaotic
synchronization», when the chaotic regime of one
mapping «captures» (makes quasiperiodic or
chaotic) periodic regime of another one.
Quasiperiodic regime of dynamic system differs
from a periodic regime that, iterations of discrete
mapping visit periodic attractor not precisely on
still points, but their some small neighborhood. On
the average iterations of quasiperiodic regime lay in
a small neighborhood of periodic attractor.
Quasiperiodic regime differs also from the chaotic
regime, whose iterations visit a strange attractor
[8].
Quasiperiodic regime is closely connected with
the phenomenon of synchronization, because at
destruction of synchronous regime a dynamic
system first goes to a quasiperiodic, and then to the
chaotic regime of evolution. The boundaries
between these regimes are characterized by special
types of bifurcation curves.
IV. INFLUENCE OF VALUES OF COUPLES ON THE
DYNAMICS OF SYSTEM

Let's undertake the qualitative description of the
basic dynamic regimes observable in system, their
transformation at variation of control parameters
values, as well as note values of the control
parameters corresponding a change of dynamic
regime (bifurcations).
The solution of these problems is possible with
maps of dynamical regimes, which revealed the
basic properties demonstrated the system in a given
range of control parameters A and B (from -10 up
to 10) and the values of the coupling coefficients
inertial C and dissipative D (from 0 up to 1).
It is necessary to notice, that due to
multistability of dynamic systems the maps of
dynamical regimes may differ a little for for
different initial conditions of discrete mapping
iteration.
Figure 5 shows the map of regimes the
dynamical system consisting of the mappings
f1(x) = cos(Ax) and f2(y) = cos(By) in the coordinate
system of control parameters (A, B) with coupling
coefficients C = 0.35 and D = 0.45. On a map
different colors designate areas of various regimes.
So the aperiodic regime has green color, a regime
of the period 2 has yellow color, a regime of the
period 4 has blue color, a regime of the period 8 (on
the edges of a regime 4) has red color, a regime of
the period 2 has yellow color, a regime of the
period 3 has pink color. The area of nonperiodic
and chaotic regimes is shaded gray color.
It is easy to notice, that the map of regimes has
4 axes of symmetry (horizontal, vertical and two
diagonal).

Figure 5. Map of dynamical regimes the system of
coupled mappings f1(x) = cos(Ax) and f2(y) = cos(By).
Coefficients inertial C = 0.35 and D = 0.45 dissipative
couples

This simple map shows a great variety of
regimes and bifurcation lines dividing them. It
consists of a central zone of periodic regimes, the
first cascade of period doubling bifurcations and the
separate areas scattered along the periphery in the
form of several typical structures.
These structures represent areas of resonant
cycles of the different periods and usually look like
arches with the pointed ends or tongues narrowed to
the basis, the nonperiodic regimes built in area. The
periodic regime areas of similar type carries the
name of Arnold tongues, named Russian
mathematician V. I. Arnold, and characterizes the
areas of synchronization for mappings with the
rational attitude of phases. Borders of Arnold's
tongues are bifurcation lines of transition to chaos
through destruction of quasiperiodic motions. Such
bifurcations are called Neimark-Sacker bifurcations
[9].
Analyzing influence of couple coefficients
values on system dynamics as a whole, it is possible
to note, that at an increase in any of the couples
between mappings the system dynamics becomes
complicated. It is expressed in more frequent
change of periodic regimes, in complication of the
form and an increase of quantity of periodic areas
on a map of regimes.
Increasing the value of dissipative couple
coefficient D leads to increase fractions of periodic
and to reduction fraction of nonperiodic and chaotic
regimes (Figure 6 a–d). It is expressed in the
increasing size and number of areas of periodic
regimes. With increasing values of the dissipative
coupling the area of periodic regimes «widen out»
from the map of regimes center to its periphery.
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a) D = 0; C = 0.45

b) D = 0.2; C = 0.45

c) D = 0.35; C = 0.45

d) D = 1; C = 0.45

e) D = 0.7; C = 0
f) D = 0.7; C = 0.45
Figure 6. The effect of the coupling coefficients on the system dynamics of two coupled mappings:
an increase a fraction of periodic regimes with the increase of the coefficient D (a–d);
an increase of a fraction of chaotic regimes with the increase of the coefficient C (e, f)

For values D > 0.2 on the map of regimes
appear Arnold tongues.
Inertial coupling renders more complex
influences on the regimes shown by dynamic
system. At an increase of inertial couple the area of

periodic regimes also «widen out» from the center,
but only at values of the dissipative couple
coefficient D < 0.5. At D > 0.5 the given effect
already obviously is not shown. In this case,
increasing values of the inertial couple coefficient
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C leads to increase fractions of nonperiodic and
chaotic regimes (Figure 6 e, f).
Regardless of the D values increase in the
inertial couple coefficient C leads to significant
complication of forms for periodic regimes, that
due to the presence of hysteresis phenomena,
characteristic for inertial systems. Forms of these
areas specify bifurcation curves families of several
scenarios of transition to quasiperiodic and chaotic
regimes.
Sensitivity of dynamic system regimes to the
increment of value of the both couple coefficients
increases when approaching the value 0.5. For
С > 0.5 the system becomes more sensitive to
changes in values and the dissipative couple
coefficient D.
V. CRITICAL VALUES OF COUPLES

1. At the value of dissipative couple coefficient
D = 0.5 map of dynamic regimes of the system
takes the ordered form (Figure 7a). The system of
two mappings degenerates into a «twin» mapping.
Both mappings under the given conditions evolve
under action of iterations on the same trajectories,
i.e. show completely identical behavior, as is easily
seen, having substituted D = 0.5 in the equation of
the system.
2. At C = 0.5 in investigated system appear
areas of «widen out» trajectories, that is such areas
of control parameters values, at which under action
of iterations the values of system variables aspire to
infinity (Figure 7b, areas of «widen out» are
marked in white). The increase of value of
dissipative couple coefficient D in a range from 0 to
0.5 allows to reduce and achieve disappearance (at
D = 0.5) areas of «widen out» trajectories.

Now we shall stop on a number of the features
connected with critical values of couples
coefficients C = 0.5 and D = 0.5.

a) C =0.075; D =0.5

b) C =0.5; D =0.325

c) C = 0.5; D = 0.5
Figure 7. Behavior of the system at critical values of the coefficients C and D: a) the degeneracy of the system at C = 0.5;
b) the appearance of areas of «widen out» trajectories at D = 0.5; c) the appearance of dependence from entry conditions at
C = D = 0.5
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At excess of value D = 0.5 further increase
conducts to repeated occurrence and growth of
«widen out» areas.
3. At values of the coupling coefficients C = 0.5
and D = 0.5, as well as close to these values, the
system brightly shows property of multistability. At
given couples values the dynamic regimes, which
appear in system, show strong dependence on
modelling entry conditions. A slight change in the
starting point of system evolution essentially
changes the map of dynamic regimes (two regimes
of the map shown in Figure 7c).
The revealed dependence of system regimes on
entry conditions is nonlinear. It was found that the
dynamic regimes of the system do not depend on
the size of the initial values, but on their difference
or ratio.

VI. REGIMES CONTROL
Control of the regimes of dynamic system
model is interesting to us from the point of view of
medical appendices. In this context correction of a
system state by means of the dynamic control
parameters specifying basis cycles of ability to live
of an organism, greater expenses of time require
enough. For example, by means of adjustment of a
mode of day and / or structure and quality of a
meals. Correction by means of coupling
coefficients is possible for shorter timeframes and
with greater intensity. Changes can be made, using
medical products and / or reflexotherapy influences.

a) C = 0.45; D = 0.225

b) C = 0.6; D = 0.225

c) C = 0.275; D = 0,225

d) C = 0.1; D = 0.225

Figure 8. Control of the system regimes with the parameter C

Let's consider how it is possible to influence a
map of dynamic regimes by means of inertial C and
dissipative D coupling coefficients. For example,

look at the map of dynamic regimes, shown in
Figure 8a. The given map of dynamic regimes
possesses a number of characteristic properties:

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computing Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 2011

160

central area close to a circle, thin structure of
unstable periodic regimes, smooth bifurcation lines
of the areas borders of periodic regimes. With an
increase in the coefficient C (Figure 8b) occur
increases in a fraction of periodic regimes areas, a
complexity of their forms. Periodic areas «widen
out» from the center of a map of dynamic regimes,
the synchronization areas appears in the form of
strongly distinct Arnold tongues. The thin structure
of map regimes vanishes; unstable cycles become
the quasiperiodic and chaotic regimes.
With a decrease in the parameter C (Figure 8c,
d) are simplified forms of areas of periodic regimes,
the reduction in their fraction, lost the thin structure
of unstable periodic regimes, Arnold tongues
disappear, the fraction of nonperiodic and chaotic
regimes increases.
VII. CONCLUSIONS
With objective of construction of mathematical
model of human organism, adequate to the basic
notions and conceptions of Chinese Medicine, it is
carried out research of the simplified dynamic
system consisting of two coupled harmonic discrete
mappings. The research was conducted with the
help of bifurcation diagrams and maps of
dynamical regimes, which reflect in the phase space
of as periodic and quasiperiodic and chaotic
regimes of the system evolution.
It is shown, that variation of value of the control
parameter of one mapping renders system influence
on dynamics of the second coupled mapping.
It was found that the variation in the values of
the dissipative and inertial coefficients of coupling
between the mappings can not only change the
nature of the system evolution, but also to create
new regimes of system evolution.
The conditions leading «degeneration» of
modeled system, «widen out» of trajectories of
phase space, the appearance of multistable states of
the system are revealed.
Variation of values of couples between
mappings provides feasibilities on control of the

system evolution process. Weak impact on the
value of couple allows a fairly wide range to adjust
the sensitive chaotic regimes of the system, that
from a medical point of view is very attractive.
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Laser Beam Welding Process Parameters
Optimization Using TLBO Algorithm
Dr. R. V. Rao, V. D. Kalyankar
Department of Mechanical Engineering, S. V. National Institute of Technology, Surat, India
Abstract: The concept of automation was brought
in the industries many years back in order to increase
the production rate and at the same time to minimize
the production cost. In the present work attempt is
done to achieve the same target by finding out the
optimum process parameter setting for the given
process. Process parameter optimization of laser beam
welding process is considered in this work which is
widely replacing the manual welding processes due to
highly automation of all manufacturing work. The
recently developed advanced algorithm is applied here
for the parameter optimization of laser welding
process. The example considered here consists of
multiobjective model and over 60% of improvement is
obtained in the present work by this algorithm
compared to the earlier work.
Keywords: Automation, laser beam welding,
process
parameter
optimization,
advanced
optimization techniques, TLBO algorithm.

I. INTRODUCTION
Laser Beam Welding (LBW) is a high energy
beam process that continues to expand into modern
industries and new applications because of its many
advantages like deep weld penetration and
minimizing heat inputs. Many fabrication industries
are shifting towards the automation of welding
processes and due to this there is an increasing
demand for such high technology process in various
fabrication
industries
like
aerospace,
defense/military, petrochemical refining and
research and development organisations.
In laser beam welding the focal spot is targeted
on the workpiece surface which is to be welded. At
the surface the large concentration of light energy is
converted into thermal energy. The surface of the
workpiece starts melting and progresses through it
by surface conductance. As the penetration of the
workpiece depends on conducted heat, the thickness
of the materials to be welded is generally less than
20 mm.
The function of all laser beam welding processes
is based on the principles of the excitation of atoms
using intense light, electricity, electron beams,
chemicals, etc., and the spontaneous and stimulated
release of photons. The role of focusing lenses in
this process is very important because it concentrates
the beam energy into a focal spot as small as 0.1 mm

diameters or even less. There are many types of laser
beam welding but the most popular types in the
industry are Nd:YAG Laser, Carbon Dioxide Laser
and the Diode Laser.
The various input parameters involved in laser
beam welding are base metal thickness, laser power,
welding speed, defocusing distance, the type of
shielding gas combinations, torch angle, travel
speed, gas flow rate and nozzle standoff distance on
the bead profiles. Figure 1 shows the typical set up
of laser beam welding process. Each input variable
out of these plays a very significant role on the
output parameters of laser beam welding like bead
profile, weld joint strength, production rate,
operating cost, etc. For example decreasing the laser
power may help the manufacturer to save the cost
but in turn that decreased laser power will lead
towards the lower fusion rate and lowers down the
production rate. Hence optimum parameter setting of
these input variables is very important in order to
satisfy all the output variables along with its
constraints.

Figure 1. Set up of laser beam welding process

In the literatures, it is observed that various
researchers had developed mathematical models for
laser beam welding process and attempted the
parameter optimization for such models by using
various techniques. Few of those important works
are summarized below.
El-Batahgy [1] analysed the fusion zone shape
and solidification structure of austenitic stainless
steels by considering the various process parameters
of laser welding such as base metal thickness, laser
power, welding speed, defocusing distance and the
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type of shielding gas combinations. The commercial
austenitic stainless steels such as 304L, 316L and
347, were used for the experimentation purpose. The
work proved that heat input as a function of both
laser power and welding speed and has almost no
effect on microstructure and mechanical properties
of welds.
Ancona et al. [2] carried out the comparative
study of influence of two different shielding gas
delivery systems on the autogenous laser welding
process. The effects of the variation of the main
process parameters, i.e., travel speed, beam focus
position, gas flow rate and nozzle standoff distance
on the bead profiles were investigated in the work.
Benyounis et al. [3] investigated the effect of
laser welding parameters on the heat input and weldbead profile using response surface methodology.
The outcome of the work suggested that regression
equations can be used to find optimum welding
conditions for the desired criteria.
Olabi et al. [4] used the back propagation
artificial neural network and the Taguchi approach
for the design of the experiment. It was applied to
find out the optimum levels of the welding speed,
the laser power and the focal position for CO2
keyhole laser welding of medium carbon steel butt
weld.
Casalino [5] investigated the innovative arc-laser
welding process by means of a regression model and
a full factorial experiment. Statistical based
experimental analysis technique was used to
improve the result. The results showed the
significance of some parameters and indicated the
way to maximize the weld penetration.
Canyurt et al. [6] used the stochastic search
process based on genetic algorithm approach to
predict the laser hybrid welded joint strength. The
laser welding strength estimation model was
developed to estimate the mechanical properties of
the welded joint for alloy materials and the effects of
six welding design parameters was examined.
Anawa and Olabi [7] used taguchi approach for
optimizing the selected welding parameters in terms
of minimizing the fusion zone. Mathematical models
were developed to describe the influence of the
selected parameters on the fusion zone area.
Park and Rhee [8] proposed a neural network
model
to
predict
the
tensile
strength.
Experimentations were carried out on the laser
welding of aluminium alloy with filler wire and then
genetic algorithm was used to optimize the laser
power, welding speed, and wire feed rate.
Benyounis et al. [9] investigated the tensile
strength and impact strength along with the jointoperating cost of laser-welded butt joints made of
AISI304. The important input variables considered
were laser power, welding speed and focal point
position. The mathematical model was developed

and the relationships between the laser-welding
parameters and the three responses were established.
Ghosal and Chaki [10] used ANN-optimization
hybrid model to optimize depth of penetration in
hybrid CO2 LASER-MIG welding. The various
input welding parameters considered are power,
focal distance from the work piece surface, torch
angle, and the distance between the laser and the
welding torch. However the work was restricted to
single objective only.
Padmanaban and Balasubramanian [11] have
developed an empirical relationship to predict tensile
strength of the laser beam welded magnesium alloy.
The experiments were conducted based on a three
factor, three level, central composite face centered
design matrix with full replications technique. The
results have proved that the welding speed has the
greatest influence on tensile strength, followed by
laser power and focal position.
Sathiya et al. [12] investigated the tensile
strength and bead profiles of laser welded butt joints
using taguchi approach, grey relational analysis and
the desirability approach to optimize the input
parameters by considering multiple output variables
simultaneously.
It is observed from the literature that even though
the various researchers tried to achieve the optimum
parameter setting for the given conditions by
considering various parameters, but in such works
use of any kind of advanced optimization techniques
was not found. Although several methodologies
have been reported in the literature [4] [6], but that
was applied only for very few parameters of laser
beam welding process, without considering
interdependency between several variables. Various
advanced optimization techniques such as genetic
algorithm, simulated annealing, particle swarm
optimization, artificial bee colony algorithm have
already proved their effectiveness in process
parameters optimization of various manufacturing
processes [13] and hence attempt should be done to
use such advanced optimization techniques in the
parameters optimization of laser beam welding.
Therefore efforts are carried out here to use one
of such recently proposed advanced optimization
technique [14] for the process parameter
optimization of laser beam welding process. The
detailed algorithm is explained in next section.
II. TEACHING LEARNING BASED OPTIMIZATION
TLBO is a teaching-learning process inspired
algorithm proposed recently by Rao et al. [14] based
on the effect of influence of a teacher on the output
of learners in a class. The algorithm mimics
teaching-learning ability of teacher and learners in a
class room. Teacher and learners are the two vital
components of the algorithm and describes two basic
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modes of the learning, through teacher (known as
teacher phase) and interacting with the other learners
(known as learner phase). The output in TLBO
algorithm is considered in terms of results or grades
of the learners which depend on the quality of
teacher. So, teacher is usually considered as a highly
learned person who trains learners so that they can
have better results in terms of their marks or grades.
Moreover, learners also learn from the interaction
among themselves which also helps in improving
their results.
TLBO is population based method. In this
optimization algorithm a group of learners is
considered as population and different design
variables are considered as different subjects offered
to the learners and learners’ result is analogous to
the ‘fitness’ value of the optimization problem. In
the entire population the best solution is considered
as the teacher. The working of TLBO is divided into
two parts, ‘Teacher phase’ and ‘Learner phase’.
Working of both the phase is explained below.
Teacher phase
It is first part of the algorithm where learners
learn through the teacher. During this phase a
teacher tries to increase the mean result of the class
room from any value M1 to his or her level (i.e. TA).
But practically it is not possible and a teacher can
move the mean of the class room M1 to any other
value M2 which is better than M1 depending on his
or her capability. Considered Mj be the mean and Ti
be the teacher at any iteration i. Now Ti will try to
improve existing mean Mj towards it so the new
mean will be Ti designated as Mnew and the
difference between the existing mean and new mean
is given by [14],
(1)
Difference _ Meani = ri ( M new − TF M j )
Where TF is the teaching factor which decides
the value of mean to be changed, and ri is the
random number in the range [0, 1]. Value of TF can
be either 1 or 2 which is a heuristic step and it is
decided randomly with equal probability as,
(2)
TF = round [1 + rand (0,1){2 − 1}]
The teaching factor is generated randomly during
the algorithm in the range of 1-2, in which 1
corresponds to no increase in the knowledge level
and 2 corresponds to complete transfer of
knowledge. The in between values indicates amount
of transfer level of knowledge. The transfer level of
knowledge can be any depending on the learners
capabilities. In the present work, attempt was carried
out by considering the values in between 1-2, but
any improvement in the results was not observed.
Hence to simplify the algorithm the teaching factor
is suggested to take either 1 or 2 depending on the
rounding up criteria. However, one can take any
value of TF in between 1-2.

Based on this Difference_Mean, the existing
solution is updated according to the following
expression
(3)
X new,i = X old ,i + Difference _ Meani
Learner phase
It is second part of the algorithm where learners
increase their knowledge by interaction among
themselves. A learner interacts randomly with other
learners for enhancing his or her knowledge. A
learner learns new things if the other learner has
more knowledge than him or her. Mathematically
the learning phenomenon of this phase is expressed
below.
At any iteration i, considering two different
learners Xi and Xj where i ≠ j
(4)
X new,i = X old ,i + ri ( X i − X j ) If f (Xi) < f (Xj)
X new,i = X old ,i + ri ( X j − X i ) If f (Xj) < f (Xi)

(5)

Accept Xnew if it gives better function value. The
flowchart for the TLBO algorithm is shown in Fig.2,
and the implementation steps of the TLBO algorithm
are summarized below:
Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Initialized the population (i.e. learners’)
and design variables of the optimization
problem (i.e number of subjects offered to
the learner) with random generation and
evaluate them.
Select the best learner of each subject as a
teacher for that subject and calculate mean
result of learners in each subject.
Evaluate the difference between current
mean result and best mean result
according to equation (1) by utilizing the
teaching factor (TF).
Update the learners’ knowledge with the
help of teacher’s knowledge according to
equation (3).
Update the learners’ knowledge by
utilizing the knowledge of some other
learner according to equations (4) and (5).
Repeat the procedure from step 2 to 5 till
the termination criterion is met.
III. APPLICATION EXAMPLE

The multiobjective laser beam welding
process model recently attempted by Benyounis et
al. [9] is considered here in this example. The three
conflicting objectives considered in the research
work were maximization of tensile strength,
maximization of impact strength and minimization
of operating cost. The decision variables involved in
the model are, laser power ‘P’ (kW), welding speed
‘S’ (cm/min) and focal point position ‘F’ (mm). The
objective function for tensile strength, impact
strength and operating cost as described by
Benyounis et al. [9] is given by equations (6)-(8)
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respectively and the design levels used
variables are given in Table 1.
Tensile strength
= -4433.90 + 9102.06P-19.9S
-511.93F+13.86PS + 565.94136PF
-4.32SF – 3954.102P2
Impact strength
= -401.17 + 730.46P + 0.17S
+ 6.04F- 292.67P2
Operating cost per metre
= 0.8177 + 0.0501P – 0.019664S
+ 0.000141S2

Table 1.

for decision
Variable

(6)

(7)

(8)

Laser
power (P)
Welding
speed (S)
Focus
position (F)

Experimental design levels [9]
Limits
-1.682 -1
0
1
1.03
1.1
1.2
1.3

1.682
1.37

26.48

35

47.5

60

68.52

-1

-0.8

-0.5

-0.2

0

Benyounis et al. [9] used two different
optimization criteria in their study as given in table
2. However in the present research work due focus is
given on second criteria only because in second
criteria all the three objectives are used for their
optimality, whereas in first criteria operating cost
was not considered for the optimality.
The output of the work obtained by
Benyounis et al. [9] for second criteria gives Pareto
optimal set of solution to obtain the maximum
tensile strength of about 670 MPa, maximum impact
strength of about 39 J and the minimum operating
cost of about 0.2052 ϵ/meter. However, to check for
further improvement in these results, the same
model is now attempted using the proposed TLBO
algorithm.
Table 2.
Optimization criteria used by Benyounis et al. [9]

Parameter or
response
Laser
power
(kW)
Welding speed
(cm/min)
Focused
position (mm)
Tensile strength
(MPa)
Impact strength
(J)
Joint
cost
(ϵ/meter)
Figure 2. Flowchart of TLBO algorithm [14]

Benyounis et al. [9] designed the
experimental tests using a three factors five levels
central composite rotatable design with full
replication. Statistical software Design-Expert V7
was used to code the variables and obtained the
RSM model for each response. Desirability method
was used to solve the optimization problems. This
method involves using a technique for combining
multiple responses into a dimensionless measure of
performance called the overall desirability function.
The desirability approach involves transforming
each estimated response into a unitless utility.

First
criterion
Is in range

Second
criterion
Is in range

Is in range

Maximize

Is in range

Is in range

Maximize

Maximize

Maximize

Maximize

Is in range

Minimize

The proposed TLBO algorithm is applied to this
multiobjective optimization model with population
size of 10 and the results are obtained in very few
generations whereas the consistency is checked upto
20 generations. The individual convergence result is
shown in Figures 3-6. The combined objective
function is not reported by Benyounis et al. [9];
however the same is calculated and presented in the
present work. Parameter setting obtained by
combined objective function satisfies all the
conflicting objectives with better result. The results
obtained for individual objective function is
explained below:
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i)

Optimization of tensile strength:
Benyounis et al. [9] have reported the maximum
tensile strength of 670 MPa using statistical Design
Expert V7 software. For this maximum tensile
strength, the suggested parameter setting by
Benyounis et al. [9] is laser power is equal to
1.22 kW, welding speed is equal to 60 cm/min and
the focus position is equal to - 0.8 mm.
The proposed TLBO algorithm is applied for the
mathematical model of tensile strength as given in
equation (6). The algorithm has given a significant
improvement in the result and consistently reported
the tensile strength of above 708 MPa. The optimum
design variables for this maximum tensile strength
are given in Table 3 and the convergence of result is
shown in Figure 3.

given much better impact strength of above 65 J.
The optimum design variables for impact strength
obtained by TLBO algorithm and its comparison
with the earlier result are given in table 4 and the
convergence of result is shown in Figure 4.
Table 4.
Comparison of result for impact strength

Parameter
Laser power
Welding speed
Focused position
Max.
Impact
strength (J)

Proposed
TLBO
1.1974
26.48

-0.8

0

670

708.1558

65

64.5
M axim um Im pact S trength (J)

Laser power
Welding
speed
Focused
position
Max. Tensile
strength (MPa)

Benyounis
et al. [9]
1.22
60

Proposed
TLBO
1.2629
63.5504
0
65.3470

65.5

Table 3.
Comparison of result for tensile strength

Parameter

Benyounis
et al. [9]
1.22
60
-0.8
39

64

63.5

63

62.5

62

61.5

0

2

4

6

8

10

12

14

16

18

20

Number of Iterations

710

Figure 4. Convergence of result for impact strength

The TLBO algorithm has reported the
improvement in impact strength of above 60% over
that obtained by Benyounis et al. [9]. The
convergence of result is also very fast and in the
present case the result is obtained in third iteration
only. While in case of earlier work nothing is
mentioned about the number of generation used to
obtain the result. Such significant improvement in
the result indicates the superiority of the proposed
algorithm towards the global optimum solution.

M a x im um T en s ile S tre ng th (M P a )

705

700

695

690

685

0

2

4

6

8

10

12

14

16

18

Number of Iterations

Figure 3. Convergence of result for tensile strength

ii) Optimization of impact strength:
Benyounis et al. [9] have given the
maximum impact strength of 39 J with the
parameter setting of 1.22 kW laser power, 60 cm/min
welding speed and the focal position of -0.8 mm.
The proposed TLBO algorithm is now applied to the
mathematical model of impact strength as given by
equation (7). The mathematical model reported [9] is
very simple and does not involve the interactive
terms as reported in the model of tensile strength
given by equation (6). The TLBO algorithm has

20

iii) Optimization of operating cost:
In the work carried out by Benyounis et al.
[9], two different criteria were used for optimization.
In the first criteria tensile strength and impact
strength were analyzed for maximization but due
weightage was not given for the operating cost. In
that case the minimum operating cost reported by
Benyounis et al. [9] was 0.3216 Euro/meter.
However to attempt all the conflicting objectives,
second criteria was reported by Benyounis et al. [9],
which involves maximization of tensile strength,
maximization of impact strength and minimization
of operating cost. In the present research work, a
second criterion is considered keeping in view
optimization of all the objective functions.
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For the second criteria the minimum operating
cost reported by Benyounis et al. [9] was is equal to
0.2051 Euro/meter for which the suggested
parameter setting was laser power is equal to 1.22
kW, welding speed is equal to 60 cm/min and focus
position is equal to -0.8 mm.
In the present research, proposed TLBO
algorithm is applied to the mathematical model of
operating cost as given by equation (8). The model
clearly indicates that the operating cost only depend
on laser power and welding speed. The focus
position setting does not have any influence on the
operating cost. The parameter setting obtained by
proposed
TLBO
algorithm
has
reported
comparatively lower operating cost than the
previous result. The optimum design variables for
operating cost obtained by TLBO algorithm and its
comparison with the earlier result is given Table 5
and the convergence of result is shown in Figure 5.
Table 5.
Comparison of result for operating cost

Parameter

Benyounis
et al. [9]
1.22
60
-0.8
0.2051

Laser power
Welding speed
Focused position
Min. Operating
Cost (ϵ/m)

Proposed
TLBO
1.0318
65.4520
0
0.1864

objective function obtained for the present work is
given by equation (9).
Min Z= -W1*(TS/TSmax) –W2*(IS/ISmax) +
W3*(OC/OCmin)

(9)

Where, W1, W2, and W3 are the weights assigned
to respective objectives. In the present case equal
weightage is given to all the individual objectives.
The minimum combined objective function value
reported by the TLBO algorithm for the present case
is -0.2731. The optimum parameter setting and the
optimised result obtained by the algorithm is given
in table 6 and the convergence of optimum
combined objective function is given in Figure 6.
Table 6.
Optimised result obtained for combined objective
function

Parameter
Laser power
Welding speed
Focused position
Tensile strength (MPa)
Impact strength (J)
Operating Cost (ϵ/m)

Optimum setting/Result
1.2084
67.3472
-1.0
697.8664
59.5609
0.1935

-0.26

-0.262

0.204

0.202
Com bined Objective Function

-0.264

0.2

O perating Cos t

0.198

0.196

-0.266

-0.268

-0.27

0.194

0.192
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Figure 6. Convergence of result for combined
objective function

Figure 5. Convergence of result for operating cost

The present research work has reported over
10% improvement in the operating cost as compared
to that given by Benyounis et al. [9].
iv) Combined objective function:
In the present research, attempt is carried out to
obtain the parameter setting in such a way that all
the conflicting objectives should be satisfied
simultaneously. For this purpose a combined
objective function is obtained by normalising all the
individual objectives and assigning some weightage
to each of these objectives [13]. The combined

The optimized result obtained by using combined
objective function also gives the result near to the
individual function value. If any particular objective
is very critical in decision making then the
respective weightage may be varied accordingly to
obtain the optimum parameter setting.

IV. CONCLUSION
In this work, process parameter optimization of
laser beam welding process is attempted by using
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recently developed advanced algorithm. The model
considered is multiobjective and consists of
maximization of tensile strength, maximization of
impact strength and minimization of operating cost.
Significant improvement is obtained in the results
such as the maximum tensile strength obtained is
708 MPa compared to 670 MPa of previous result.
The maximum impact strength obtained is above
65 J compared to 39 J and the operating cost is
reduced to 0.1864 Euro/meter as compared to
0.2051 Euro/meter. The TLBO algorithm has given
significant improvement upto 60% in the result
compared to the previous results. Such kind of
improvement will definitely help the industries
along with the automation of manufacturing work, to
increase the production rate and minimize the
production cost.
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Algorithm
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Abstract: The heat exchangers are the process
equipments which are used to implement the
process of heat exchange between two fluids that
are at different temperatures and separated by a
solid wall. These heat exchangers find widespread
use in numerous industrial applications. Amongst
them the shell-and-tube heat exchanger is the
most popular one. Therefore the study of its
optimization design is of great importance for
saving energy. Cost minimization of these heat
exchangers is a key objective for both designer
and users. The traditional design approach for
shell and-tube heat exchangers involves rating a
large number of different exchanger geometries to
identify given heat duty and a set of geometric and
operational constraints. However, this approach is
time-consuming and does not assure an optimal
solution. Hence the present study explores the use
of a non-traditional optimization technique; called
Shuffled Frog Leaping Algorithm, for design
optimization of shell-and-tube heat exchangers.
Keywords: Shell and tube heat exchanger;
Design optimization; Shuffled frog leaping
algorithm.

I. INTRODUCTION
Shell and tube heat exchangers consist of a
series of tubes. One set of these tubes contains the
fluid that must be either heated or cooled. The
second fluid runs over the tubes that are being
heated or cooled so that it can either provide the
heat or absorb the heat required. A set of tubes is
called the tube bundle and can be made up of
several types of tubes: plain, longitudinally finned,
etc. Shell and Tube heat exchangers are typically
used for high pressure applications (with pressures
greater than 30 bar and temperatures greater than
260°C. This is because the shell and tube heat
exchangers are robust due to their shape.A variety
of different internal constructions are used in shelland-tube exchangers, depending on the desired heat
transfer and pressure drop performance and the
methods employed to reduce thermal stresses, to
prevent leakages, to provide for ease of cleaning, to

contain operating pressures and temperatures, to
control corrosion, to accommodate highly
asymmetric flows [1].

II. OPTIMIZATION DESIGN OF SHELL
AND TUBE HEAT EXCHANGER
2.1Objective Function:
When a performance measure has been defined
quantitatively and is to be minimized or
maximized, it is called an objective function in a
design optimization. Here total cost is taken as
objective function, which includes capital
investment ( ),Energy cost ( ), Annual
operating cost ( ), and total discounted cost
(
)
=
+
Adopting Hall's correlation [2], the capital
investment
is computed as a function of the
exchanger surface area.
=
+
Where
= 8000,
= 259.2 and
= 0.93 for
exchanger made with stainless steel for shell and
tubes.
The total discounted operating cost related to
pumping power to overcome friction losses is
computed from the following equation,
=P

=
2.2Constraints:
The design of a heat exchanger involves a
number of constraints. For convenience, the
constraints may be classified into operating
constraints and geometric constraints. Some of the
operating constraints are maximum allowable
pressure drops and velocities for both sides of the
exchanger. Upper bounds on the velocities for both
the tube-side and the shellside prevent erosion and
flow-induced tube vibration, while lower bounds
prevent fouling. Velocities for liquids from 1 to 2.5
m/son the tube-side and 0.3–1 m/s on the shell-
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side.[2] Upper limits of the shell diameter and the
tube length are part of the primary geometrical
constraints. The algorithm can also be restricted to
the use of standard dimensions for these variables.
On the other hand, wide baffle spacing result in
bypassing and reduced cross flow, with a decrease
in the heat transfer coefficient. Therefore,
constraints on
are set as
.≤
≤
Typical values of
and
are 0.2
and 1.0, respectively. [2]
2.3 Design Variables:
A number of different surfaces could be
incorporated in a specific design problem, and there
are many geometrical variables that could be varied
for each surface geometry. In addition, operating
mass flow rates and temperatures could be
changed. Thus, a large number of design variables
are associated with a heat exchanger design. So in
optimisation the design variables are to be adjusted
with in imposed constraints to get the optimum
objective function. Here Tube outer diameter ( ),
Shell inner diameter ( ), Baffle spacing (B) are
considered as decision variables.

III. SHUFFLED FROG LEAPING
ALGORITHM
The shuffled frog-leaping algorithm (SFLA) is
an algorithm base on memetic meta-heuristic. It
was brought forward and developed by Eusuff and
Lansey in recent years [3]. The shuffled frogleaping root in the frog groups behaviour of
looking for food. This algorithm uses the mode of
memetic evolvement among frog subgroups in
local exploration. The algorithm uses the shuffled
strategy and allows the message changing in local
exploration
The shuffled frog-leaping algorithm combines
the advantages of memetic evolvement algorithm
and particle swarm optimization (PSO). The
algorithm changes message not only in the local
exploration but also in the global exploration. So,
the local and the global are combined well in the
SFLA. The local search make memetic to transfer
among the individuals and the shuffled strategy
make memetic to transfer among the global. As
genetic algorithm (GA) and particle swarm
optimization (PSO) the shuffled frog-leaping
algorithm (SFLA) is an optimization algorithm
base on colony. The SFLA has good ability for the
global exploration and it is easy to realize. The
SFLA can resolve many non-linear, nondifferentiable, multimode questions.

IV. RESULTS
The performance of proposed algorithm is
illustrated through the analysis of results obtained

in the following example which is taken from
Sinnotet et al. [1]. It is for 4.34 (MW) duty,
Methanol-Brackish water heat exchanger. Sea
water is allocated to tube side as the mass flow rate
of sea water is much higher compared to methanol.
Also it is easy to clean tubes from sludge by
chemical
wash.
Procedure
explained
in
mathematical model-1 of chapter 4 is used for
calculating other geometric parameters, pressure
drops on both shell and tube side and overall heat
transfer coefficient of heat exchanger. The shell
side inside diameter is not more than 1.5m, the
tubes outer diameter ranges from 0.015m to 0.15m
and the baffle spacing should not be more than
0.5m. The pressure drops and calculated heat
transfer is used to find total annual operating and
overhead costs. do, Ds and B. are considered as
decision variables. Tube side and shell side
velocities and the ratio of baffle spacing to shell
side inner diameter
are considered as
constraints. Tube side velocities for water and
similar fluids ranges from 0.5 m/s to 2.5 m/s, shell
side velocities generally ranges from 0.2 m/s to 1.5
ranges from 0.2 to 1. Other design
m/s, and
parameters like Nt, L, and di are outcome of
mathematical model-1 based of do, Ds and B.
Given specifications are as follows
All the values of discounted operating costs are
computed with ny = 10 yr.
Annual discount rate (i) = 10%.
Energy cost (Ce) = 0.12 €/kW h.
An annual amount of work hours H =7000 h/yr.
This problem has been recently solved by
Caputo et al. [6] by GA and Patel and Rao [3] by
PSO technique. Minimization of total annual cost is
considered as objective.
The process input and physical properties for
this case study are as follows (see Table 1).
The following parameters of optimisation are
selected after various trials for this example.
• Number of memeplex (m) = 10
• Number of frogs in each memeplex = 10
• Number of Generations = 100
The best results obtained by SFLA in this work
for this case study are compared with the literature
results of Sinnot et al. [1] and with the best results
of Caputo et al. [6] and Patel and Rao [3] and are
presented in Table 5.2. The best solution by SFLA
is 19.56% superior to the solution previously
reported in the literature. In this case, reduction in
heat transfer area is observed and as a result capital
investment is reduced by 6.37% as compared to
PSO approach considered by Patel and Rao [3].
However increment in tube side pressure losses
results in increase in operating cost. Therefore, a
cumulative effect of reduction in capital investment
and increment in operating expense led to a
reduction of the total cost of about 3.09%
compared to PSO approach considered by Patel and
Rao [3].
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Table 1
Process parameters and Physical properties for
this case study

Fluid allocation

Shell side

Fluid
Mass flow rate
(kg/s)
Inlet temperature
(ºC)
Outlet temperature
(ºC)
Heat capacity
(kJ/(kgK))

Tube side

Methanol

Sea
Water

27.80

68.90

95.00

25.00

40.00

40.00

750

995

Density (kg/m2)

2.84

4.2

Viscosity (Pa s)

0.00034

0.0008

0.19

0.59

0.00033

0.0002

Thermal
conductivity
(W/m K)
Fouling factor
(m2 K/W)

The following Figure 1 shows the overall cost
comparison for this case study by all of the
methods

Figure 1. Overall cost comparison for this case
study

The plot of total annual cost versus no. of
iterations indicates that after 40 iterations the
function value reaches stagnation. In this case
algorithm runs for 100 times to reach optimum
value.

Table 2
Optimal heat exchanger geometry using different
optimization methods for this case study

L(m)
d0 (m)
B(m)
DS (m)
Nt
vt (m/s)
Ret

Pr

Literature
[1]

GA
[6]

PSO
[3]

SFLA

4.83
0.02
0.356
0.894

3.379
0.016
0.5
0.83

3.115
0.015
0.424
0.81

18.35
0.0747
0.4283
0.7954

918
0.75
14925

1567
0.69
10936

1658
0.67
10503

47
1.072
79678

5.7

5.7

5.7

5.6949

3812
6251
0.032

3762
4298
0.0831

3721
4171
0.0687

3318.7
9483.3
0.0681

0.014
0.58
18381
5.1

0.011
0.44
11075
5.1

0.0107
0.53
12678
5.1

0.0532
0.544
63807
5.0821

1573
35789
615

1740
13267
660

1950.8
20551
713.9

999.99
19487
483.90

278.6
51507
2111
12937

262.8
49259
947
5818

243.3
46453
1038.7
6778.2

198.28
43491
1362.8
8373.7

64480

55077

53523.1

51865

Figure 2. Convergence of SFLA for this case study

VI. CONCLUSION

t
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Heat exchanger design is a complex task, and
advanced optimization tools are useful to identify
the best and cheapest heat exchanger for a specific
duty. The present study demonstrates successful
application of SFL technique for the optimal design
of a shell-and-tube heat exchanger from economic
view point. The SFL code is developed in
MATLAB environment. Comparatively good or
convergent results are obtained by SFL. The
presented SFL technique is simple in concept, few
in parameters and easy for implementation. These
features boost the applicability of the SFL
particularly in heat exchanger design like problems,
where the problems are usually complex and have a
large number of variables and discontinuity in the
objective function. SFL converges to optimum
value of the objective function within quite few
generations and this feature signifies the
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importance of
optimization.

SFL

for

heat

exchanger
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The Usability of the Laser Methods
in Monitoring of Earth Seismic Dynamics
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1
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Abstract: The paper discusses the most important
results among the collected experience on the study of
the indications of the approaching of the strong
earthquake. Modern methods of the laser
measurements allow definite with the high reliability
the force, place and the time of the seismic event. The
results assure that these measurements can discover
the earthquake indicators.
Keywords: information processing, laser physics,
earthquake indicators, decrease of the consequences
of the natural cataclysms.

I. INTRODUCTION
During the last 50 years leading seismologists
and geophysicists have collected extensive studies
relative to the future the strong earthquake
indicators. Nevertheless the prognosis of these
catastrophic events remains to be one of the
unresolved problems among the sciences about the
Earth. Present-day methods of the laser
measurements allow definite with the high
reliability the force, place and the time of the
seismic event. It is determined that ageing of the
earthquakes is first of all connected with the
processes of the earth's crust deforming. The
seismic event is the result of the sudden deliverance
of the resilient energy, which is stored in the
geophysical sphere during the period of the
deformation. In the dependence of the force of the
preparing earthquake the changing of the
deformation process can be detected at the distance
about several tens or hundreds of kilometers from
the epicenter. For the registration of the dynamics
of the development of the deformation process in
the seismic zones special devices are necessary. It
must allow continuous measuring of the super small
deformation shifts of the rocks with the highest
accuracy. This device can be developed on the basis
of the laser metrology methods.
II. THE CONDITIONS OF THE MESUREMENTS
With the aim of the said researches Institute of
Laser Physics of the Siberian Brunch of the Russian
academy of Sciences (ILP SB RAS) has developed

the original automated laser deformation measurer
(LDM). Main advantage of the created LDM for the
merriments inside adit is its high accuracy in
atmosphere. Its relative error is about 10-9÷10-10 for
the oscillations with the period from 1 s to 107 s. It
allows registration of the own and tidal Earth
oscillations, regular 24-hours variations of the
micro deformation noise; also, it allows study
particularities of the deformation process in the
earth's crust, which accompany seismic activity.
The principles of the LDM working are
discussed in [1–3]. One of its main parts is laser
heterodyne interferometer, which consists of four
independent optic channels. Three channels are
measuring and one is reference. They are made in
the accordance of the scheme of the nonsymmetrical Michelson interferometer, where
heterodyne laser is used as the reference light
source. Another laser beam is directed to the
studied object (mirror). The frequency shift
between them is 1 MHz. Another important part of
the LDM is optical unit. It accomplishes the
compensation of the laser frequency instability due
to the atmosphere influence. The total length of the
measuring shoulder is 25 m. Computer collects the
LDM signals with the sample period 0.5 Hz and
store them.
Measurements with 2-coordinate LDM are
accomplished during 20 years inside the adit in the
Baikal rift zone, which is seismically dangerous
region. The measurements allowed studying
anomalies of the deformation processes, which
accompany regional seismic events. The main goal
of these researches is the development of the
method for the registration of medium-term and
short-term earthquake precursors.
In the result of the observations the anomalous
conduct of the deformation process was registered
on the eve of the strong regional and distant
earthquakes. The peculiarities registered in the
deformation signals on the background of the
natural tidal process become apparent several hours
(or days) before the event in the various forms.
They are bay-like deformations, micro deformation
noise and quasi-periodic vibrations with the period
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from 0.5 to 3 hours. One of the examples, which
demonstrate the opportunities of LDM, is the
registration of the development of the strong
seismic centre of the earthquake with К > 15. It
took place in the lake Baikal (see Figure 1) 27-th of
August 2008 in 01:35:31 of Greenwich Mean Time
(GMT) (coordinates of the epicenter are φ = 51.61о

and λ = 104.07о). The combination of the high
energetic class and relatively close distant from the
observation station (about S≈30 km) makes this
earthquake very representing event for the getting
of the information about earthquake precursors
during its epicenter development.

Figure 1. The South part of the lake Baikal area with the pointing of the point of the laser-helped measurements,
seismic centre and joint fissures

III. THE RESULTS OF THE MESUREMENTS
The first peculiarity of the discussed seismic
event is illustrated with graphs of the deformation
on the eve of the earthquake. Figure 2 shows the
deformations graphs according to the two
measurement shoulders and their difference during
six month.
The curve marked with A is
deformation of the shoulder along direction from
North to South, curve marked with B is
deformation of the shoulder along direction from
West to East. Curve С is the difference between
this two signals. Along the ordinates axis the value
of the deformation is presented in the counting units
of the digital phase meter. Positive direction means
compression of the interferometer shoulders. In the
initial part of the discussed observation period there
was gradual compressing in the both directions of
the LDM. The horizontal direction of the difference
deformation indicates synchronous character and
season nature of it. Isotropic compressing continued
until 16 of June. Then monotonous deformation in
the different shoulders became nonsynchronous.

Along the direction from East to West the strain
began whereas along the direction from South to
North there was no evident monotonous
deformation. Such character of the deformations of
rocks indicates cumulative potential energy in the
epicenter zone. And the transfer of the difference
curve to the horizontal straight line is evidence of
the preparing relaxation. The strain of the direction
from East to West shoulder during 72 hours was
about 22 µm.
The second peculiarity in the preparing of the
discussed earthquake was discovered in the
anomalous character of the deformation noise with
typical cycle of oscillation about several of tens of
seconds. This peculiarity is shown at Figure 3. It
presents three curves in the same scale for period
from 18-th to 26-th of August. The observed
peculiarity was in the fact that on the background of
the permanently present periodical noise
component with the period 24 house sharp
excitation of the noise component has been
registered.

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computing Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 2011

177

Figure 2. Curves of the deformation, which were registered during the time from 27.03.08 to 29.09.08: А – signal of the
measurement oriented from North to South; В – signal of the measurement oriented from East to West; C – direct difference
of the two previous signals

Figure 3. The variations of the deformation noise in the band according to oscillation period from 20 to 40 s on the eve of the
close earthquake in the region near the lake Baikal

At the two upper graphs the signals of the two
shoulders are shown which were filtered in the band
according to the oscillation period from 20 to 40 s.
At the bottom graph the difference of the two said
signals is shown. The filter window is experience
chosen from the point of the most distinct
distinguish daily variation of the deformation noise.
Each 24 hours the increase of the micro
deformation noise with the amplitude in 2–2.5
times more hen permanent level distinctly develops.
This effect is registered when the Sun is in zenith

and appears in the both shoulder equally. Therefore
it is not registered in the different channel. At the
eve of the regional earthquake this noise becomes
anomalous. It becomes apparent with the
appearance of the additional splash of oscillations
at the 19-th of August and three days before the
earthquake of the 24-th of August. Physical nature
of the generation of this noise is not known, but
such peculiarities on the eve of the regional
earthquake were registered many times. The most
interest harmonic is 12-hours one. The information
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in this component contains less value of the
unwanted effects, while the 24-hours harmonic
contains distortion produced by meteorological
events. Semi-diurnal flux is quasi-harmonic signal.
Figure 4 presents graphs A and B which are
flash of the flux oscillation in the two measurement

shoulders, which are filtered in the band according
to the period from 708 to 768 minutes. The
amplitudes of these signals changes with the period
about 14 days. It is dependant on the position of the
Sun and the Moon.

Figure 4. Semi-diurnal flux harmonics in the orthogonal shoulders A and B and, respectively, their envelopes C and D; E
is the graph of the deformation response

Three days before the discussed earthquake the
amplitude of the flux along the direction from East
to West became much more then this from South to
North. With the aim to exclude the phase delays of
the flux harmonics, only 14-days envelope curves
of the 12-hours oscillations were analyzed. As the
graphs shows, the phase delay has sharply changed
and achieved maximal value of about 4 days. For
the illustration of the anomalous form of the
envelope the curve E is shown at Figure 4 also. It
presents the following function:

E (t ) =

S 01 (t ) − S 02 (t )
.
S 02 (t )

Here S 01 (t ) is amplitude of the envelope of the
semi-diurnal flux in the direction from South to
West, and S 02 (t ) is the same from East to North.
The left part of the graph of E(t) shows the
usual conduct of the deformation process until the
anomalous zone of the graph. Several days before
the earthquake the curve E(t) becomes sharply
increase to the value 20-30%. It achieves the
maximum value two days before the earthquake.
Then after the maximum, this curve decreases
during five days and achieves its normal value. The
development of the function E(t) versus time is
similar to the development of the dielectric
receptivity at ferroelectric
phase change. This
analogy has the right if we assume that the earth's
crust deformity is the response to the outer gravity

flux force. It increases due to the decrease of the
rigidity of rocks before the earthquake.
In the curse of the LDM measures the
excitation of the long-period oscillations was
registered. At the diagrams of the information
according to each shoulder it appears as
disturbances on the background of the flux
oscillations 1.5–2 days before the earthquake. As
the illustration of this phenomenon at the Figures 5
and 6 there is the example of such excitation at the
eve of the earthquake of the 12-nd energetic class,
which occurred at the distance about 526 km from
the observation station “Talaya”. The lithosphere
disturbance in the form of the flush of the
deformation noise has been registered in the band
according to the period from 0.5 to 2 hours. Similar
effects were observed in the result of the 15-years
regular LDM measurements.
The fact that the observed phenomenon appears
equally in the both orthogonally directed shoulders
indicated that the source of the excitation of the
discussed deformation pulses has the directed
action and the force vector is oriented orthogonally
to the Earth surface. The paper [4] has proposed the
assumption that this phenomenon is connected with
the oscillations of the inner Earth core. In the
accordance with this hypothesis, the oscillations of
the hard component of the Earth core can provoke
not only deformations in lithosphere and
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atmosphere pulsations, but also serve as trigger

mechanism for the earthquake development.

Figure 5. The fragment of the diagrams from the seismic station “Talaya”: a – earthquake in Irkutsk region at 08.03.2006,
11:56 GMT, K = 12.0; b – earthquake in Irkutsk region at 08.03.2006, 16:57 GMT, K = 12.2

Figure 6. The signal of the measurement shoulder 1, when filtered in the band according to the period from 30 to 120 minutes

Taking into account this approach, the radial
oscillations of the Earth core due to its orbital
movement around the Sun is the source of the shift
movements of the core. According to this
conception,
observable
super-long-period
oscillations of the core which produces gravity pole
changing and according deformation disturbances
in the earth‘s crust, are cased by mechanical recoil
momentum, derivable by the Sun during non-

isotropic spike of the matter at the time of the flash
[5].
Besides, such oscillations of the inner solid
Earth core provoke geodynamic events. Collected
experimental data confirm this concept.
Figure 7 demonstrated experimental graphs,
where curve A is variations of the atmosphere
pressure in the range of the periods from 30 s to
7 hours, which are free from the daily drift and flux
oscillations; curve B is signal of the LDM shoulders
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in the range of the periods from 30 to 120 min;
curve C is signal of the same shoulder without

filtering; curves D are temporal variations of the
power of the roentgen light.

Figure 7. Variations of the LDM signals in the relative units (A, B, C) and roentgen radiation signals (D) during the period
from 26.05.2003 to 30.05.2003
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The data about variations of the roentgen light
is gotten from the space satellites GOES (The
Geostationary Operational Environmental Satellite
Program).
It is distinctly obvious at the graphs that during
the quiet periods of the Sun activity there is not
typical peculiarities in the deformation oscillations
of the Earth rock. However when the powerful
flashes when roentgen flow exceeds its mean level
into 103–104 times, then in the LDM records there
are sharp burst of the signal in the atmosphere and
lithosphere; and the value of the burst is
comparable with this of the flux variations. It is
remarkable that right after pulse disturbance at the

deformation curve it is obvious increase of the
amplitude of the oscillations in the range of the
periods from 30 to 120 min. Since signal from the
measuring in the atmosphere conducts similarly
hence it agree with the concept about the primary
Earth shock as a result of pulsed gravity action
from the Sun after the flash on it, and about the
following swinging of the oscillations of the inner
Earth core. Under the proposed hypothesis,
powerful Sun flash provokes the core oscillations
and generates long-period deformation pulses in the
Earth crust, which can initiate local bursting of the
strained rocks and by this way bear the earthquakes.

Figure 8. Two-channel LDM inside the adit “Talgar” at the Alma-Ata forecasting testing area

IV. CONCLUSION
The results of the many years LDM
observations have demonstrated that long-term
measurements at the single station can discover the
earthquake precursors. However they still does not
allow localize the epicenter and evaluate the force
of the preparing earthquake. Only system of the
observation stations which would cover different
blocks of the earth’s crust could provide the high
effectiveness of the monitoring of the deformation
process state in the whole seismic region under
consideration. It would allow on the base of the
analysis of the nature of the complex mosaic
changes of mode of deformation in the different

points to conclude the deductions about the
direction of the existent changes.
At present time LDM is introduced at the
testing area in seismic dangerous region of
Kazakhstan (new Alma-Ata). The first stage of
this work is organization continuous LDM
observations in the seismic station “Talgar”. Figure
8 presents the place with established LDM here.
The introducing of the LDM-helped geodynamic
monitoring at this forecasting center is executed by
Institute of Laser Physic together with TOO
“Physical-Technological
Institute”
RK
(Kazakhstan) and Sience-Industrial Complex
“Prognosis”
of
Central
Directorate
“KazSeleZaschita”
(Kazakhstan’s
Protection
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against Mudflow) Emergency Control Ministry of
Kazakhstan .
The continuous LDM observations in real time
will allow with the joint efforts of Russia and
Kazakhstan to fill up the lack of the information
about precursors of the prepared strong
earthquakes.
[6]
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Increasing of Accuracy of Definition of Coordinates
in Robotic Vision
V.I. Guzhov, S.P. Ilinykh, A.R. Vagizov, R.A. Kuznetsov
Novosibirsk State Technical University

Abstract: In article, ways of increase of
accuracy of definition of spatial coordinates to
systems of computer sight intended for a
robotics are considered. It is offered to use
with that end in view a combination of
projective and triangulable methods. In a
projective method for increase in word length
of a projected sinusoidal lattice structured
illumination is formed of a set binary images.
Keywords-interference robotics; 3D-vision;
structured illumination; data processing
algorithms.
Keywords: Robotic vision, accuracy, image
processing, data processing
I. INTRODUCTION
Machine vision nowadays is successfully
implemented more and more in the area of robotics.
In systems of 3D-computer sight basically projective
methods of definition of coordinates of threedimensional objects are used. Among variety of
applied methods it is possible to allocate two basic
approaches a method of a triangulation and a method
of the structured radiation [1, 2]. The triangulation
method is based on calculation of coordinates of
points of object in three-dimensional space on two (or
several) to the two-dimensional pictures made under
different parallax corners. A method simply enough,
but accuracy of definition of coordinates is low. The
projective method of the structured illumination
simulates an interferential method of measurement of
a relief of a surface and consists in object illumination
by specially generated image of a sinusoidal lattice.
Three-dimensional coordinates of object are defined
on distortion of a profile of a sinusoidal lattice which
is connected with the object form. The method allows
defining directly spatial coordinates of object
commensurable with the period of a projected lattice.
For increase in a range of measured distances it is
necessary to count up quantity of strips from a
measured point to the chosen reference point.
Accuracy of this method above, than at a triangulable

method and the core is limited to word length of the
devices intended for input of optical images.
We suggest to eliminate the specified lacks and to
raise accuracy of measurement of coordinates, using a
combination of these methods. In addition, with the
aim to raise accuracy of a projective method by
formation of the image of a sinusoidal a lattice from
binary images is represented.
II. PROPOSED METHODS AND SOLUTIONS
A) Technology of the projection methods (3D
scanning) allows recording information about object’s
surface (depth) with high precision and speed using
the principle of structured illumination. All data are
obtained by means of projection of special grating to
the scene objects. Distortions of grating projection,
which are created by objects’ geometry, allow
calculating accurate position of each point of the
grating in 3D. These systems allow measuring 3D
surfaces in case of video capturing.

Figure 1. Geometrical
experimental Setup [3]

representation

of

Sinusoid patterns are projected on object as
I p ( x, y ) = Ap + Bp cos(2π fϕ y)


A

the

(1)

B

where p and p are the projection constants
and (x, p) is the projector coordinates. The y
dimension is in the direction of the depth distortion
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and is called the phase dimension. On the other hand,
x dimension is perpendicular to the phase dimension,
so we call it the orthogonal dimension. The frequency

fϕ

of the sinusoidwave is in the phase direction.
I ( x, y )
Note that every point p
is represented as an
integer. The reflected intensity images from the object
surface after projections are

I c ( x, y) = α ( x, y) ( Ac + Bc cos(2π fϕ y + ϕ ( x, y ) ) (2)
where (x, y) are the image coordinates and α(x, y) is
the reflectance variation or the albedo. The pixel-wise
phase distortion φ(x, y) of the sinusoid wave
corresponds to the object surface depth. The depth of
the object surface with respect to the reference plane
is easily obtained through simple geometric
algorithms [3]. As shown in Fig. 1, the distance
between the projector lens center, Op, to the camera
lens center, Oc, is d. Both the projector and the
projectorcamera plane are a distance L from the
reference plane. The height of the object at point A, h,
is calculated by
BC ⋅ ( L D )
h=
1 + BC D

(3)
and BC is proportional to the difference between the

ϕ B , and the phase at point C, ϕC , as
BC = β (ϕ A − ϕ B + 2π N )

T. Lattice shift for one period is equivalent to entering
of phase shift equal 2π .

δϕ1 =

4,
At entering of phase shifts on size
5π
π
δϕ2 =
δϕ1 =
4 and
4 also we will receive the
following formula of decoding
I −I
ϕ = arctan 3 2
I1 − I 2
.
(7)
B) In proposed method for elimination of impact
brightness distortions you need to shape halftone
structured image (1) as a sequence of bit (twogradational) fields.
N −1

I p = ∑ 2n ⋅ I n ( x, y )
n=0

The constant β , as well as other geometric
parameters, L and d, are determined during the
calibration procedure. The phase value calculated
from Eq. (2) is wrapped in the range value of [−π, π]
independent of the frequencies in phase direction.
Phase unwrapping procedure retrieves the nonambiguous phase value 2π N out of the wrapped
phase [4, 5].
The given problem can be solved, using results of
measurements of coordinates a triangularly method.
Then, the formula (3) will become


 L 
BC = β  ϕ A − ϕ B + 2π ⋅ int  A  
 T  


(8)

I n ( x, y ) ∈ ( 0,1)

and calculated from Eq. (1).
where
When bit field is projected on the object surface than
I ( x, y )
the pattern n
on normalization factor is
multiply. Normalization factor is defined projected
output data format. Such, to get rejected pattern with
N-binary level is necessary projected sequence consist
from n fields. Decoding the brightness level of the
image is calculated by
N −1

I c ( x, y ) = ∑ 2n ⋅ I n′ ( x, y )

phase at point B,

(4)

n=0

(9)

′
where I ( x, y ) - taken by the camera images which
are converted to two-level image
calculated

I ′( x, y ) ∈ ( 0,1)

Ic .

(5)

L

Here T - periods of a lattice, A - of triangularly
measurements
For phase calculation used a method of phase shifts
[6]

I i ( x, y ) = α ( x, y) ( A + B cos(ϕ ( x, y) + δϕi )

(6)

Phase shift δϕ turns out by spatial shift of the image

of a lattice on size proportional to the period of strips

π

Figure 2. A technique of structured image shaping.
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and

Figure 2 shows the calculated sinusoidal grating

I (gray patterns) corresponding set of bit planes
(binary pattern).

I n′

capacity. As a rule 8-bit illumination devices and 8-12
bit photo recording systems are used. In our case we
can form practically unrestricted dynamic range of
structured illumination brightness measuring using
rather cheap devices.

III. EXPEREMENTS
For practical validation of this technique there has
been used the projection measuring system consisted
of the generator of structured illumination – digital
projector with resolution 800x600 pixels and the
photo recording system – 8-bit web-camera with
resolution 1600x1200 pixels. The size of projected
image was 2x2 m. Sequentially 8 images of bit fields
corresponding to the image of sinusoidal grating with
256 brightness levels, have been projected and
recorded. After reflected from the object halftone
image has been formed by means of these images.
The grating grooves were perpendicular to the plane,
which passed through optical axes of illumination
system and recording optical system. The optical axes
of recording and illumination systems intersected in
one point in the object’s area. The angle between axes
of recording and illumination systems was 10º. The
distance between the object’s plane and the target’s
plane was 3 m. The arrangement fastened to
unmovable platform.
Figure 3 shows reconstructed profile of sinusoidal
fringes. Need to note that fringes profile does not
have nonlinear distortions, which exist in projection
“analog” sinusoid to the object’s surface.

IV. CONCLUSION
We represent accuracy increase 3D-vision system
having excluded necessity of performance of
deployment of a phase, defining it from triangularly
measurements. and a general technology to combine
binary multi-frame patterns into a single half-tone
pattern. In our case we can form practically
unrestricted dynamic range of structured illumination
brightness measuring using rather cheap devices. A
new principle of structured illumination shaping,
which is suitable for realization of pinpoint accuracy
noncontact
optical
measuring
systems
for
determination the surface coordinates of large scale
objects, has been developed and tested. Pinpoint
accuracy of measuring allows using such systems for
robotics 3D-vision.
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Abstract: Significant advancements have already
been made in the field of humanoids and bipeds. Very
complicated and sophisticated methods for walking
and balancing have been developed. This paper
presents a simple minimalistic design of a biped with a
total of only 5 degrees of freedom (DOF), divided as 2
DOF per leg (hip joint and knee joint) and 1 DOF for
the sliding balancing mass. The motion of the robot is
governed by two functions. First function tests for tilt
of the robot. In order to balance the robot a balancing
mass will be appropriately shifted. The second
function increments the joint positions according to a
predefined straight trajectory to exhibit motion. Tilt
of the robot is sensed by a 3-axis accelerometer used
as a tilt sensor, and the joints are moved by servo
motors.

consisting of 10-DOF for the lower limbs, (2-DOF
for pitch axes and roll axes in the foot joint, 1-DOF
for pitch axes in the knee joint and 2-DOF for pitch
axes and roll axes in the hip joint) and 3-DOF for
the trunk (each of the pitch axis, roll axis and yaw
axis of the trunk)[3]. However, the DOFs of the
foot joints for roll axes are passive DOFs.

Keywords:Biped, self-balance robot, trajectory.

I.INTRODUCTION
The objective of this work is to design and
fabricate a Biped Walking machine which can
exhibit walking motion that is similar to human
walking. The machine must be able to exhibit
uniform straight line walking motion on a plane.
While biped walking allows for ease of motion over
varied terrains, it also requires complex mechanism
and controls to ensure stability.
A lot of work has already been done in the field
of bipeds and humanoids. Through 1984 to 1998,
Jin'ichi YAMAGUCHI and Atsuo TAKANISHI of
Waseda University developed a series of biped
robots. First of the series was 2-dof hydraulically
driven [1]. In 1992, they developed a biped which
compensate for 3-axis moment on arbitrary planned
zero moment point (ZMP) by trunk motion [2].In
1993, Li, et al devise a method to realize learning
process of walking stabilization as resembled by a
baby [3] as shown in Figure 4. In 1994,
Yamaguchi, et. al demonstrated a biped walking
robot, WL-12RVII, capable of maintaining stable
dynamic walking in unknown paths with steps, ups,
and downs in a human residential environment
[4].In 1996, they modified WL-12 design (Figure
1) to WL-13 (Figure 2) in order to achieve 13-dof,

Figure 1. Link Structure of WL-12 RVII [2,4]

Figure 2. Link Structure of WL-13 [4]

In 1998, the DOFs were reduced from 13 to 9 in
model WL-14 [5]. The 9-DOF, consisting of 6DOF for the pitch axis of the lower limbs and 3-
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DOF for the trunk (one each of the pitch axis, roll
axis and yaw axis of the trunk).

The walking trajectory and balancing are controlled
separately by two controllers. At the starting of the
walking cycle, the balance mass is shifted towards
one leg and the other is lifted. The balancing
mechanism ensures that there is no tilt in the robot
that would result in tumbling/ falling of the robot.
As the robot completes first step, the mass is shifted
towards the second leg and the first one now leaves
contact with ground. The balancing setup again
ensures no tilt.
III. LINK STRUCTURE AND ITS DESIGN

Figure 3. Link Structure of WL-14 [5]

The design consists of simple two links per leg
structure, where both the links are joined at knee
joint by a revolute joint. The upper link (shown in
Figure 5 as link 1) is joined to the central frame by
another revolute joint. The central frame has a
rocker-slider mechanism to shift the balance weight
via links having revolute joints between them and
with the frame. The robot thus has a total of 5-DOF
(i.e. 2-DOF per leg and 1-DOF at the balancing
mechanism).
The change in angular positions (φ and θ) of the
links (Figure 5) causes horizontal and vertical
motion in the body. By governing the relationship
between ‘φ’ and ‘θ’ specific motion in horizontal or
vertical plane (or both) can be ensured, for example
horizontal motion with constant velocity without
any vertical motion; or vertical motion with
constant velocity without any horizontal motion or
sinusoidal rise of body while moving forward, etc.
All the revolute joints are driven by servo motors.

Figure 4. WR 12 modified for learning biped walking
with human cooperation [3]

In 1990,ShuujiKajita, et al [6] describe dynamic
walk control of biped robot along the Potential
Energy conserving orbit. The trajectory followed by
the centre of gravity is named as the potential
energy conserving orbit. The walking motion is
determined by support leg exchange.
In this paper we attempt to design a simple
biped with minimum DOF and exhibits simple
straight walking and balancing using minimal
resources.
II. WORKING MECHANISM
In this work a new approach is proposed to shift
the balance mass while walking in order to balance
the biped. The proposed robot has a total of 5-DOF.

Figure 5. Link Structure of the proposed biped

The motion of biped is governed by various
parameters, namely:•
•
•

Weight of the body
Weight of links
Weight of motors installed
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•
•
•

− τ h − ML sin(θ ) − ρL2 − BL sin(θ ) − τ k = 0

Length of links
Available torque range of motors
Available angular velocity range of motors

For a set of link lengths and weight of motors,
links and body, we can calculate the angular
position ‘φ’ for each ‘θ’ and the corresponding
values of torques and angular velocities at each
joints.
The foot is made up of three sections (Figure 6)
the middle section is flat (length 3 cm) which holds
the entire weight of the machine when it is at rest.
The other two sections are curved with radius 3 cm
and center of curvature at the hip joint. This is done
to ensure uniformity and stability in motion by
ensuring that the body remains at same height
during motion. This also eliminates the need of the
ankle joint and the actuators to drive that joint.

(3)

τ h + τ k = − L sin(θ )[M + ρL + B] +
+ L sin(θ − ϕ )[2M + ρL + B] (4)
These equations can be modified to obtain the
expressions for angular velocities and joint torques
in relation to angular positions as:

ωk =

V cos(θ )
[ L{sin(θ − ω) cos(θ ) + cos(θ − ϕ ) sin(θ )}]

(5)

ωh =

τh =

(6)

L
sin(θ − ϕ )[2M + ρL + B] −
2
−

τk =

ωk sin(θ − ϕ )
sin(θ )

L
3
sin(θ )[2M + ρL + 2 B] (7)
2
2

L
L2
sin(θ − ϕ )[2M + ρL + B] − ρ sin(θ )
2
4
(8)

Figure 6.Three sections of the foot

Dimensions
The lengths of the links (with reference to
Figure 5) are
Link 1
Link 2
Link 3
Link 4
Balancing
mass

15 cm
15 cm
5 cm
13 cm
Rectangular block of size
4.5cm x 3cm x 3cm (400g)

Kinematics
For a constant Horizontal Velocity (V) and no
movement in vertical direction, the relations for
angular velocities and Torques at the two joints (hip
and knee) are:

ωk L cos(θ − ϕ ) + ωh L cos(θ ) = V

(1)

− ωk L sin(θ − ϕ ) + ωh L sin(θ ) = 0 (2)

Where:
L = length of each link
Θ = angular position of first link (link 1) as shown
in Figure 5.
φ = angular position of second link (link 2) with
respect to first link as shown in Figure 5
ωh = instantaneous angular velocity provided by
motor at the hip joint
ωk = instantaneous angular velocity provided by
motor at the knee joint
τh= instantaneous torque provided by motor at the
hip joint
τk= instantaneous torque provided by motor at the
knee joint
M= mass of each motor
B = mass of the body
ρ = linear mass density (mass per unit length for
both links)
For a desired walking speed of 5cm/sec, the
maximum joint torque developed during the
walking motion is less than 0.4 N-m. Accordingly,
Servo motors capable of delivering up to 0.735 Nm torque has been chosen for the joints.
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IV. TRAJECTORY
In order to exhibit walking motion, the knee
joints and the hip joints are driven according to a
predefined trajectory given as an array of angular
positions at these joints. The trajectory is inspired
from human walking motion. Zeyang Xia and
Guodong Chen [7] presented a method of human
walking capture and its inspiration to Biped Gait
planning. Human walking was observed and
angular positions at the hip joint and knee joint
were marked at certain key points. These key points
were modified as per the required clearance for the
link movements throughout the cycle. The
trajectory is summarized in Table 1.

Key
Position
No.

acting on its axes. As the robot tilts in any direction,
the fractional component of acceleration due to
gravity increases in that particular direction and
becomes less in the z direction. By measuring this
change, the robot judges the direction and amount
of tilt and appropriately shifts the balancing mass in
the direction opposite to that of the tilt, bringing the
system back to balance. An independent controller
takes the tilt reading and shifts the balance mass
accordingly. The balancing algorithm is given in
Figure 9 and actual fabricated biped is shown in
Figure 10 and 11.

Table 1.
Trajectory for Human Walking
L-hip
R-hip
R-knee
L-knee
(in
(in deg.) (in deg.) (in deg.)
deg.)

1

0

0

0

0

2

0

-3

7

30

3

0

-7

15

15

4

0

-10

10

0

5

30

0

0

0

6

15

15

-7

0

7

0

10

-10

0

8

0

0

0

30

9

0

-7

15

15

10

0

-10

10

0

Figure 7. The joint torque Vs Time during one walking
cycle

The interpolation between the key positions
number 1 to 4 gives the start of the walking cycle.
These values are crossed just once at the start of the
motion. Interpolation between key positions
number 5 to 10 gives the actual walking cycle
which is repeated continuously.
V. ANALYSIS OF BIPED MOTION

Figure 8. The angular velocity vs time for during one
walking cycle

Figure 7 and 8 shows the instantaneous values
of the angular velocities and the torque values at the
joints for one walking cycle, which starts with
lifting the left leg followed by transfer of weight to
left leg and lifting the right leg. These have been
obtained by using the Trajectory values in the
equations of motion.
VI. BALANCING
Figure 9.Algorithm for balancing mechanism

A 3-axis accelerometer measures the fractional
components of the acceleration due to gravity
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Figure 11. Fabricated Biped

VII. CONCLUSIONS
A Simple biped machine has been designed and
fabricated which exhibits walking motion which is,
up to some extent, similar to human walking
motion. This model has a total of 5-DOF, i.e. 2DOF per leg (knee joint and hip joint) and 1-DOF
for the balancing motor. A simple iterative program
keeps the body in motion.
This design can be extended to incorporate
more degrees of freedom and redundancy, making
it capable of walking on uneven terrain as well.
More sensors can be used to better understand the
position, motion and weight transfer, thus further
optimizing the design.
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Abstract: This paper presents the design
optimization formulation for the robot gripper. Two
different objective functions are considered for the
optimization: the difference between maximum and
minimum gripping forces for the assumed range of
the gripper displacement and the force transmission
ratio between the gripper actuator and the gripper
ends. Geometrical dimensions are considered as the
design variables and geometric limitations are
considered as the constraints. Optimization is carried
out using the advanced optimization technique;
Teaching-Learning based optimization (TLBO). The
results obtained using TLBO are compared with the
other advanced optimization techniques. Results show
the effectiveness of TLBO over other advanced
optimization technique and the implementation of
TLBO is effective for the robot gripper optimization.
Keywords: Multi-objective optimization, robot
gripper, Teaching-learning based optimization.

I. INTRODUCTION
Grippers play an important role in automation
systems. They are the interface between the
workpiece and the whole automation system, which
realizes a certain production process. Mostly a
gripper design is a special and unique solution for
handling task of a given workpiece. Therefore the
component ‘‘gripper’’ has a high impact on
economical aspects, when flexible automation
systems are needed. The two-finger grasp is
extensively used both for human and industrial grip,
since it may be considered the simplest efficient
grasping configuration. Most of the gripping
systems that are
installed in industrial automations and robots
are mechanical two finger grippers. They are used
both for manipulation and assembling purposes
since most of these tasks can be performed with a
twofinger grasp configuration. A gripper can be
considered as a critical component of automated
manipulations since it interacts with the
environment and particularly with the piece to be
machined or manipulated so that the gripper greatly
contributes to a practical success of using an
automated or robotized solution. Therefore, a good
design of a gripper may be of fundamental

importance. The design of a gripper must take into
account several aspects of the components and the
system together with the peculiarities of given
application or multi-task purpose. Strong
constraints for the gripping system can be lightness,
small dimensions, rigidity, multi-task capability,
simplicity and lack of maintenance. These design
characteristics can be achieved by considering
specific end effectors or grippers.
Many real-world problems involve two types of
difficulties namely (i) multiple, conflicting
objectives and (ii) a highly complex search space.
Instead of a single optimal solution, competing
goals of real-world problems give rise to a set of
compromise solutions generally called as Pareto
optimal. In the absence of preference information,
none of the corresponding trade-offs could be said
to be better than those of others. Also the search
space can be too large and too complex to be solved
by exact methods. Thus, efficient optimization
techniques that are able to deal with both the
difficulties are required. Advanced optimization
techniques such as GA [1], PSO[2] , ABC [3-4],
AIA [5], BBO [6], DE [7], TLBO etc., that possess
several characteristics are desirable for this kind of
problem and are preferable to classical optimization
methods.
This paper investigates the implementation
TLBO for the multi-objective optimization of a
robot gripper and the results are compared with the
results of other advanced optimization techniques
such as genetic algorithm (GA), particle swarm
optimization (PSO), artificial bee colony
optimization (ABC), artificial immune algorithm
(AIA) and differential evolution (DE) and
biogeography based optimization (BBO). The next
section presents the description of teaching-learning
based optimization technique.
II. TEACHING-LEARNING BASED
OPTIMITION (TLBO) TECHNIQUE
Teaching-learning process is the heart of
education. The fulfillment of the aims and
objectives of the education depends on Teachinglearning process. Based on the above fact of

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computing Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 2011

196

teaching-learning process, mathematical model is
prepared and it is implemented for the optimization
process. Assume two different teachers, T1 and T2,
teaching a subject with same content to the same
merit level learners in two different classes. The
distribution of marks obtained by the learners of
two different classes evaluated by the teachers
follows some distribution depending on the group
of learners. A Normal distribution is assumed for
the obtained marks. Normal distribution is defined
as,

1
f (X ) =
e
σ 2π

Here TF is the teaching factor which decides the
value of mean to be changed, and ri is the random
number in the range [0, 1]. Value of TF can be
either 1 or 2 which is a heuristic step and it is
decided randomly with equal probability as,
TF = round [1 + rand (0,1){2 − 1}]

Based on this Difference_Mean, the existing
solution is updated according to the following
expression.
X new ,i = X old ,i + Difference _ Meani

−( x− µ )2
2σ

(3)

2

,
(1)
where σ2 is the variance, µ is the mean and x is any
value of which normal distribution function is
required.
Like other nature inspired algorithms, TLBO is
also a population based method which uses a
population of solutions to proceed to the global
solution. For TLBO population is considered as a
group of learners or a class of learners. In
optimization algorithms population consists of
different design variables. In TLBO different
design variables will be analogous to different
subjects offered to learners and the learners’ result
is analogous to the ‘fitness’ as in other population
based optimization techniques. The teacher is
considered as the best solution obtained so far. The
process of working of TLBO is divided into two
parts. The first part consists of ‘Teacher Phase’ and
the second part consists of ‘Learner Phase’. The
‘Teacher Phase’ means learning from the teacher
and the ‘Learner Phase’ means learning due
through the interaction between learners.
Teacher phase
It is first part of the algorithm where learners
learn through the teacher. During this phase a
teacher tries to increase the mean result of the class
room from any value M1 to his or her level (i.e. TA).
But practically it is not possible and a teacher can
move the mean of the class room M1 to any other
value M2 which is better than M1 depending on his
or her capability. Considered Mj be the mean and Ti
be the teacher at any iteration i. Now Ti will try to
improve existing mean Mj towards it so the new
mean will be Ti designated as Mnew and the
difference between the existing mean and new
mean is given by equation (2).
Difference _ Meani = ri ( M new − TF M j )

.

Learner phase
It is second part of the algorithm where learners
increase their knowledge by interaction among
themselves. A learner interacts randomly with other
learners for enhancing his or her knowledge. A
learner learns new things if the other learner has
more knowledge than him or her. Mathematically
the learning phenomenon of this phase is expressed
below.
At any iteration i, considering two different
learners Xi and Xj where i ≠ j
X new,i = X old ,i + ri ( X i − X j )

If

f(Xi)< f (Xj)

X new,i = X old ,i + ri ( X j − X i )

If
f (Xj) < f (Xi)
Accept Xnew if it gives better function value.

III. EXAMPLE
The objective is to minimize the difference
between maximum and minimum force applied by
the gripper for the range of gripper end
displacements. there are 7 continuous design
variables (a, b, c, e, f, l, δ) as shown in Figure 1. all
the design variables are associated with the
geometric dimensions of the robot gripper. there are
six different geometric constraints associated with
the robot gripper problems. the problem is taken
from Osyczka et al. (1999) which is stated as:
Minimize

f ( x) = max Fk ( x, z ) − min Fk ( x, z )
z

z

(4)

Subject to:
g1 ( x) = Ymin − y ( x, Z max ) ≥ 0

(2)

g 2 ( x) = y ( x, Z max ) ≥ 0
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(5)
(6)

g3 ( x) = y( x,0) − Ymax ≥ 0

(7)

g 4 ( x ) = ( a + b) 2 − l 2 − e 2 ≥ 0

(8)

g 5 ( x) = (l − Z max ) 2 + (a − e) 2 − b 2 ≥ 0

(9)

g 6 ( x) = l − Z max ≥ 0

(10)

Following parameters are derived from Figure 2.
g = (l − z ) 2 + e 2

(11)

 a 2 + g 2 − b2 
 + φ
2ag



(12)

 b2 + g 2 − a2 
 − φ
2bg



(13)

α = arccos

β = arccos
 e 
+φ
l − z 

φ = arctan

(14)

 Pb sin(α + β ) 

Fk = 
 2c cos(α ) 

(15)

y ( x, z ) = 2(e + f + c sin( β + δ )

(16)

•

For DE: F = 0.5, C = 0.5

•

For BBO: Immigration rate = emigration
rate = 1, mutation factor = 0.01,

•

For AIA: Clone size = population size, β =
1, repertoire rate = 0.25

Results for the best solutions obtained by
different algorithms are given in Table 1.
Moreover, values for the objective function, design
variables and constraints are given in Table 2. It is
observed from the results that applications of PSO,
ABC, TLBO and BBO to the robot gripper design
problem have produced better results than that
reported by Osyczka et al. [8]. DE fails to find the
feasible solution and AIA has shown inferior results
than that reported in [8]. Application of TLBO has
shown 15.3% improvement in the result than that
given in [8].

Optimization
method
GA [8]

Where, Ymin=50, Ymax=100, Zmax=100, P=100,
10 ≤ a,b,f ≤150, 100 ≤ c ≤200, 0 ≤ e ≤ 50,
100 ≤
l≤ 300, 1 ≤ δ ≤ 3.14
The above problem was attempted by Osyczka
et al. (1999) by using GA with population size of
400 and number of generations as 400 i.e. requiring
160000 function evaluations. The value of the
objective function reported by Osyczka et al. (1999)
is f(X)= 5.02N with a=150, b=131.1, c=196.5,
e=12.94, f=133.80, l=175 and δ=2.60. Now the
same problem is attempted in this work by using
PSO, ABC, BBO, DE and AIA. Following
parameters are taken for the analysis:
•

Population size = 20

•

Number of generations = 100

•

For PSO: w varies linealy from 0.9 to 0.4,
c1=2, c2=2, Vmax = 4

•

For ABC: number of employed bees =
number of onlooker bees = Population
size/2, limit = number of generations.

x1
x2
x3
x4
x5
x6
x7
-

Table 1.
Comparison of results
Function
Objective function
evaluatio
value
ns
5.02
160000

PSO

4.496555

25000

ABC

4.2576

25000

BBO

4.6753

25000

DE

-

25000

AIA

5.3421

25000

TLBO

4.247

25000

Table 2.
Values of objective function, constraints and
design variables
Design variables
Constraints
150
g1(X) 28.0928485273
150
g2(X) 21.9071514727
200
g3(X) 33.6495870810
0
g4(X) 79999.9999999800
150
g5(X) 0.0000000000
100
g6(X) 0.0000000001
2.339539113
Objective Function
f(X)
4.2476436

The above problem is also attempted by
considering other objective function for the force
transmission, which can be stated as
(17)
P
f 2 ( x) =

min Fk ( x, z )
z

The comparison of the pareto front using GA
and TLBO is shown in Figure 3. It is observed from
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the results that the implementation of TLBO has
shown a different pareto fromt for the considered
objective functions. The pareto fromnt front
obtained using TLBO is better than that given by

Osyczka et al., 1999 by using GA. The graphical
representation for four different pareto front
solutions, A, B, C and D are shown in Figure 4.

Figure 1. Robot gripper (osyczka et al., 1999)

Figure 2. Different geometries of robot gripper (Osyczka et al., 1999)
2.1

GA

1.9

TLBO

1.7
1.5
(X)

1.3

2
f

1.1
0.9
0.7
0.5
4

5

6

7

8

9

10

11

f 1 (X)

Figure 3 Comparison of Pareto front using GA and TLBO
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This paper presents the multi-objective
optimization of a robot gripper. The optimization is
carried out using advanced optimization techniques
such as GA, PSO, ABC, BBO, AIA, DE and
TLBO. It is observed form the results that the
implementation of TLBO for the robot gripper
optimization is effective than the other optimization
techniques. For multiobjective optimization of the
robot gripper, implementation of TLBO is better in
comparison to the results of GA.
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Abstract: In many industrial applications such as
material handling, assembly, etc., the redundant
manipulators are preferred over limited freedom
degree manipulator. An attempt is made in this paper
to achieve the optimum control of movement of
redundant locators. The objectives considered is
minimization of positional error of robot end effectors
subjected to the constraint of robots collision free
movement as the end effectors moves from one position
to the other. An advanced optimization algorithm
known as particle swarm optimization is applied to
find the optimal combination of parameters controlling
the movement of redundant manipulators. An
application example is presented to illustrate the
proposed algorithm.
Keywords: Redundant manipulators,
swarm optimization, collision avoidance.

particle

I. INTRODUCTION
In many practical applications, the robot
manipulators should be able to avoid obstacles in
their workspace while performing the desired task.
The non-redundant manipulators are not sufficiently
effective as they can not perform complex
movements under the conditions of the restrictions.
To overcome this difficulty, robots should possess at
least one degree-of-freedom (DOF) more than the
number required for the general free positioning, i.e.
they should be redundant. Redundant manipulators
can be also most effective to resolve the task of the
automatic assembly and demounting of the complex
equipment, repair, and works which can not
effectively performed manually.
The main issue in solving inverse kinematic
problem of a redundant manipulator lies in the fact
that they are highly nonlinear and there exist
multiple solutions. In the case of a redundant
manipulator, the number of inverse kinematic
solutions may become infinite and closed form
solutions are impossible to find in general. Various
researchers used different approaches to solve the
inverse kinematic problem of redundant manipulator
in the environment with obstacle. Ma¢iejewski and

Klein [1] considered the problem of the inverse
kinematics of redundant robots in environments with
moving obstacles. The problem is formulated as an
optimization problem under the constraints of
multiple goals: primary goal described by the endeffectors trajectory and a secondary goal describing
the obstacle avoidance. Obstacle avoidance is
achieved by maximizing the distance between robot
and obstacle. Thakor and McNeela [2] presented a
dynamic programming approach to calculate robot
kinematics and plan optimized trajectories. The
algorithm optimizes desirable cost such as absolute
accuracy, time of travel, and obstacle avoidance.
Nakamura et al. [3] introduced the concept of task
priority in relation to the inverse kinematics problem
for redundancy control of robot manipulators. Parker
et al. [4] introduced the use of genetic algorithms for
solving the inverse kinematics problem of redundant
robots. The genetic algorithm was used to position
the end-effector of a robot at a target location while
minimizing the largest joint displacement from the
initial position. The reduced gradient method was
used by Luca and Oriolo [5] to solve the redundancy
in robot manipulator by using only the extra DOF
for optimization of various criteria such as
manipulability, and distance from obstacles. Won et
al. [6] applied Powell’s method for predetermined
optimal redundancy resolution for a redundant
manipulator. Nearchou and Aspragatho [7] applied
genetic algorithm to the problem of point to point
motion of redundant robot manipulators working in
the environment with obstacles. SZha [8] presented
a unified approach to optimal pose trajectory
planning for robot manipulators in Cartesian space
through a genetic algorithm. A genetic algorithm is
used to choose the parameters (coefficients) of space
curves such that the pose ruled surface and its area
and area change ratios are optimized for achieving
good kinematics and dynamics performances. Brice
et al. [9] applied an optimization scheme applied to
avoid obstacles in 3D space present in the robot
trajectory by using redundancy, and to prevent the
robot from retracting and crashing into the base by

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computing Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 2011

201

setting a security envelop. The generation of the
trajectory with obstacles avoidance is performed by
calculating the differential inverse kinematics of the
robot based on the generalized inverse function.
Marcos et al. [10] presents a new technique that
combines the closed-loop pseudo-inverse method
with genetic algorithms.
It is revealed from the literature that the
traditional optimization methods such as Powell’s
method,
Fletcher-Reeves
method,
dynamic
programming, and the reduced gradient method etc.
have been used for this class of problems. However,
these traditional methods of optimization do not fare
well over a broad spectrum of problem domains.
Moreover, traditional techniques may not be robust
and they tend to obtain a local optimal solution.
Considering the drawbacks of traditional
optimization techniques, attempts are being made to
model and optimize the complex problem using new
techniques. The most commonly used nontraditional optimization technique is genetic
algorithm. genetic algorithm operates on a
population of potential solutions by applying the
principle of survival of the fittest to achieve an
optimal solution. Genetic algorithm can begin with a
population of solutions in parallel, but it suffers from
poor convergence properties. Hence, there is a need
to use more recent and robust method for
optimization of control parameters of robot
redundant manipulator. Particle swarm optimization
(PSO) is reported to be the better algorithm for
continuous optimization as well as discrete
optimization problems [11]. Hence, the same is
considered in this work for optimization of
movement control of redundant manipulators.
.
The next section provides the details of
optimization model for redundant robot manipulator
working in the environment with obstacles.
II. OPTIMIZATION MODEL FOR
REDUNDANT ROBOT MANIPULATOR
For the present problem, the main objective
considered is to minimize the positional error (Pe)
subjected to the of robots collision free movement as
the end effectors moves from one position to the
other.
The decision variables considered for this model
are the angular positions of the links (θ1, θ2 …θN),
where N is the number of links of manipulator. The
objectives function is then expressed as
Minimize

Pe = ( xc − x f ) 2 + ( yc − y f ) 2 .

(1)

Here, [xc, yc] is the current position of robot’s
end effector and [xf, yf] is the desired final position.

xf and yf can be expressed in terms of variables
as:
N

x f = ∑ Li cos θ i ,

(2)

y f = ∑ Li sin θ i .

(3)

i =1
N

i =1

Here, Li is the length of the link i.
Constraint:
The constraint is on collision free movement of
manipulator. The collision is detected if any overlap
occurs between the manipulator link and the
obstacle. The overlap area can be calculated using
following steps:
1) Identification of point of intersection: When the
two lines intersect, the point of intersection can be
identified by all grids containing at least two lines
belonging to two different bodies. The actual point
of intersection is obtained by solving the equations
of the two intersecting lines, line and arc or two arcs.
2) Identification of boundary line segment: Once
the point of intersection is identified, it is necessary
to find the portion of the line which forms the
boundary of the overlap region. This can be
determined based on the sign of cross product of the
two vectors drawn from the two end points of one
intersecting line to the point (say q) along another
line at some distance from the intersection point. If
the cross product is positive, the segment of line
from the point of intersection to the end point of the
line on the side of point ‘q’ forms the boundary of
the overlap region. Using this mechanism for every
intersection point, a directed line segment is found
which is a part of overlap boundary. The starting
point of this directed line segment is another
intersection point on that line or the end point of the
line. Sometimes it is also possible to have an
intersection point on a line for which no segment
forms the boundary of the overlap region.
3) Identification of Overlap Region:
Once the line segment forming the part of
overlap boundary is found for every identified
intersection points, these line segments must be
connected to form the overlap region. There may be
more than one overlap regions. The procedure is
started at new point of intersection in that region
which has not been traversed.
4) Calculating Area of Overlap Region:
To find out the area of overlap region Green’s
theorem can be used. According to this theorem, for
a closed boundary described by ‘m’ line segment
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with end points {(xi, yi), i=l, m} overlap area is
calculated as

Aoverlap =

1
∑ xi ( yi+1 − yi ) − yi ( xi+1 − xi )
2

(4)
As drawing is also consist of circular arcs,
Green’s theorem calculates the area which covers
the end point of the arcs as shown in Fig. 1 (a-d).

accelerating) of each particle toward its ‘pBest’ and
‘gBest’ locations (global version of PSO).
Acceleration is weighted by a random term with
separate random numbers being generated for
acceleration toward ‘pBest’ and ‘gBest’ locations.
The updates of the particles are accomplished as per
the following equations.
Vi+1 = w×Vi + c1 × r1 × ( pBesti − Xi ) + c2 × r2 ×(gBesti − Xi )
X

Fig. 1 Area calculation using Green’s theorem
The constraint is defined as, for any feasible
configuration
Aoverlap = 0

(5)

Using the above mentioned procedure, if the
collision occurs for any manipulator configuration, it
will be penalized and will be prevented to appear as
a final configuration. The optimization problem thus
formulated is solved using the particle swarm
optimization algorithm to obtain the optimum
configuration for robot manipulator.
The next section briefly describes the particle
swarm optimization algorithm.
III. PARTICLE SWARM OPTIMIATION
Particle swarm optimization (PSO) is an
evolutionary computation technique developed by
Kennedy and Eberhart [12]. It exhibits common
evolutionary computation attributes including
initialization with a population of random solutions
and searching for optima by updating generations.
Potential solutions, called particles, are then "flown"
through the problem space by following the current
optimum particles. The particle swarm concept was
originated as a simulation of a simplified social
system. The original intent was to graphically
simulate
the
graceful
but
unpredictable
choreography of a bird flock. Each particle keeps
track of its coordinates in the problem space, which
are associated with the best solution (fitness) it has
achieved so far. This value is called ‘pBest’.
Another "best" value that is tracked by the global
version of the particle swarm optimization is the
overall best value and its location obtained so far by
any particle in the population. This location is called
‘gBest’. The particle swarm optimization concept
consists of, at each step, changing the velocity (i.e.

i +1

= X

+ V i +1

(6)

(7)
Equation (6) calculates a new velocity
(Vi+1) for each particle (potential solution) based on
its previous velocity, the best location it has
achieved (‘pBest’) so far, and the global best
location (‘gBest’), the population has achieved.
Equation (7) updates individual particle's position
(Xi) in solution hyperspace. The two random
numbers ‘r1’ and ‘r2’ in equation (6) are
independently generated in the range [0, 1]. The
acceleration constants ‘cl’ and ‘c2’ in equation (6)
represent the weighting of the stochastic acceleration
terms that pull each particle towards ‘pBest’ and
‘gBest’ positions. ‘c1’ represents the confidence the
particle has in itself (cognitive parameter) and ‘c2’
represents the confidence the particle has in swarm
(social parameter). Thus, adjustment of these
constants changes the amount of tension in the
system. Low values of the constants allow particles
to roam far from target regions before being tugged
back, while high values result in abrupt movement
toward, or past through target regions [13]. The
inertia weight ‘w’ plays an important role in the PSO
convergence behavior since it is employed to control
the exploration abilities of the swarm. The large
inertia weights allow wide velocity updates allowing
to globally explore the design space while small
inertia weights concentrate the velocity updates to
nearby regions of the design space. The optimum
use of the inertia weight “w” provides improved
performance in a number of applications.
To achieve the dimensional consistency of
equations (6) and (7), the dimension of the term ‘c.
r’ in equation (6) could be taken as (time)-2. This
way, the second and the third terms in equation (6)
assume the dimension of acceleration. To get the
correct dimension of velocity, as required by the left
hand side, one needs to multiply them by ∆t, the
time step, which becomes unity in the present case,
denoting changes from iteration i to i+1. Similarly,
the second term in equation (6) assumes the correct
dimension when taken as Vi+1∆t. However, the
present form results through the implicit assumption
that ∆t equals 1 [14].
Particle's velocities on each dimension are
confined to a maximum velocity parameter Vmax,
specified by the user. If the sum of accelerations
would cause the velocity on that dimension to
i
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exceed Vmax, then the velocity on that dimension is
limited to Vmax.
Unlike genetic algorithm, PSO algorithm does
not need complex encoding and decoding process
and special genetic operator. PSO takes real number
as a particle in the aspect of representation solution
and the particles update themselves with internal
velocity. In this algorithm, the evolution looks only
for the best solution and all particles tend to
converge to the best solution. In the implementation
process, particles randomly generated at the
beginning or generated by internal velocity during
the evolutionary process usually violate the system
constraints resulting in infeasible particles.
Therefore, the handling of system constraints,
particularly nonlinear equation constraints, and the
measurement and evaluation of infeasible particles is
very important. To cope with constrained problems
with evolutionary computation, various approaches
such as rejection of infeasible individuals, repair of
infeasible individuals, replacement of individuals by
their repaired versions, and penalty function
methods can be adopted. Among them, the penalty
function methods are particularly promising as
evidenced by recent developments.
The next section presents an application example
to demonstrate and validate the particle swarm
optimization algorithm with constant values of
inertia weight and acceleration coefficient.
IV. APPLICATION EXAMPLE
Now to demonstrate and validate the presented
particle swarm optimization algorithm, an example
is considered for the optimization of redundant robot
manipulator configuration. The objective is to
minimize the positional error as given by equations
(1) subjected to constraint of collision free
movement as defined by equation (5). The
specifications of manipulator considered in this
example are:
•
•
•
•

respectively such that 0≤θ1, θ2, θ3 ≤360°. The
position, size, and shape of the obstacle is as shown
in Figure 1.
The optimum selection of operating parameters
of the algorithm like acceleration constants ‘c1’ and
‘c2’ as well as inertia coefficient ‘w’ is very essential
for convergence of the algorithm. To ensure the
convergence of PSO algorithm, the condition
specified by equation (8) must be satisfied [15].
max (|λ1|, |λ2|) <1
(8)
Where, λ1 and λ2 are the eigenvalues given by
equations (9) and (10).
λ1 = (1+ w - φ1 - φ2 +γ) / 2
(9)
λ2 = (1+ w - φ1 - φ2 - γ) / 2
(10)
and γ = [(1+ w - φ1 - φ2)2 – 4w)]1/2
(11)

φ1 = r1 × c1 and φ2 = r2 × c2

The condition (8) can be achieved only when the
condition given by equation (12) is satisfied.
w > 0.5 (φ1 + φ2 ) –1
(12)
As the feasible range for w is 0-1 and for c1 and
c2 is 0-2, the selected values of w, c1 and c2 should
be such that the equation (12) is satisfied for all
possible values of random numbers r1 and r2 in the
range 0-1. Keeping in view of this, considerable
number of trials are conducted and the values of w,
c1 and c2 are finally selected as 0.65, 1.65 and 1.75
respectively. Hence, the selected values of w, c1 and
c2 in the present work are appropriate for
convergence of the algorithm.
The optimum configurations of manipulator for
10 target positions obtained using particle swarm
optimization algorithms are shown in Table 1.
Figure 2 shows the optimum configuration of the
manipulator to avoid the collision with the obstacle
and to achieve the desired position of the end
effectors.

Number of manipulator links = 3
Length of link 1 (L1) = 50 cm
Length of link 2 (L2) = 30 cm
Length of link 3 (L3) = 40 cm

Obst
D
P

With respect to the origin ‘O’ as shown in Fig.1,
the initial and desired positions of the end effectors
are:
• Initial position [xc, yc] = [-21.5, 56]
• Desired position (DP) [xf, yf] = [70, 40]
The angular positions of the three links L1, L2, L3
with respect to the horizontal plane are θ1, θ2, and θ3

Obst

Figure 2. Optimum configuration of robot manipulator
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Table 1.
Optimum configurations of robot manipulator
Sr.

Target positions

No.

1

x

y

20

44

Angular displacements
for optimum configuration

θ 1°

3
4
5
6
7
8
9
10
Fina
l

40
47.
5
51
55
57
64
66
67.
5
69
70

25
40.
5
28
40
31
43
33.
5
42
33
40

θ2

12
5

2

°

°

-

4

52
90
90
90
90
85
85
85
85
85
85

θ3

1
-

7

86
-

end effectors move from current position to the
given desired positron. The constraint is to ensure
that no collision occurs between the links and
obstacle.
The effectiveness of the proposed
methodology is demonstrated through a suitable
example. The methodology proposed in this work
can effectively handle the problem of inverse
kinematics of redundant robot manipulators in
environments with obstacles.

2

66

7
-

8

66
-

VI. ACKNOWLEDGMENT

1

55

9
-

1

61

4
-

2

44

0
-

7

44
-

1

36

4
-

The authors are thankful to the International
Division, Department of Science & Technology
(DST), India, and Russian Foundation of Basic
Researches (RFBR) for giving the opportunity to
discuss the research work through Russian-Indian
Joint Workshop held at Novosibirsk State Technical
University, Novosibirsk, Russia

0

36
-

8

30

Figure 2 shows the optimum configuration of the
manipulator to avoid the collision with the obstacle
and to achieve the desired position of the end
effectors.

Obst
D
P

Obst

Figure 2. Optimum configuration of robot manipulator

The physical positions of the manipulator links
are for 10 target points are checked to indicate that
while confirming to desired positional accuracy no
collision occurs for the entire movement of links.
V. CONCLUSIONS
In the present work, optimization aspects of
redundant robot manipulator are considered using an
advanced evolutionary algorithm known as particle
swarm optimization. The objective considered in this
work is minimization of positional error while the
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Abstract: Because of the widespread use of a
universal motor, it is very important that the energy
consumption of the motor is as low as possible while
satisfying the needs of the customers. An attempt is
made in this paper to improve the performance of the
universal motor through optimal selection of its
geometric parameters. The two conflicting objectives
considered are efficiency and mass of the motor
subjected to the various systems constraints. A new
optimization algorithm namely hybrid ABC-SA
algorithm is proposed and applied to find the optimal
combination of geometric parameters of a universal
motor. An application example is solved to illustrate
the proposed algorithm. The results of the proposed
algorithm are compared with the previously published
results.
Keywords: Universal motor, multi-objective
optimization, hybrid ABC-SA algorithm.

wires. Because of the geometry of the windings,
current on one side of the armature is always passing
in the opposite direction to the current on the other
side of the armature. Thus, the force exerted by the
magnetic field on one side of the armature is
opposite to the force exerted on the other side of the
armature. Thereby a net torque is exerted on the
armature, causing the armature to spin.
The performance of a universal motor is affected
by several parameters such as radius of the motor
(ro), number of wire turns on each pole (Ns),
thickness of the stator (t), length of air gap (lgap),
armature diameter (lr), mean path length within the
stator (lc) etc. as shown in Fig. 1.

I. INTRODUCTION
Universal electric motors are named after their
ability to function both with alternating current and
direct current. The most significant feature of
universal AC motors is their constant high rotary
speed (often measured in thousands of rounds per
minute), which makes them useful in a wide range
of applications like railway traction mechanisms,
high-power engineering, commercial drill machines,
industrial robots, and home appliances. The good
performance characteristics of universal motors led
to instant success in its widespread applications
ranging from household appliances to sophisticated
industrial equipments.
A universal motor is essentially the same as a
direct current (DC) series motor. In a universal
motor, wire is wrapped around the armature and the
field in series, which means that the same current is
applied to both sets of wire. As current passes
through the field winding, a large magnetic field is
generated .This field passes through the metal of the
field winding, across an air gap between the field
and the armature, through the armature winding,
through the shaft of the armature, across another air
gap, and back into metal of field winding, thus
completing a magnetic circuit. When the magnetic
field passes though the armature winding, the
magnetic fields exerts a force in the current carrying

Figure 1. Model geometry of a universal motor [1]

Few efforts have been made by earlier
researchers for optimization of universal motor. Dai
and Scott [2] and Karmian and Herrmann [3] used
sequential quadratic programming to determine
optimum motor configuration to give improved
performance.
However
sequential
quadratic
programming is not suitable for solving multi-modal
problems as it has a tendency to trap to the local
optimal solution. To overcome this problem, few
researchers [4, 5] used genetic algorithm to improve
performance of the universal motor. However,
although GA has advantages over the traditional
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optimization techniques, the successful application
of GA depends on the population size or the
diversity of individual solutions in the search space.
If GA cannot hold its diversity well before the global
optimum is reached, it may prematurely converge to
a local optimum. Therefore, the efforts must be
continued to use more recent optimization
techniques, to modify the existing algorithms, and to
develop hybrid algorithms which are more powerful,
robust and able to provide accurate solutions. Hence,
in this work an effort is made to develop a new
optimization algorithm namely hybrid ABC-SA
algorithm to obtain the optimal configuration of the
universal motor so as to achieve best performance in
terms of two conflicting objectives namely
efficiency and weight of motor.
The next section provides the details of
optimization model of universal motor.
II. OPTIMIZATION MODEL OF UNIVERSAL
MOTOR
The optimization model for universal motor
considered in the present work is based on the
analysis given by Simpson et al. [1]. The eight
decision variables considered for this model are,
number of wire turns on the armature (Nc), number
of wire turns on each pole of the field (Ns), cross
sectional area of the wire on armature (Awa), cross
sectional area of the wire on the field (Awf), radius of
the motor (ro), thickness of the stator (ts), current
drawn by the motor (I), and stack length (L). The
two objectives considered in this work are discussed
below.

ρ is the resistivity of copper. lwa is the armature
wire length given by equation (6)
lwa = (2 L + 2lr ) N c
(6)

lr = 2(ro − t s − l g )

(7)

Where, lg is the length of air gap.
The stator wire resistance Rs is given as

Rs =

ρlwf
Awf

× 10 6

(8)

Where, lwf is the stator wire length given by
equation (9)
lwf = pst [2 L + 4(ro − t s )]N s
(9)
Pst is the number of stator poles.
The second objective is to minimize the mass of
the motor. To estimate the mass of motor, the motor
is modeled as a solid cylinder and stator is modeled
as a hollow steel cylinder. By including the mass of
the winding on armature and the field, the equation
for the mass (M) is given as

M = Ms + Ma + Mw

(10)

Here, Ms is the mass of the stator given by
equation (11)

M s = πL(ro2 − (ro − t s ) 2 )δ s

(11)

δs is the density of steel.

M a = πL(ro − t s − l g ) 2 δ s

(12)

M w = (lwa Awa + lsw Awf )δ c × 10 −6

(13)

δc is the density of copper.

Objectives:
Constraints:
The first objective is to maximize the efficiency
of the motor (η).The equation for efficiency can be
computed from the equation of power. The basic
equation for efficiency is given by:

η=

P
Pin

(1)

P = Pin − Pout
Input power Pin = Vt .I

Where,

(2)
(3)

The objectives given by equation (1) and
equation (10) are subjected to following constraints
1. Magnetizing intensity:
The constraint on magnetizing intensity (H)
ensures that magnetic flux within each motor does
not exceed the physical flux carrying capacity of
steel. This constraint is specified by equation (14).

Vt is the terminal voltage.
Power loss due to copper and brushes (Pout) is
expressed as:

Pout = I 2 ( Ra + Rs ) + 2 I

H ≤ 5000 A turns/m
H is given by equation (15).

(4)

Where, Ra is the armature wire resistance and is
given as

Ra =

ρlwa
Awa

× 106

(14)

H=

Nc I
(lc + lr + 2l g )

(5)
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(15)

The mean path length within stator (lc) and the
diamter of the armature are obtained by equations
(16) and (17) respectively.

lc =

π (2ro + t s )
2

lr = 2(ro − t s − l g )

Reluctance of air gap

ℜg =

lc
µ0 Ag

(25)

(16)

Cross sectional area of stator (As) is given is
given as:
As = t s .L
(26)

(17)

Cross sectional area of armature (Aa) is given as:
Aa = lr .L
(27)
Cross sectional area of air gap (Ag) is given as:
Ag = l g .L
(28)

2. Feasible geometry:
The constraint on feasible geometry ensures that
the stator thickness does not exceed radius of stator
since the thickness is measured from the outside of
the motor inward. This constraint is given as

t s < ro

(18)

Specific customer attributes:

if H≤220

µ steel = −0.2279 H 2 + 52.411H + 3115.8

(29)

If 220 <H≤1000

µ steel = 11633.5 − 1486.33 ln( H )

If H > 1000

µ steel = 1000

(30)
(31)

2. Power (P)

The motor should be designed to satisfy
following specific customer attributes.

The next section briefly describes the hybrid
ABC-SA algorithm.

1. Torque (T):

III. HYBRID ABC-SA ALGORITHM

T = KφI

(19)

Where, K = motor constant =

Nc

π

φ is magnetic flux given by equation (20).

φ=

ℑ
ℜ

(20)

ℑ is the magneto magnetic force expressed as:

ℑ = N s .I

(21)

ℜ is the total reluctance given by equation (22).

ℜ = ℜ s + ℜ a + 2ℜ g

(22)

Stator reluctance

ℜs =

lc

2 µ steel µ 0 As

(23)

Armature reluctance

ℜa =

lr

µ steel µ0 Aa

(24)

Hybrid ABC-SA algorithm is developed by
combining the good characteristic of two existing
non-traditional optimization algorithms namely
artificial bee colony (ABC) and simulated annealing
(SA). ABC and SA algorithms are both
independently valid approaches with certain
strengths and weaknesses. ABC algorithm combines
both, the stochastic selection scheme carried out by
onlooker bees, and greedy selection scheme used by
onlookers and employed bees to update the source
position. Also the neighbor source production
mechanism in ABC is similar to the mutation
process, which is self-adapting. The random
selection process carried out by the scout bees
maintains diversity in the solution. However, ABC
algorithm suffers from drawback of inferior local
selection strategy and poor local convergence speed
[6].
Simulated annealing algorithm has better
convergence property if starting temperature is
sufficiently high and cooling rate is low. Because of
the discrete nature of the function and construction
evaluations, the convergence or transition
characteristics are not affected by the continuity of
differentiability of the function. The convergence is
also not influenced by the convexity status of the
feasible space. This algorithm can be used to solve
mixed-integer, discrete, or continuous problems.
However as SA algorithm does not begin with the
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population of solutions, parallelism can not be easily
exploited in SA [7].
Hence an effort is made in this work to develop a
new hybrid ABC-SA algorithm to overcome the
drawbacks of existing ABC and SA algorithms and
to combine the benefits of both the ABC and SA
algorithm. The algorithm begins with allocation of
the onlooker bees to the employed bees based on the
fitness values of employed bees. In conventional
ABC algorithm the best onlooker bee will replace
the employed bee only if it has better fitness value.
In hybrid ABC-SA algorithm, a local selection
strategy of SA algorithm is applied to select the
onlookers’
probability
related
to
current
temperature. The hybrid ABC-SA algorithm is
shown in Figure 1.
IV. APPLICATION EXAMPLE
Now to demonstrate and validate the proposed
ABC-SA algorithm, an example is considered for
the multi-objective optimization of universal motor
parameters. The objectives are to maximize the
efficiency and to minimize the mass of the motor as
given by equations (1) and (10) respectively. The
constraints on magnetizing intensity and the feasible
geometry are given by equations (14) and (18).
Moreover, the specific requirements of the customer
for torque of 0.05 Nm and power of 300 W must
also be satisfied. The parameters bounds considered
as:
100 ≤ Nc≤1500 turns
1≤ Ns ≤500 turns
0.01≤ Awa ≤1 mm2
0.01≤ Awf ≤1 mm2
0.01 ≤ ro ≤0.1 m
0.0005 ≤ts≤0.01m
0.1 ≤ I≤6 A
0.01≤L≤0.2 m

(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)

Values of the constants used in the present
example are given in Table 1.
Table 1.
Values of the constants used in multi-objective
optimization of universal motor
Notation Details
Units
Values
Lg
Length of air gap
m
7×10-4
Vt
Terminal voltage
V
115
Resistivity
of
1.69×10-8
Ωm
ρ
copper
µ0
Permeability of
H/m
4π×10-7
free space
pst
Number of stator
2
poles

The above multi-objective optimization problem
is now considered to demonstrate and validate the

methodology using the proposed hybrid ABC-SA
algorithm. The normalized combined objective
function (Z) is formulated considering different
weightages to all objectives and is given by the
following equation:
Minimize Z = −
Where,

ηmax

w1 ×η

η max

+

w2 × M
M min

(40)

= maximum value of efficiency

obtained when single objective optimization
problem considering only minimization of efficiency
as an objective, was solved for the given constraints
= 0.938 min
M min = minimum value of mass of motor when
single objective optimization problem considering
only minimization of mass as an objective was
solved for the given constraints = 0.141
w1 and w2 are the weightages assigned to the
objective functions η and M respectively. The values
of weightages can be calculated by using the
analytic hierarchy process (AHP). However, in the
present example, equal weightages are considered
for both the objectives i.e. w1 = 0.50, w2 = 0.50.
The following parameters of optimization are
selected after various trials for hybrid ABC-SA
algorithm.
•
•
•
•
•

Number of employed bees=5
Number of onlookers bees= 11
Number of scout bees=1
Initial temperature = 200
Decrement factor = 0.01

The results of optimization of the multi-objective
optimization of universal motor using the proposed
hybrid ABC-SA algorithm are as give below:
•
•
•
•
•
•
•
•
•
•
•
•
•

Number of wire turns on the armature
(Nc)=100
Number of wire turns on each pole of the
field (Ns) = 500
Cross sectional area of the wire on armature
(Awa) = 0.13 mm2
Cross sectional area of the wire on the field
(Awf) = 0.115 mm2
Radius of the motor (ro)=0.0173 m
Thickness of the stator (ts)=0.00645 m
Current drawn by the motor (I) = 4.321 A
Stack length (L) = 0.01 m
Magnetizing intensity (H)=5000 A turns/m
Torque (T) = 0.05 Nm
Power (P) = 300 W.
Efficiency (η)=0.603
Mass (M)=0.143 Kg
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Initial food source
position, Ts, CT

Calculate nectar amounts

Determine new food position for employed bees (xj)

Calculate nectar amounts (fxj)

Determine neighboring food source
position for onlookers

All onlooker bees
distributed?

Select food source
for onlooker

Determine the best onlooker bee position (xnj)
for food source j

Calculate ∆obj = fxnj- fxj

N

∆obj < 0?

P = e-∆obj/K×T
P’ = Random
xj = xnj
P’ < P?

xj = xj

T = T × CT

T=T

j≤ ne ?

Is the termination
criteria satisfied?

Final food positions

Figure 2. Flowchart of hybrid ABC-SA algorithm
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The result of optimization obtained by using
sequential quadratic programming [2], genetic
algorithm (GA) [4] and hybrid ABC-SA are shown
in Table 2. It is observed that the results obtained
by hybrid ABC-SA algorithm provides significant
improvement in the solution than those obtained
using sequential quadratic programming. The
results obtained also shows better accuracy of
solution than one of the parato-optimal solution
(having same weights of objective functions as
considered in this work) obtained by using GA [4].
Karimian and Herrman [3] also obtained the
optimal configuration for universal motor using
sequential quadratic programming. However, as the
authors had not considered the constraint on
magnetizing intensity, those results can not be
compared with the results obtained in this work.
Table 2.
Optimal machining conditions for Universal
motor
for torque 0.05 Nm and power 300
W
Method
M
Z
η
SQP [2]
0.745
0.209
0.344
GA [4]
0.662
0.163
0.225
Hybrid
0.603
0.143
0.187
ABC-SA
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Abstract: This paper presents a systematic
procedure for automated analysis of serially linked
manipulators, possessing any number of degrees of
freedom. The procedure consists of mainly two
modules. The first module aims at automated
selection and weight estimation of motor-gear
assembly and the second module emphasizes on the
maximum torque estimation for a particular joint.
Simulated annealing technique of optimization is
utilized for the later module. The two modules are
repeated sequentially to acquire the desired data for
basic force analysis of a given manipulator. To
illustrate the methodology, the results of stress and
deflection analysis of an 8-link manipulator are
discussed in the paper.
Keywords: Redundant manipulators, stress
analysis, motor-gear selection, Simulated Annealing

I.

INTRODUCTION

Formation of a complete design process is
mainly based upon two decisions. First, to decide
the design variables and second, to select the
design objective(s). The design can be aimed at a
single objective, multiple criteria or even at a
combination of two or more requirements
formatted in a single objective. During this initial
stage of frame formation of a design process,
usually, a number of assumptions are taken into
consideration, so as to plan a process within the
computational resources. It is considered highly
important to study the sensitivity of the resulting
design(s) with respect to the selected values of any
design parameter or for any other assumption taken
during the process. In particular, the issue is
concerned with the optimal design problems which
involve formation of a design problem as
objectives and constraints and uses a suitable
method of optimization to solve the problem.
In recent years, several researchers have
reported their work on the importance of
generalized and systematically implemented postprocessing procedures in manipulator design
problems. Refer the works by Kim et al [1] and
Shao [2] which highlight the better performance
ans satisfactory outcomes through various postprocessing analysis. Another study by Chan and

Kwan [3] illustrates the work on generalized postprocessing methodologies for off-line programs.
Some other similar studies are presented by Park et
al [4] and Kolluru et al [5]. This paper presents an
automated process for one such scenario where
serial manipulators are synthesized for given tasks
in cluttered environments [6-9]. Usually, such
synthesis problems involve some or all robotic
parameters (e.g. D-H parameters) as design
variables. The design objectives are formulated
based on the tasks described. It is a usual practice
(refer [9]) to assume one more geometrical
parameter (say width or any cross-sectional area) to
be fixed a priori. Sensitivity of the resulting
optimized design, which is acquired through any
suitable optimization technique, should be analyzed
with respect to this assumed parameter. Likewise,
the selected design objectives may not include all
the required aspects of a desired product. This leads
to the necessity of some post-processing tasks, to
work out the applicability and implementation of
the resulting design(s) with respect to such
considerable design aspects. Post-processing
analysis helps in improving the performance from
different aspects. This paper presents an automated
post-processing procedure for analyzing the serial
manipulators which have been synthesized using
methods of classical optimization [10]. Next
section describes the problem formulation and also
introduces the methodology used in this paper.
Section 3 details the two modules of the complete
analyses process. Results have been discussed in
section 4 followed by the conclusion of this work
in section 5
II. PROBLEM DESCRIPTION
Motivated by the improvements observed
through post-processing analysis of serial
manipulators, resulting from the design procedure
proposed and presented by the author's team [9],
this work involves the generalization and
automation of the post-synthesis analysis
procedure.
An aspect which occupies an important place in
the complete process of kinematic synthesis is
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collision detection and avoidance. Synthesis
involves modeling of the manipulator links at the
required configuration for a particular set of D-H
parameters, assuming square cross-section with a
fixed width, for each link. The width is taken as
1/10th of the link’s length. The problem is
formulated as an optimization problem with
reachability of the manipulator at the desired
locations as the objective. The constraints include
the limitations on the joint variables (D-H
parameters) and the constraints due to cluttered
environment. The suitability of the resulting
(optimal) D-H parameters is required to be
analyzed with respect to the value assumed for the
manipulator’s width. This is done through analysis
of the manipulator for allowable stresses and
deflection values. The paper does not include the
techniques for the force analysis of the
manipulator. Professional softwares for modelling
and analysis are utilized for the desired analysis of
the candidate manipulators. This paper presents a
strategy to determine the data required for making
the manipulator’s solid model close to a
corresponding realistic robotic arm.
III. GRAVITATIONAL-TORQUE CALCULATION

For each joint of the synthesized serial
manipulator, an estimate is required for the
maximum joint torque, sufficient to maintain static
equilibrium of the complete structure. This needs
the information of the worst configuration for each
joint. Worst configuration is taken as the posture of
the manipulator in which the load at the particular
joint is maximum. Besides, while calculating the
gravitational torque required at any joint, along
with the weights of the links, the motor weights are
required to be included. These aspects have been
detailed in the following.

Determination of worst configuration
To determine the worst configuration
corresponding to each joint, an optimization
problem is formulated which seeks the maximum
joint torque (G) required at the particular joint, over
all configurations within the workspace of the
manipulator. The problem formulation for the i-th
joint is as follows.
Maximize

Subject to

Here, ‘n’ denotes the number of links and Θ
represents the joint configuration vector. The suffix
‘l’ represents the lower limit and ‘u’ the upper limit
for the joint variables. The objective function for
the equivalent minimization problem (negative of

the gravitational torque) corresponding to each
solution (joint configuration), is computed based on
the weight estimation of the links and the motors
carried by that joint. Several simplifications of
mass distribution are considered in this illustration.
In practice, appropriate mass distributions can be
applied for the manipulator links. Here, the link
weights are considered as point loads acting at the
centers of mass of the corresponding links while
the motor weights are considered at the origin of
the corresponding frames. The center of mass
location is taken at the geometric center. The
overall joint torque acting on joint ‘i’ is computed
considering the weights of all the links from i to n
and for all the motors attached to (i+1)-th to n-th
joints. The link-weights are estimated through the
geometric information and the material properties.
In order to solve the problems for global minima,
the process of simulated annealing [refer 10] has
been used. The implementation of this strategy is
first validated through the analysis results for a 2link and a 5-link manipulators. In this examination,
the optimization processes are executed for each
joint of the manipulator and the resulting maximum
torques and the corresponding configurations are
compared to the results from the enumeration of
the complete region within the joint limits.
Figure 1 presents the comparisons for the 2-link
arm. Figures 1.a and 1.c present the values of the
torques at the complete range of the joints and
Figures 1.b and 1.d show the corresponding
optimization results (the torque values vs. the
number of iterations) for both the joints.
The maximum torque values for the two joints
are found to be 2.7076 Nm and 0.6769 Nm, which
match with the maximum values shown in the
complete
domain
through
elaborate
enumeration.Similar results have been found for
the first joint of a 5-link manipulator, as in
Figure 2. For this case, the depiction of the
complete domain is not possible and, therefore, the
enumerated result is shown through plotting the
torque values for all the points (30000 in number)
explored in the domain.
For the 8-link manipulator, synthesized for a
room environment, the estimated maximum
gravitational torques are given in Table 1. The
material taken for these simulations is aluminium
(1060 alloy). The results for the first four joints for
the manipulator are shown in Figure 5. The figures
contain the maximum torque values resulting in
each case from the simulated annealing process. It
is observed that the solution for the first joint
corresponds to the configuration which is an almost
stretched posture, expected to cause maximum load
for the first joint.
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Figure 1. Torque distribution for the two joints of a 2-link manipulator. [a] Enumerated result for joint 1 [b] Result from
simulated annealing for the first joint. [c] Enumerated results for joint 2. [d] Result from simulated annealing for the second
joint
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Figure 2. Torque distribution for the first joint of a 5-link manipulator. [a] Enumerated result ( all the torque values for
joint 1) [b] Result from simulated annealing for the first joint
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Motor-gear weight estimation

[a]

In the procedure discussed for gravitational
torque computation, the optimization problems are
solved, sequentially, for all the joints starting from
joint ‘n’, estimating the maximum load carried by
each joint. In this process, for any link
, the
motor-gear weight estimation is required for all the
joints j for which
. A lookup table
providing the motor-gear weights corresponding to
torque range can be prepared, based on the general
process of motor selection from a given database.
This facilitates automation of the complete process
of torque computation. Then the process can be run
for all the links continuously. Table 2 provides
some of the entries of the complete look-up table
prepared for this work, using the information
provided for the Maxon motors and keeping
adequate safety factors. This segment provides one
way to obtain weight estimation. However, any
available procedure can be used for the purpose.
Table 1.
Look-up table for weight estimation
Torque-range
Motor weight
Gear weight
(Nm)
(gm)
(gm)

[b]

0.005-0.01
0.01-0.1
0.1-0.2
0.2-0.3
0.3-0.6
0.6-2.0
2.0-6.0
6.0-10
10-15
15-25
25-30
30-75

7
10
38
40
130
130
350
480
480
480
2800
2800

3.2
8.2
27
32
105
105
194
460
460
920
3700
3700

IV. STRESS AND DEFLECTION ANALYSIS

[c]

[d]
Figure 3. Simulated annealing result for the first
four joints of 8-link manipulator

Using the methodology described in previous
section, the data needed for performing stress and
deflection analyses is acquired and analyzed
through any professional analyzer or by writing
algorithms for standard finite-element-methods.
Since, the work is not a part of the present research
aspect, it is recommended to use available
analyzers for the purpose. In this paper, the results
are presented for an 8-link manipulator, which is
designed for a cluttered room environment. Using
the Gravitational-torque estimation technique and
motor-gear weight estimation process, the
corresponding estimates for this 8-link manipulator
are calculated. Table 2 presents the estimated
values in the two columns.
The maximum deflection reported for the worst
configuration of the manipulator is 4.66 mm and
maximum stress value is found to be
2.45 × 107 /m2. Although the maximum stress value
is within the allowable stress of the material
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(5.5 × 107 N/m2), the designer may choose to revise
the design for decreasing the maximum deflection.
Either the material used in the design can be
replaced by another metal with more stiffness or
the width prescribed for the links can be increased.
The latter choice would require the execution of the
complete design procedure with the new width
value. The revised D-H parameters for the current
case study are with width value increased from
20 mm to 30 mm. It is noted that the minimum
margin of the robotic arm from the obstacles is
reported as 2.2 cm which is less than the previous
value of 2.4 cm. Corresponding analyses plots are
presented in Figure 5. The maximum deflection
and stress values are reported as 2.45 mm and
2.67 × 107 N/m2. It is to be noted here that an
increased width value provides better stiffness but
may involve more collisions. This discourages the
assumption of large link widths in the beginning
itself.
Table 2.
Estimated gravitational torques for joints of an 8link manipulator
Link weight
Gravitational
Motor-gear
(Kg)
Torque (Nm)
(Kg)
0.621
0.448
0.242
0.281
0.252
0.197
0.130
0.057

15.76
10.11
6.147
3.34
1.57
0.65
0.165
0.035

0.94
0.94
0.81
0.544
0.235
0.235
0.065
0.0182

Figure 5. Analysis results for the revised robot
parameters (width 30 cm): [a] Stress [b] Deflection.
V.

CONCLUSION

This paper presents some guidelines for
analyzing manipulator parameters, resulting from
an optimal design problem. An automated
procedure for static force analysis of the
synthesized manipulators is discussed and
illustrated through a case study of an 8-link
manipulator. The methodology includes a strategy
to compute an approximation for the maximum
torque required at each joint and also for the weight
estimation of the motor at each joint. The
underlying idea is to complete the data required for
the modelling and analysis through professional
software and to examine the results for the
prescribed width of the links.
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I. INTRODUCTION

In the present-day Russia, active work in
the area of computer sign language translation
aimed at overcoming communication barriers
between deaf citizens of Russia and hearing
people is being done. Well-known systems
intended for translating a Russian text (speech)
into loan sign language do not completely
solve the problem because understanding the
results of translation by deaf people using
primarily colloquial sign language (CSL) for
communication is impeded while the work
aimed at creating systems of translation into
CSL is at the initial stage of investigation [110].
The paper considers methods of continuous
Russian language machine translation into
conversational sign language for deaf people to
be taken into account when developing a
computer sign language translator. A
conclusion is drawn that the computer sign
language translator should make literal and
adaptive translation using an intermediary
language strategy. Peculiarities of the Russian
sign language grammatical system necessary

for developing the computer sign language
translator are emphasized.
II. PECULIARITIES OF THE RUSSIAN SIGN
LANGUAGE GRAMMATICAL SYSTEM

“Sign languages are human languages of
full value and are of the same value as the
spoken
languages
as
far
as
their
communicative functions are concerned, being
different in the physical way of expression”
[1]. Any natural language has its own
grammatical
system
comprising
word
formation, morphology, and syntax. The same
refers to the Russian sign language (RSL). In
accordance with G. L. Zaitseva, “RSL is a
distinctive linguistic system with its own
vocabulary and grammar”.
The main unit of spoken language is a word
possessing its lexical and grammatical
meaning; while the main semantic unit of sign
language is a gesture “consisting of two
components: configuration and movement
which is characterized by localization in space,
direction, and quality. Contraposition or
opposition of the gesture components are
relevant for expressing lexical-semantic and
grammatical expressions in the RSL” [2].
In accordance with the research data
obtained by G.L. Zaitseva, there are two trends
in the RSL vocabulary opposing each other:
trends towards syncretism and partitioning.
Syncretism manifests itself by the fact that one
and the same gesture can be used for
expressing an action and a tool of action, as
well as an action, an agent, and a tool of
action. The representation made by a gesture
would be determined by the context. The
second trend “is explicitly expressed under the
conditions when it is required to express the
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meaning which does not have the
corresponding gesture” [2] determined by the
peculiarity of the gesture substance.
As a result of studying literature devoted to
RSL, we came to the conclusion that the RSL
singles out word classes identical to the parts
of speech in the spoken language: nouns,
numerals, adjectives, pronouns, adverbs,
prepositions, conjunctions which have a
number
of
grammatical
categories
characteristic of their analogs in the spoken
language. Thus gesture nouns can formally
express a category of number, the verb is
characterized by such grammatical categories
as mood, tense, number, aspect, and person.
“An opportunity to change the way of
making a gesture and its ability to form
paradigms presenting a complex where
motional-spatial characteristics of gestures and
their situational meanings (in accordance with
the context) are interconnected and
interdependent is the most important
peculiarity of the RSL morphology” [2].
Of special importance is the verb paradigm.
It may include both the paronymous verbs and
combinations of this verb with a number of
categorematic words which would express
duration of action, its momentary action or
frequency (recurrence), direction of movement,
as well as the position of the interlocutor in
space. The meanings noted are conveyed by
localization, direction of movement, amplitude
of making a gesture, as well as the use of a
single or both hands when making a gesture.
The next RSL peculiarity is the ability in
expressing an utterance by simultaneous use of
two gestures while in the spoken language any
utterance is given by a string of words, i. e.,
linearly. It is necessary to consider this
peculiarity when understanding and translating
word combinations and sentences.
To describe syntactic peculiarities of the
RSL, linguists use the terms “elementary
discourse units” (EDUs) and super discourse
units” (SDUs). EDUs are similar to word
combinations and simple sentences being parts
of complex sentences. SDUs are similar to
simple and complex sentences in the spoken
language.
EDUs
may
be
predicate,
multipredicate, and nominal.
The problem of discourse segmentation is
an important RSL syntactic problem. E. V.
Prozorova established that sign language has

special discourse markers (DMs): borderline
head movement, hand stop, winking, raising
eyebrows, partial closing of the eyes, crinkling
the nose, as well as the following gestures:
palm down, turn of the palm, palm up. The
combination of these two DMs allows singling
out both the EDUs and SDUs in the gesture
utterance.
Considering the above, it might be
concluded that the RSL has its own
grammatical system.
III. METHODS OF CONTINUOUS RUSSIAN
LANGUAGE TRANSLATION INTO RSL

«The term translation is polysemantic. On
the one hand, it signifies activity consisting in
conveying the text content (to wide extent) in
one language by means of another language,
and, on the other hand, it expresses the results
of this activity» [3]. The science of translation
includes a number of directions: translation
theory, translation analysis, and teaching
methods of translation. [3]. Of special
importance is machine translation based on the
science of translation and computational
linguistics.
Let us consider some translation
peculiarities to be taken into account when
developing a computer sign language
translator.
The first problem is related to the
translation strategies. Scientists in linguistics
describe three translation strategies: the socalled full, abridged, and brief translation
schemes. During the process of full translation,
the original text is completely understood in
the source language, its translation is made into
the intermediary language, and a new text is
generated in the target language. “An abridged
translation scheme assumes that translation
correspondence is set up between the meanings
of the texts in the source and target languages;
in this case, the meanings retain the
peculiarities of languages, and no intermediary
language is postulated... With the brief scheme
of translation...correspondence is set up
directly between expressions of source and
target languages” [3].
The second important problem is related
to the types of translation. On the basis of
formal and organizational characteristics of
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communication, linguists single out the
following types of translation:
– in accordance with the discourse character,
oral and written types of communication are
singled out;
– on the basis of the rate of translation
(interpretation), simultaneous translation and
sequential translation are singled out;
– in accordance with the direction of the
language of translation, unilateral translation
and bilateral translation are distinguished.
The third problem is the problem of
translation classification according to its
content. Translation content also assumes
classification on various grounds, one of them
being the goal of translation. According to this,
four types of translation are singled out:
− word-by-word translation, the result of
which being a lineal translation retaining the
sequence of the original text word forms;
− literal translation, where it is important to
convey the text as a sequence of sentences; as
a result of literal translation, grammatically
correct and adequate to content sentences are
formed in the target language;
– philological or “documentary” translation,
its application area being fiction, as well as
texts constituted in different forms of the
national language or at the different stages of
the literary language development;
– adaptive translation “which assumes
adaptation of the resulting text to the
requirements of users. It is most often
connected with abridging the original text
content, extracting the most important
information, i. e., making a summary (hence
the term “summary translation”), writing a
digest, and creating an annotation in another
language. Currently, this type of translation is
gaining acceptance, which is related to the
increase in percentage of “non-fiction”
(business, scientific, technical, etc.) translation.
According to the statistics available, the
percentage of fiction in the total flow of texts
translated nowadays comprises no more than
five per cent”[3]. Certain types of translation
may be presented both in their pure or
combined form.
The fourth important problem refers to
translation strategy. The system of the sign
language translator being developed should be
based on the translation by way of
intermediary language, i. e., between structures

of source and target languages there is a
language into which, “according to the
established rules, expressions of the source
language are rewritten in consecutive order...
When using an intermediary language, analysis
and synthesis are fundamentally distinguished.
Analysis is made in the categories of the
source language, and synthesis is made in the
categories of the target language. As
intermediary language (languages), syntactic
and
semantic-syntactic
representation
languages, purely semantic languages, deep
semantics
languages
approaching
the
conceptual idea in the categories of knowledge
theory (frames, scripts, outlines) may be
applied.
“Knowledge-based
machine
translation systems... are regarded as part of
artificial intelligence” [3].
The last problem is related to software
translation tools. There are three large groups
of machine-translation software tools: machine
translation systems, man-machine translation
systems, and terminological data/bank bases.
Machine translation systems proper use only
algorithms and dictionaries entered in the
computer, but assume human participation at
the stages of text pre-editing and post editing.
Man-machine translation systems combine
machine translation systems with human
participation and human translation systems
with machine participation. Terminology
databases register the latest vocabulary
information on some problem domain and are
used for creating multilingual dictionaries and
developing computer-aided dictionaries for
machine translation systems.
As a result of analysis of literature on the
translation theory, we arrived at the conclusion
that in order to create a computer sign
language translator it is necessary to take into
account the peculiarities of its users.
Development of a program making both
unilateral and bilateral simultaneous translation
should be the project end product. In this case,
it is necessary to consider the fact that one of
the users is hearing impaired and thus the text
being entered may be either in oral or written
form, and the translated text may be either in
written or oral form. The goal of translation
from spoken Russian into Russian sign
language is conveying a sequence of sentences
with simultaneous adaptation of the new text
to the user requirements. Therefore, the sign
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language translator should make both literal
and adaptive translation using the intermediary
language strategy. The sign language translator
being developed is a machine translation
system with human participation, i. e., “the
computer system itself makes the translation,
but at certain stages it can refer to the human
offering... to choose the most suitable word for
translation, a synonym for an unknown
expression, or determining a structure of a
complex syntactic construct”[3].
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The Material Handling Equipment Selection
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Abstract: Selection of the appropriate material
handling equipment (MHE) is very important and
difficult task for the manufacturing companied. There
are many subjective and objective factors for choosing
the proper MHE. The selection of MHE directly
related to the productivity of the company. In this
paper, the grey relational analysis (GRA) method is
considered for the systematic selection of the
appropriate MHE having both subjective as well as
objective data. Two examples of material handling
equipment selection ‘industrial truck selection’ and
‘conveyor selection’ are considered for the evaluation
of alternatives by using GRA method and comparisons
are made.
Keywords: Material handling equipment selection,
Decision making, Grey relational analysis.

I. INTRODUCTION
Material handling equipment (MHE) is the most
important part of today’s manufacturing systems and
is increasingly playing an important role in the
productivity of the plant. A material handling system
is responsible for transporting materials between
workstations with minimum obstruction and joins all
workstations and workshops in manufacturing
systems by acting as a basic integrator [1]. Material
handling activities start with unloading of goods
from delivery transportation, the goods then pass
into storage, onto machining, assembly, testing,
storage, packaging, storage and finally loading onto
transport.
Selection of the suitable MHE is very complex
and tedious task for the manufacturing companies
because of the considerable capital investment
required. Furthermore, in order to minimize
production costs and increase profits, the appropriate
MHE has to be selected. It affects the material flow
and the factory layout. Handling activities generally
account for 30 - 40% of production costs. The most
important decisions by decision makers (engineers
or managers) in the handling equipment selection
process include determining what equipment is
needed and where that equipment would be needed.
In recent years, there has been a remarkable growth
of the MHE types including hand carts, fork trucks,
automated-guided vehicles, conveyors, robots,

automated
storage
and
retrieval
systems,
computerized picking systems, etc. There are a lot of
possible usage areas of the MHE in a manufacturing
company, such as shipping and receiving,
fabrication, assembly, warehousing, etc. The major
factors contributing to the complexity of the
equipment selection process are constraints imposed
by the facility and materials, multiple conflicting
design criteria, uncertainty in the operational
environment, and the wide variety of equipment
types and models available [2]. For these reasons,
the decision maker (DM) has to consider various
tangible (i.e., load capacity, energy consumption,
cost, etc.) and intangible (i.e., flexibility, reliability,
performance, etc.) criteria. Therefore, MHE
selection can be viewed as a multiple attribute
decision making (MADM) problem in the presence
of many quantitative and qualitative attribute.
Furthermore, due to the uncertainty in the
operational environment, making the MHE choice is
highly dependent on the preferences of the DM [3].
In recent years computer based simulation tools have
been developed to simulate material handling
systems and their effect on the manufacturing
process.
Some important automated material handling
equipment used in industries are industrial trucks,
conveyors, automated guided vehicles, automated
storage/retrieval systems, material handling robots
and monorails.
(i) Industrial trucks
This category includes electric rider trucks,
electric narrow aisle trucks, electric hand pallet
trucks, cushion tire internal combustion trucks, and
pneumatic tire internal combustion trucks. These
trucks are used for moving either mixed or uniform
loads intermittently over various paths. While these
paths can be somewhat random at the discretion of
the driver, the paths are restricted to suitable indoor
or outdoor surfaces. Industrial trucks provide not
only a means of transporting materials, but also
provide a means of accurate lifting and stacking.
Appropriate tooling for the truck permits users to lift
not only pallets, but a wide array of specialized
loads. For example, rolls of carpet are easily moved
via industrial truck by replacing standard forks with
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a single tube. The dock equipment discussed in this
section includes dock levelers and truck restraining
devices. Both of these equipment types support the
use of industrial trucks for loading/unloading.
Industrial electric motor trucks can be found in
almost any manufacturing plant, loading dock, or
warehouse. Although they are made by a variety of
manufacturers for diverse purposes, including some
highly specialized applications, they can be
classified into five general groups using industrial
truck association guidelines: electric rider trucks,
electric narrow aisle trucks, electric hand pallet
trucks, cushion tire internal combustion trucks, and
pneumatic tire internal combustion trucks.
Electric rider trucks are general purpose trucks
and are used primarily indoors. These trucks can lift
up to 6 tons and up to 18 feet in height. Electric
narrow aisle trucks are used in narrow aisle
applications. These trucks are used primarily for
storage/retrieval in applications similar to AS/RS
functions. They can easily lift loads from 2,000 to
4,500 pounds to heights of 40 feet. Narrow aisle
trucks can be further subdivided into standard
trucks, high lift straddle trucks, side loaders, swing
mast trucks and convertible turret/stock pickers. The
names of these devices are indicative of their
function. Electric hand pallet trucks are generally
used for indoor applications and can handle loads up
to 4 tons. These trucks are perfect for situations in
which material is to be moved from one location to
another without the need for lifting more than a few
inches. For example, these type of trucks are
commonly used in grocery stores to move pallet
loads of cans or boxes to a display location within
the store. An added convenience is that the operator
can move among customers in the store safely and
without obstructed views. Internal combustion
trucks add the advantage of outdoor use. They can
lift 2,000 to 15,000 pounds with some specialty
trucks lifting up to 50 tons. They can lift up to 20
feet in height and can operate on gasoline, LP-gas,
or diesel fuel, etc.
(ii) Conveyors
Conveyors are defined as fixed and portable
devices used for transporting materials between two
fixed points, through intermittent or continuous
movement. They are usually employed where the
workflow is relatively constant. Industrial conveyors
can be classified into several categories, such as bulk
material and unit handling conveyors, accumulating
and non-accumulating conveyors, and fixed and
portable conveyors. Bulk conveyors are those
employed to handle coal, ashes, cement grains, flour
sand, and almost any material that is not packaged,
crated, or otherwise handled in unit loads. The unit
conveyors are those designed to handle small pieces
in containers weighing from few ounces to large

units such as filled pallets, crates, or assemblies
weighing tons. Non accumulating conveyors stop
moving whenever loading or unloading occurs,
while accumulating conveyors work continuously,
and thus, contribute to the accumulation of materials
at the workstation. Fixed conveyors are inflexible, as
they cannot accommodate alterations in location,
shape, capacity, or type of material handled. On the
other hand, portable conveyors can be used for
temporary as well as permanent arrangements.
There are number of specific features or
characteristics to look for when evaluating, selecting
and choosing conveyors for the system:
(a) Modularity: Regardless of the type of
conveyor required, look for modularity. Select
conveyors that feature pre-engineered sections,
modules and components that can be freely
combined to provide an initial customized layout,
but can also be easily reconfigured if necessary.
(b) Flexibility: Look for conveyors that can
easily accommodate various product sizes,
specifically greater widths.
(c) Scalability: Whether your planning horizon is
short or long, select conveyors that will facilitate
growth and adaptability to change over time. The
system should be capable of being "extended" and/or
reconfigured as needed to adapt to future needs and
requirements.
(d) Safety: Certain types of conveyors include
built-in safety features, while others may require
additional guarding to protect employees who
directly interface with the equipment.
(e) Ergonomics: A conveyor system designed
with proper ergonomics creates a better work
environment, increases productivity and reduces
operator injuries.
(f) Reliability: Select conveyors that have
withstood the test of time. Look for conveyors that
have been in operation for some time. Contact
current users and references to discuss performance
and reliability over time.
(g) Maintainability: Select conveyors that are
easy to maintain. The easier it is to maintain and
repair the system, the less impact there will be on
operations when it goes down.
(h) Energy efficiency: While certain conveyors
use less energy than others, energy efficient
principles can be applied to all types of conveyors.

(iii) Automated guided vehicles (AGV)
An AGV is a material handling device that is
used to move parts between machines or workcentres. They are small, independently powered
vehicles that are usually guided by cables that are
buried in the floor or they use an optical guidance
system. They are controlled by receiving instructions
either from a central computer or from their own on-
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board computer. The control system consists of the
controller which brings together the vehicle and the
tracking system. It acts as the brain for the entire
system. The control system also takes upon the task
of route selection, blocking and tracking loads.
AGVs are among the fastest growing classes of
equipment in the material handling industry. They
are battery-powered, unmanned vehicles with
programming capabilities for path selection and
positioning. They are capable of responding readily
to frequently changing transport patterns and they
can be integrated with fully automated intelligent
control systems. These features make AGVs a viable
alternative to other material handling methods,
especially in flexible environments where the variety
of products processed results in fluctuating transport
requirements [1].
An AGV system has several advantages among
which are reliability, automated operation, reduced
material damage during transfer, ease of change in
the layout and increased efficiency of the entire
manufacturing system. It also offers the user realtime control of the material handling system and onthe-spot decisions such as change in routing or
assignment of AGVs to specific moves. The main
disadvantage of AGVs is their high cost. They also
need polished floor surfaces and removal of
obstacles in the flow-path before they can be put into
operation. AGV robots are widely used to
autonomously transport work-pieces between
various assembly stations by following special guide
wires or colored strips. Some AGVs transport food
and medication throughout hospitals by tracking the
position ceiling lights, which are manually specified
beforehand to the robot. In potentially dangerous
and inhospitable environments, autonomous robots
are gaining widespread popularity. In the industries,
numerous components of various sizes and shapes
need to be transferred from place to place during the
manufacturing process. Flexibility is always
incorporated in the design of AGVs to meet such
requirements of the industry. AGVs are used in
industry to transport all kinds of goods, ranging from
small trays of compact and video discs to pallets and
40-tonne coils of steel. Recently there has been an
increasing demand to transport very large objects
such as sewer pipes, rotor blades of wind turbines
and pieces of scenery for theaters, which may reach
lengths of over thirty meters. A realistic option is to
let several AGVs operate together to handle these
types of loads.
(iv) Automated Storage/retrieval systems
Automated Storage and Retrieval Systems
(AS/RSs) are warehousing systems that are used for
the storage and retrieval of products in both
distribution
and
production
environments.
Automated storage and retrieval systems have been

widely used in distribution and production
environments since their introduction in the 1950s.
An AS/RS usually consists of racks served by cranes
running through aisles between the racks. An AS/RS
is capable of handling pallets without the
interference of an operator, thus the system is fully
automated. Both in production and distribution
environments, AS/RSs are used for putting products
(e.g., raw materials or (semi-finished products) in
storage and for retrieving those products from
storage to fulfill an order. An AS/RS system is
defined as a storage system that uses fixed-path
storage and retrieval machines running on one or
more rails between fixed arrays of storage racks. The
main components of an AS/RS are racks, cranes,
aisles, I/O-points, and pick positions. Racks are
typically metal structures with locations that can
accommodate loads (e.g., pallets) that need to be
stored. Cranes are the fully automated storage and
retrieval machines that can autonomously move,
pick up and drop off loads. Aisles are formed by the
empty spaces between the racks, where the cranes
can move. An input/output point (I/O-point) is a
location where retrieved loads are dropped off, and
where incoming loads are picked up for storage.
Pick positions (if any) are places where people are
working to remove individual items from a retrieved
load before the load is sent back into the system.
AS/RS are commonly applied in two types of
operations: warehousing or distribution and plant
automation. These systems are typically high-rise
systems capable of storing pallets, totes, drums, or
other similar types of unit loads. The systems
may be single aisle or large, multi-aisle systems. The
storage/retrieval machine is automated and capable
of moving at high speeds within the captive aisle.
Occasionally, multiple aisles will be equipped with a
transfer mechanism so that one S/R machine can
serve multiple aisles. These systems are typically
used in conjunction with other automated material
handling devices, such as AGVs. Some of the
system advantages typically cited for AS/RS are: (i)
The equipment enables reduced inventory levels
through tightened control measures. (ii) Space
requirements are reduced with high-rise, highdensity storage techniques. (iii) Their ability to
operate almost unattended. If the load or products
can be identified automatically by their size or shape
or by a code that can be read automatically, then the
storage system can operate unattended. (iv)
Capability to interface automatically with a number
of different types of conveyors and other
transportation equipment.
(v) Material handling robots
Robotics was first introduced 30 years ago. Since
then their applications and versatility have increased
dramatically. The basic robotics technology is
similar to CNC technology but most robots have
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more degrees of freedom. In manufacturing
applications, robots can be used for assembly work,
process such as painting, welding, etc. and for
material handling. More recently robots are
equipped with sensory feedback through vision and
tactile sense. The main advantage of robots is that
they can be used for repetitive, monotonous,
mundane tasks that need precision. They can also be
used in hazardous environments that are not suitable
for human operators. With the advancements of
robotic technologies, the industrial environments are
adopting more and more aspects of automation to
enhance product quality and accuracy and to reduce
product cost. The material handling robots are used
to move, feed or disengage parts or tools to or from
a location, or to transfer parts from one machine to
another. The material handling processes carried out
by robots are: pick and place, dispensing,
palletizing, packaging, part transfer, machine
loading, assembly, material removal and order
picking. A variation of a material handling robot is
used to build and unload units on a pallet.
Manufacturing companies throughout the world are
implementing material handling robots because of
they are faster, more accurate and efficient. They
offer unmatched quality and repeatability.
(vi) Monorails
Monorails are self-powered vehicles riding on an
overhead track. These systems provide flexible
transport of material without using valuable floor
space. They are being used increasingly in the
automation of fabrication, finishing, and assembly
operations; but usually these systems are used in
batch operations. Some advantages associated with
this type of equipment are: (i) They are capable of
higher speeds than other transportation options (up
to 500 fpm on straight runs). Therefore, they can be
used to make deliveries on demand. (ii) High speed
and low cost tracks compared to overhead
conveyors. (iii) Queuing capability. (iv) Could have
bi-directional carriers. (v) Easy interfacing with
other equipment. (vi) They provide quiet running
and clean carriers that are individually powered and
controlled. (vii) They also provide greater flexibility
for expansion and layout changes.
Material handling equipment (MHE) selection
problem is an important decision making area for the
companies, since it has a direct effect on
manufacturing and service productivity. This direct
effect makes the selection process of appropriate
machines and material handling equipments the
strategical
decision
processes
of
today’s
manufacturing infrastructure systems. Selection
problem is a complex and time consuming problem
due to the presence of many feasible alternatives and
conflicting objectives. When implementing new
MHEs, decision-makers can be faced with the

following issues [4]: (i) selection of a technology
that would give the most benefits to the company
with due consideration to the objectives and
operating characteristics of the company, (ii)
financial justification of the investment, (iii)
development of an implementation plan to ensure
that the planned objectives are met when the
selected technology is implemented and evaluate [5].
The researchers had attempted different method
previously. Chan et al. [6] described the
development of an intelligent material handling
equipment selection system called material handling
equipment selection advisor (MHESA). Fonseca et
al. [7] developed a knowledge-based system for
conveyor equipment selection. Lashkari et al. [8]
presented an integrated approach to operation
allocation (OA) and material handling systems
selection (MHSS) in cellular manufacturing systems.
Kulak [9] developed a decision support system
called FUMAHES-fuzzy multi-attribute material
handling equipment selection. FUMAHES consists
of a database, a rule-based system, and multiattribute decision-making modules. Chakraborthy
and Banik [10] focused on the application of the
AHP technique in selecting the optimal material
handling equipment for a specific material handling
equipment type. Sujono and Lashkari [1] proposed a
method for simultaneously determining operation
allocation and material handling system selection in
an FMS environment with multiple performance
objectives. Onut et al. [3] used a fuzzy analytic
network process (FANP) for assigning weights of
attributes and applied fuzzy technique for order
preference by similarity to ideal solution (TOPSIS)
for the MHE selection problem. Tuzkaya et al. [5]
applied analytic network process (ANP) and
preference ranking Organization method for
enrichment evaluations (PROMETHEE) approaches
for the material handling equipment selection
problem. Still there is a great need for the
systematical selection of appropriate MHE in the
manufacturing industries.
In this paper, one of the multiple attribute
decision making (MADM) methods ‘grey relational
analysis (GRA)’ is considered for the selection of
material handling equipment. In section 2, the details
of GRA are presented. In section 3, the problems of
material handling equipment selection are attempted
by using the GRA. The last section gives the
concluding remarks.
II. GREY RELATIONAL ANALYSIS
Grey relational analysis (GRA) is one of the
derived evaluation methods based on the concept of
grey relational space [11, 12].
The main procedure of GRA is firstly translating
the performance of all alternatives into a

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computing Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 2011

226

comparability sequence. This step is called data preprocessing. According to these sequences, a
reference sequence (ideal target sequence) is
defined. Then, the grey relational coefficient
between all comparability sequences and the
reference sequence for different values of
distinguishing coefficient are calculated. Finally,
based on these grey relational coefficients, the grey
relational grade between the reference sequence and
every comparability sequences is calculated. If an
alternative gets the highest grey relational grade with
the reference sequence, it means that the
comparability sequence is most similar to the
reference sequence and that alternative would be the
best choice [13].
The steps of improved GRA are described below.
Step 1: Data pre-processing
For a multiple attribute decision making problem
having m alternatives and n attributes, the measure
of attributes for alternative i i.e. Yi = (yi1, yi2, . . ., yij,.
. ., yin), can be translated into the comparability
sequence Xi = (xi1, xi2, . . ., xij,. . ., xin), where xij is the
normalized value of yij for attribute j (j = 1,2,3,….,n)
of alternative i (i = 1,2,3,….,m). The attributes may
be objective or subjective. The subjective attributes
are represented in linguistic terms and these are
required to be converted into corresponding crisp
scores. A rank value judgment on a fuzzy conversion
scale is proposed in this work by using fuzzy set
theory. This approach is based on the work of Chen
and Hwang [14] and Rao [15]. The presented
numerical approximation system systematically
converts linguistic terms to their corresponding
fuzzy numbers (see Fig. 1). A seven point scale is
proposed for better understanding and representation
of the qualitative attributes. The conversion of fuzzy
numbers shown in Fig. 1 into corresponding crisp
scores is explained in Table 1.
The normalized values xij are determined by the
use of the equations (1) to (3), which are for
beneficial type, non-beneficial type and target value
type attributes respectively. These are described as
follows [13]:
For beneficial attribute
yij − min{ yij }
(1)
xij =
max{ yij } − min{ yij }
For non-beneficial attribute,
max{ yij } − yij
(2)
xij =
max{ yij } − min{ yij }
For the desired value or target value type
attributes
yij − y *j
(3)
xij = 1 −
max{max{ yij } − y *j , y *j − min{ y ij }}

Where yj* is closer to the desired value of jth
attribute and i = 1,2,…,m; j = 1, 2, …n.

Figure 1. Linguistic terms to fuzzy numbers
conversion
Table 1.
Conversion of linguistic terms into crisp scores

Step 2: Reference sequence
The reference sequence X0 is defined as (x01, x02, .
. ., x0j, . . ., x0n) = (1,1, . . .,1,. . .,1), where x0j is the
reference value for jth attribute and it aims to find the
alternative whose comparability sequence is the
closest to the reference sequence.
Step 3: Grey relational coefficient
Grey relational coefficient is used for
determining how close xij is to x0j. The grey
relational coefficient can be calculated by equation
(4) [13].
( ∆ + ξ ⋅ ∆ max )
(4)
γ ( x 0 j , xij ) = min
( ∆ ij + ξ ⋅ ∆ max )
In equation (4), γ(x0j, xij) is the grey relational
coefficient between xij and x0j and
∆ij = │x0j - xij│,
∆min = Min {∆ij, i = 1,2,…,m; j = 1,2,…n}
∆max = Max {∆ij, i = 1,2,…,m; j = 1,2,…n}
ξ = distinguishing coefficient, ξ Є (0, 1]
Distinguishing coefficient (ξ) is also known as
the index for distinguishability. It represents the
equation’s
“contrast
control”.
Different
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distinguishing coefficients may lead to different
solution results. Decision makers should try several
different distinguishing coefficients and analyze the
impact on the GRA results [13]. In this paper,
different distinguishing coefficient values are
considered for the analysis.
Step 4: Grey relational grade
The grey relational grade (grey relational degree)
indicates the degree of similarity between the
comparability sequence and the reference sequence.
It is a weighted sum of the grey relational
coefficients and it can be calculated using equation
(5).
n

Γ( X 0 , X i ) = ∑ w j ⋅ γ (x0 j , xij )

(5)

j =1

Where,

n

∑w
j =1

j

=1

In equation (5), Γ(X0, Xi) is the grey relational
grade between the comparability sequence Xi and
reference sequence X0. wj is the weight of attribute j
and usually depends on decision makers’ judgment
or the structure of the proposed problem. If an
alternative gets the highest grey relational grade with
the reference sequence, it means that comparability
sequence is most similar to the reference sequence
and that alternative would be the best choice.
In this paper, several values of distinguishing
coefficient are considered to find the rankings of
given alternatives. Each distinguishing coefficient
gives its own ranking. To get the final GRA ranking
“Mode principle” is applied, which considers the
effect of all distinguishing coefficient values. The
“Mode” is the value that occurs most often. In
“Mode principle”, the alternative having mode
number at rank 1 position is selected and given final
GRA rank as 1. Similarly, the alternative having
mode number at rank 2 position is selected and
given final GRA rank as 2 and so on. Those
alternatives, which have been already given final
GRA rankings, are not considered further to find
next final GRA ranking.
III. EXAMPLES
Industrial truck selection [5]
This problem is of tractors manufacturing
company located in Istanbul, Turkey which has an
important worldwide market share. The management
team of the company planned to buy industrial
trucks for a warehouse in Istanbul facility of this
company. However, when investigating for
industrial trucks, they were not sure about the most
proper one. The decision making team had identified
industrial truck (IT) alternatives and the decision
criteria. From the IT alternatives in the market, the
decision making team decided to evaluate six

alternatives (IT1, IT2, IT3, IT4, IT5, IT6) by their
experiences. The first evaluation criterion (C1) was
the operational considerations. This criterion was
related with the operational easiness and
effectiveness of a specific alternative. Reliability,
supervision easiness, operational feasibility, etc. are
some of the indicators of this criterion. Second
criterion (C2) was the economical considerations.
This criterion was related with the economical
factors appears with the selection of a specific
alternative. Purchasing cost, establishment cost,
operating cost, end-of-use value, etc. were some of
the indicators of this criterion. Third criterion (C3)
was the environmental considerations. This criterion
was related with the environmental effects appears
with the selection of a specific alternative.
Reusability as raw material, end-of-use hazardous
waste, power usage, etc. were some of the indicators
of this criterion. Last criterion (C4) was the
strategical considerations. This criterion was related
with the strategical issues appears with the selection
of a specific alternative. Flexibility about future
plans, productivity, quality, etc. were some of the
indicators of this criterion.
Now, the problem is attempted by using the GRA
methods.
Step 1: Data pre-processing
The decision making team used the linguistic
terms as the measure of attributes for the
alternatives. The linguistic scale and corresponding
fuzzy numbers used by the decision making team are
given in Table 2. In this paper, the crisp value of a
triangular fuzzy number (a1, a2, a3) is taker as
(a1+2a2+a3)/4. The decision matrix with all
attribute values in linguistic terms is given in Table
3 and the decision matrix with all crisp data is given
in Table 4. In this problem, all the attributes are
beneficial type and the normalization is carried out
using equation (1). The normalized decision matrix
is given in Table 5.
Table 2.
Linguistic scale for importance [5]
Linguistic scale for evaluation
Fuzzy number
Strongly disagree (SDA)
(0, 0, 0.15)
Disagree (DA)
(0, 0.15, 0.30)
Little disagree (LDA
(0.15, 0.30, 0.50)
No comment (NC)
(0.30, 0.50, 0.65)
Little agree (LA)
(0.50, 0.65, 0.80)
Agree (A)
(0.65, 0.80, 1)
Strongly agree (SA)
(0.80, 1, 1)

Step 2: Reference sequence
The reference sequence is the set of the preferred
value of attributes obtained from the normalized
decision matrix. The reference sequence obtained is
(1, 1, 1, 1).
Step 3: Grey relational coefficient
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The grey relational coefficient values are
calculated by using equation (4). For distinguishing
coefficient (ξ) = 0.5, the computed grey relational
coefficient values are given in Table 6. Similarly, for
other values of distinguishing coefficient, the grey
relational coefficient values can be calculated.
Table 3.
Decision matrix for industrial truck selection with
linguistic data [5]
Alternative
C1
C2
C3
C4
IT1
SA
NC
LA
LA
IT2
SA
LA
A
A
IT3
SDA
DA
DA
DA
IT4
SA
LDA
A
SA
IT5
A
A
SA
A
IT6
DA
DA
A
A
Table 4.
Decision matrix for industrial truck selection with
crisp data
Alternative
C1
C2
C3
C4
IT1
0.95
0.4875
0.65
0.65
IT2
0.95
0.65
0.8125
0.8125
IT3
0.0375
0.15
0.15
0.15
IT4
0.95
0.3125
0.8125
0.95
IT5
0.8125
0.8125
0.95
0.8125
IT6
0.15
0.15
0.8125
0.8125
Table 5.
Normalized decision matrix for industrial truck
selection
Alternatives
C1
C2
C3
C4
IT1
1
0.5094
0.625
0.625
IT2
1
0.7547
0.8281
0.8281
IT3
0
0
0
0
IT4
1
0.2453
0.8281
1
IT5
0.8493
1
1
0.8281
IT6

0.1233

0

0.8281

0.8281

Table 6.
Grey relational coefficient for industrial truck
selection problem
Alternative
Grey relational coefficient (ξ =
0.5)
C1
C2
C3
C4
IT1
1
0.5048 0.5714 0.5714
IT2
1
0.6709 0.7442 0.7442
IT3
0.3333 0.3333 0.3333 0.3333
IT4
1
0.3985 0.7442 1
IT5
0.7684 1
1
0.7442
IT6
0.3632 0.3333 0.7442 0.7442

Step 4: Grey relational grade
The grey relational grade is the weighted sum of
the grey relational coefficients and it is calculated
using equation (5). The weights of attributes

considered by Tuzkaya et al. [5] are the subjective
weights and the same weights are considered here
for comparison purpose. The subjective weights of
attributes are: wC1 = 0.33, wC2 = 0.29, wC3 = 0.17
and wC4 = 0.22. The grey relational grades for
different values of ξ are given in Table 7. The
alternative with highest value of grey relational
grade is the best alternative for the given values of ξ.
The ranks of alternatives based on grey relational
grade values are given in Table 8.
Table 7.
Grey relational grades for industrial truck
selection problem
Grey relational grades
IT3
IT4
IT5

ξ

IT1

IT2

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0.4612

0.5574

0.0918

0.6465

0.6726

0.2036

0.5496

0.6700

0.1683

0.7022

0.7665

0.3194

0.6134

0.7375

0.2331

0.7406

0.8195

0.3990

0.6615

0.7826

0.2886

0.7694

0.8536

0.4590

0.6992

0.8148

0.3367

0.7921

0.8773

0.5067

0.7296

0.8390

0.3788

0.8106

0.8948

0.5460

0.7545

0.8579

0.4159

0.8260

0.9082

0.5790

0.7753

0.8730

0.4489

0.8392

0.9188

0.6074

0.7930

0.8854

0.4784

0.8505

0.9274

0.6320

IT6

Table 8.
Rank of alternatives for industrial truck selection
problem
ξ
R1
R2
R3
R4
R5
R6
0.1
5
4
2
1
6
3
0.2
5
4
2
1
6
3
0.3
5
4
2
1
6
3
0.4
5
2
4
1
6
3
0.5
5
2
4
1
6
3
0.6
5
2
4
1
6
3
0.7
5
2
4
1
6
3
0.8
5
2
4
1
6
3
0.9
5
2
4
1
6
3

To get the final GRA ranking, the mode principle
is applied. The final GRA ranking obtained is: 5 – 2
– 4 – 1 – 6 – 3. The ranking given by Tuzkaya et al.
[5] using PROMETHEE was: 5 – 2 – 1 – 4 – 6 – 3.
Tuzkaya et al. [5] suggested IT 5 as the best and IT
3 as the worst alternative industrial truck, which is
same as obtained by using the GRA method. The
ranking obtained using GRA method is almost same
as given by Tuzkaya et al. [5] using PROMETHEE.
This shows that validity and applicability of the
GRA method to the material handling selection
problems.
Conveyor selection [9]
The considered problem is taken form Kulak [9]
for the selection of the most proper conveyor among
the alternative of same type. The decision matrix of
four alternative conveyors and six selection
attributes with subjective as well as objective data is
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given in Table 9. A seven point fuzzy conversion
scale (see Table 1) is used for the conversion of
subjective data into corresponding crisp value. The
crisp values of subjective data are given in
parentheses.
Table 9.
Decision matrix for conveyor selection [9]
Alt.
C1
C2
C3
C4

FC
2.00
2.30
2.25
2.40

VC
0.45
0.44
0.45
0.46

SC
12
13
11
10

IW
15
20
30
25

W
10
10
20
15

F
Very good (0.8636)
Excellent (1)
Excellent (1)
Very good (0.8636)

Attributes: FC: Fixed costs per hour (€/h); VC:
Variable costs per hour (€/h); SC: Speed of conveyor
(m/min); IW: Item width (cm); Item weight (kg); F:
Flexibility

ξ
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

Table 10.
Grey relational grades for conveyor selection
problem
Grey relational grades
Conv.1
Conv.2
Conv.3
Conv.4
0.2784
0.5566
0.5726
0.1269
0.3602
0.6014
0.6266
0.2213
0.4236
0.6379
0.6684
0.2954
0.4746
0.6682
0.7018
0.3555
0.5168
0.6938
0.7290
0.4056
0.5523
0.7157
0.7516
0.4481
0.5828
0.7346
0.7708
0.4847
0.6092
0.7512
0.7872
0.5166
0.6324
0.7658
0.8014
0.5447
Table 11.
Rank of alternatives for conveyor selection
problem
ξ
R1
R2
R3
R4
0.1
3
2
1
4
0.2
3
2
1
4
0.3
3
2
1
4
0.4
3
2
1
4
0.5
3
2
1
4
0.6
3
2
1
4
0.7
3
2
1
4
0.8
3
2
1
4
0.9
3
2
1
4

The attributes SC, IW, W and F are beneficial
type for which higher values are desirable and the
attributes FC and VC are non-beneficial type for
which lower values are desired. The data given in
Table 8 is normalized by using equations (1) and (2)
for beneficial and non-beneficial attributes
respectively. Kulak [9] had given equal weightage to
all the attributes and in this paper equal weight of
attributes are considered so results can be compared.
The weights considered are: wFC = 0.1667, wVC =

0.1667, wSC = 0.1667, wIW = 0.1667, wW = 0.1667
and wF = 0.1667. Now, the grey relational
coefficients and the grey relational grades for
different values of distinguishing coefficients (ξ) are
calculated by using equations (4) and (5)
respectively. The grey relational grades for different
values of distinguishing coefficients (ξ) are given in
Table 10 and the ranks of alternatives obtained are
given in Table 11.
The final GRA ranking is obtained by using the
mode principle. In this problem, the ranking
obtained is same for all the distinguishing coefficient
values. The final GRA ranking is: 3–2–1–4. The
conveyor ranking suggested by Kulak [9] using a
decision support system FUMAHES (fuzzy multiattribute material handling equipment selection)
was: 2–1–3–4. The GRA method is giving
alternative conveyor 3 as the best, whereas Kulak
(2005) suggested conveyor 2 as the best. Now, on
comparing the attribute data for these conveyors, it
is found that the conveyor 3 is better with respect to
three attributes ‘FC’, ‘IW’ and ‘W’ where as
conveyor 2 is better with respect to two attributes
‘’VC’ and ‘SC’ and both the conveyor are equally
better with respect to attribute ‘F’, therefore
conveyor 3 should be preferred over conveyor 2
which is same as obtained using GRA method.
Again, the worst alternative found using GRA
method is conveyor 4 which is same as given by
Kulak [9] using FUMAHES. This again shows the
applicability of GRA method to the material
handling equipment selection problems.
IV. CONCLUSIONS
Selecting a best alternative is an important
problem in the material handling equipment
selection considering various multiple performance
attributes. This paper presents one of the MADM
methods, GRA, for solving decision-making
problems of material handling equipment selection.
The method represents the qualitative attribute on a
conversion scale using fuzzy logic and helps the
users in assigning the values. The effect of all
distinguishing coefficients on the ranking is
considered by applying ‘mode principle’ to get the
final GRA ranking. Three MHE selection problems
are solved using GRA method and comparisons are
made. The first problem is industrial truck selection,
the second is the conveyor selection, and the third is
automated guided vehicle selection. The results
obtained by GRA method for these problems are
more logical as compared to the results of previous
researchers. The method is easy to apply and straight
forward in calculations and prioritizing. The GRA
method is a general method and can consider any
number of quantitative and qualitative selections
attributes simultaneously and offers a more objective
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and logical selection approach. The suggested
methodology can be extended to other decisionmaking situations involving any number of
alternatives and the selection attributes.
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Robot Trajectory Planning Using TeachingLearning-Based-Optimization Technique
R.V. Rao, Anil Kumar Mahto
S.V. National Institute of Technology, Surat, India
Abstract: Teaching Learning Based Optimization
(TLBO) is the most recently developed algorithm by
Rao and Savsani in 2010, motivated by the teachinglearning process in the class room. Like other nature
inspired algorithms, TLBO is also a population based
method which uses a population of solutions to proceed
for the global solution. Robot trajectory planning
problem is complex and TLBO has not yet been
applied to the trajectory planning problem. Hence an
attempt is made in the present work to apply TLBO
algorithm to the trajectory planning problem of a
robot. TLBO has been applied to three joint robot
manipulator and it is giving good result.
Keywords: Trajectory planning, Cubic trajectory,
Dynamic constraints, TLBO.

I. INTRODUCTION
Path planning concerns the search of a timeindependent continuous sequence of configurations
between two limit configurations, whereas trajectory
planning deals with the time history of such a
sequence taking into account kinematics and
dynamics. Trajectory planning is devoted to generate
the reference inputs for the control system of the
manipulator, so as to be able to execute the motion.
Trajectory planning is basically finding control
(force) inputs τ(t) yielding a trajectory q(t) that
avoids obstacles, takes the system to the desired goal
state, and perhaps optimizes some objective
function.
The robot trajectory planning problem is
determining the time history of the robot joints with
position and orientation in order to move the endeffector of the robot form a given initial state to a
given final state in inertial space. However, such
planning path only ensures that the end-effector of
robot move to the desired state. Whereas, this
trajectory must be optimized in order to satisfy
kinematic and dynamic constraints and fully use the
capability of robotic manipulator. Optimizing the
motion path becomes a more and more important
problem in order to minimize multiple objectives
simultaneously,
such
as
minimizing
the
disturbances, minimizing the mechanical energy of
the actuators and minimizing the traveling time, and
so on.
The paper [1] considered a solution to the
problem of moving a robot manipulator with

minimum cost along a specified geometric path. The
optimum traveling time as well as the minimum
mechanical energy of the actuator was considered
together to build a multi-objective function and the
obtained results depend on the associated weighting
factor. The dynamic model of the robot in [2] is
derived using Euler-Lagrange’s equations and
Lagrange’s energy function. The inertia terms of the
actuators are not neglected and friction forces are
included in the equations of motion. The paper [3]
took a trajectory that must pass through a number of
given points. The trajectories between points are
interpolated by means of cubic polynomial
functions. An objective function is considered with
two terms, one corresponding to the optimum time
of motion and the other to the minimum mechanical
energy of the actuators. The obstacles are considered
as objects sharing the same workspace performed by
the robot. The obstacle avoidance is expressed in
terms of the distances between potentially colliding
parts.
The paper [4] considered two optimization
schemes, adaptive simulated annealing (ASA) and
genetic algorithm (GA) to find an optimal trajectory
for robotic applications for minimum torque
requirements. A study of a two-link robot and two
cooperating robots were considered for specified
initial and final position and arrival time. The
simulation results demonstrated the faster
convergence rate of ASA as compared to GA for the
problem considered. [5] Presented a multi sine
approach for trajectory optimization based on
information gain, with distance and orientation
sensing. This approach is based on global
optimization bearing in mind that various robotic
applications can be reduced to this case, both for
manipulation industrial and mobile robots. This
formulation fits quite well on many global path
planners. Within the global optimization, more
information is provided compared to methods
relying on local sensor information. Also it is shown
in the paper, that when the trajectory is very
complex, it can be divided into smaller segments and
the optimization can be performed with respect to
each local path, dropping or adding some constraints
over the intermediate linking points.
Paper [6] presented an optimal trajectory
planning approach of the flexible dual-arm space

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computing Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 2011

232

robot using the particle swarm optimization. The
trajectory is described with fourth-order quasiuniform B-spline with the control points as unknown
parameters. Then, the flexible vibration of flexible
links is estimated through a model of a flexible robot
and is included in the performance optimization
index for the flexural vibration reduction, which
simplifies the calculation of performance index. [7]
Investigated the effect of numerical parameters on
an optimal path planning of robot manipulators
taking into account robot actuating energy and
grasping forces in manipulator gripper. The results
show that the optimal trajectory depends on the
number of knots. If this number is very small the
optimal trajectory may be not representative of the
robot motion; if this number is very high the
computational cost will be high but it does not
increase the optimality of the designed path. The
results for the weighting coefficients show that the
energy of the gripper action can be very influent.
Therefore the weight of this factor should be
assumed with high value in optimization problems
of a path planning in which the grasping can have a
crucial issue for the practical application.
The paper [8] presented a trajectory planner for
industrial robots that have to operate in workspaces
with obstacles. The proposed planner is based on an
algorithm which is capable of obtaining a sequence
of feasible robot configurations from which a path
between the given initial and the goal configurations
to be reached is obtained. From this sequence of
configurations, the temporal evolution of the joint
variables is obtained in agreement with an optimality
criterion, the minimum time.
The paper [9] introduced a new trajectory
planning technique which assumes that the
geometric path, generated a priori by an upper-level
path planner, is given in the form of a sequence of
via-points in the operating space of the robot, which
represent successive positions and orientations of the
end-effector of the manipulator. An objective
function containing a term proportional to the
integral of the squared jerk along the trajectory is
considered. Moreover, a second term, proportional
to the total execution time, is added to the
expression of the objective function. In this way it is
not necessary to define the total execution time
before running the algorithm. Obstacle avoidance
problems are assumed to have been solved already
by the upper-level path planner and are not
considered. The technique for solving the
optimization problem is based on fifth-order Bsplines instead of cubic polynomial functions.
The paper [10] reviewed optimal trajectory
planning of manipulators and presented the state of
art in trajectory planning. The use of cubic splines in
trajectory planning is very common, because the
generated trajectories have continuous values of the

accelerations. Moreover, unlike higher order
polynomials, cubic splines do not present problems
such as excessive oscillations and overshoot
between any pair of reference points.Cubic
polynomial trajectories are smooth and have small
overshoot of angular displacement between two
adjacent knot points many researchers have used
cubic spline polynomials to fit the segment between
two adjacent knots. Joint displacements for the n-2
selected knot points are interpolated by piecewise
cubic polynomials. In order to satisfy the continuity
conditions for the joint displacement, velocity, and
acceleration on the entire trajectory for the Cartesian
path, two extra knot points with unspecified joint
displacements must be added to provide enough
degree of freedom for solving the cubic polynomials
under continuity conditions. Thus, the total number
of knot points becomes n and each joint trajectory
consists of n-1 piecewise polynomials. Using the
continuity conditions, the two extra knot points are
then expressed as a combination of unknown
variables and known constants. Then only n-2
equations need to be solved. The resultant matrix
equation has a banded structure which facilitates
computation. To minimize the total travelling time
along the path, these time intervals must be adjusted
subject to joint constraints within each of n-1 cubic
polynomials. Thus the problem reduces to an
optimization of minimizing the total travelling time
by adjusting the time intervals.
Paper [11] considered PSO for point to point
trajectory planning problem, i.e., that of determining
the time history of the robot joints and spacecraft
state (position and orientation) in order to move the
(2 DOF planar space robot system) end-effector of
the robot form a given initial state to a given final
state in inertial space. [12] Considered the dynamic
model using the Lagrangian formalism, which
includes actuators and friction models. This model
allows closed-form expression of joint rates and
accelerations characterizing the motion resulting
from joint torques. [13] presented the actuators
dynamics in detail for discrete-time-dynamic model
of the parallel kinematic machine. [14] Used
Lagrange-Euler formulation. [15] Presented a
method for smooth trajectory planning for industrial
robots in environments with obstacles using,
creating the trajectory gradually as the robot moves.
The method presented deals with the uncertainties
associated with the lack of knowledge of kinematic
properties of intermediate via-points since they are
generated as the algorithm evolves looking for the
solution. Several cost functions are also proposed,
which use the time that has been calculated, to guide
the robot motion. The method has been applied
successfully to a PUMA 560 robot and four
operational
parameters
(execution
time,
computational time, distance travelled and number
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of configurations) have been computed to study the
properties and influence of each cost function on the
trajectory obtained. [16] Proposed a new trajectory
planning technique for suppressing residual
vibrations in two-link rigid-flexible manipulators, in
which the first link was rigid and the second link
flexible. When modeling the flexible link, the effects
of geometric nonlinearities arising from large
bending deformations were taken into consideration
to accurately capture the dynamic behavior of feed
forward vibration control systems. Point-to-point
motion of manipulators was considered, and the
trajectory of the flexible link for which vibrations
were suppressed after positioning was searched. In
the proposed method, the joint angle of the flexible
link was expressed as a cubic spline function to
satisfy the minimum vibration condition. It was
concluded that the effects of geometric
nonlinearities cannot be neglected when designing to
feed forward vibration control systems for flexible
manipulators undergoing large deformations.
Paper [17] reviewed the existing work on
dynamic parameter identification of serial and
parallel robots. The methods for the identification of
dynamic parameters are classified as off-line
identification methods and on-line identification
methods. The identification model and trajectory
optimization are discussed. Since the identification
algorithms for the dynamics of complex parallel
mechanisms are few, the dynamic parameter
identification of parallel robot is emphasized.
Evolutionary algorithms which are population-based
stochastic and global search methods are gaining
popularity for solving optimization problems of
complex problems in robotics, such as Genetic
Algorithm, Simulated Annealing, Particle Swarm
Optimization and Artificial Bee Colony algorithm.
Their performance is superior to that revealed by
classical techniques and has been used successfully
in robot path planning.
Rao and Savsani [18] have developed a new
efficient optimization method called ‘TeachingLearning-Based Optimization (TLBO)’. This
method works on the effect of influence of a teacher
on learners. Like other nature inspired algorithms,
TLBO is also a population based method and uses a
population of solutions to proceed for the global
solution. The population is considered as a group of
learners or a class of learners. Working of TLBO is
divided into two parts: first part consists of ‘Teacher
Phase’ and the second part consists of ‘Learner
Phase’. ‘Teacher Phase’ means learning through
teacher and ‘Learner Phase’ means learning due to
the interaction among learners.
Like GA, PSO, ABC, HS, etc., TLBO is also a
population based technique which implements a
group of solutions to proceed for the optimum
solution. Many optimization methods require

algorithm parameters which affect the performance
of the algorithm. GA requires crossover probability,
mutation rate, and selection method; PSO requires
learning factors, variation of weight, and maximum
value of velocity; ABC requires number of
employed bees, onlooker bees and value of limit; HS
requires harmony memory consideration rate, pitch
adjusting rate, and number of improvisations. Unlike
other optimization techniques TLBO does not
require any algorithm parameters to be tuned, which
makes the implementation of TLBO simpler and
easy.
Like PSO, TLBO uses the best solution of the
iteration to change the existing solution in the
population thereby increasing the convergence rate.
TLBO does not divide the population like ABC.
Like GA which uses selection, crossover and
mutation phase and ABC which uses employed,
onlooker and scout bees phase, TLBO uses two
different phases, ‘teacher phase’ and ‘learner phase’.
TLBO uses the mean value of the population to
update the solution.
In this paper the homogeneous transformation
matrix and the parameters of Denavit-Hartenberg are
used to write the kinematic model. Dynamic model
for the manipulator is taken by Euler-Lagrange’s
equation using Lagrange’s energy function. Cubic
polynomial function is used to represent the path
between two adjacent trajectory points in the joint
space. For optimization purposes TeachingLearning-Based Optimization is used.
II. MATHEMATICAL FORMULATION OF
TRAJECTORY PLANNING
The direct application of the Lagrangian
dynamics formulation together with the DenavitHartenberg link coordinate representation, results in
a convenient and compact algorithmic description of
the manipulator equations of motion as given in [1].

Figure1. Representation of link in the co-ordinate system

The derivation depends on:
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1.

2.

The
4×4
homogeneous
coordinate
transformation matrix, i-1A i which describes
the spatial relationship between the {i}th
and the {i-1}th link coordinate frames.

=

The Lagrange-Euler equation
(1)

Where
L = Lagrangian function = K – P
K = total kinetic energy of the robot arm
P = total potential energy of the robot arm
= generalized coordinates of the robot arm
= first time derivative of the generalized
coordinate,
= generalized force (or torque) applied to the
system at joint i to drive link i
The Lagrange-Euler formulation requires
knowledge of the kinetic energy of the robot
manipulator, which in turn requires knowledge of
the velocity of each joint. With reference to Fig. 1,
let
be a point fixed and at rest in a link i and
expressed in homogeneous coordinates with respect
to the ith link coordinate frame,

(6) The partial derivative of
w.r.t.
can be
calculated easily with help of matrix which, for
revolute and prismatic joint, respectively is
,

Hence, for i =1, 2… n
(7)
Let
Then Eq. 7 becomes
=
Then

(2)
Let
be the same point
with respect to the
base coordinate frame,
is the homogeneous
coordinate transformation matrix which relates the
spatial displacement of the {i}th link coordinate
frame to the {i-1}th link coordinate frame, and
the coordinate transformation matrix which relates
the {i}th link coordinate frame to the base
coordinate frame, then
(3)
where
(4)
Consider
as the link parameters of
Denavit-Hartenberg for the robot manipulator. Then
homogeneous transformation matrix
is given
as:
(5)

Where if joint i is revolute then the joint variable
is
and if joint i is prismatic joint then the joint
variable is
. In order to derive the equation of
motion that are applicable to both revolute and
prismatic joints, variable
is used to represent the
generalized coordinate of joint i which is either
(for a rotary joint) or (for a prismatic joint).The
velocity of
expressed in the base coordinate
frame will be,

(8)
will become
(9)

Similarly

(10)

Let be the kinetic energy of link i expressed in
the base coordinate system, and let
be the
kinetic energy of a particle with differential mass dm
in link i; then
(11)
where Tr A
Substituting
from Eq. 9 the kinetic energy of
the differential mass becomes
=
=
(12)
The matrix , is the rate of change of the points
on link i relative to base coordinate frame as
changes.
(13)
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The integral term inside the bracket is the inertia
of all the points on link i, is known as inertia
matrix . Given the moments of inertia and the
products of inertia, can be represented as,
(14)

The total kinetic energy

=

of a robot arm will be

(15)

Which is a scalar quantity, is dependent on the
mass distribution of link i and not their position or
rate of motion and expressed w.r.t. ith coordinate
frame. Hence, the need be comp uted only once
for evaluating the kinetic energy of a robot arm.
Potential energy of a robot manipulator is given
by,
(16)
Where
is gravity row
vector expressed in the base coordinate system.
The Lagrangian function L=K-P is given by
L=

and orientation of the gripper can be represented by
the following matrix:
(20)
Where p is the position vector of the hand and
,
,
are the unit normal, slide, and approach
vectors, respectively. Joint values corresponding to
H(t) can be solved using the kinematics
transformation equations. To construct the joint
trajectories, for a manipulator with n degrees of
freedom, m nodes {H1 ,H2, . . . ,Hm} are first
transformed into joint vectors [q11 , q21, . . . , qn1 ],
[q12 , q22, . . . , qn2], . . . , [q1m, q2m, . . . , qnm], where
qji is the displacement of joint j at node i
corresponding to Hi . Cubic polynomials are chosen
to describe the trajectories. The trajectory is
constructed in such a way that, for each joint, it fits
the sequence qj1 , qj2, . . . , qjm ; see Fig. 2. As the
same procedure is repeated for each joint, the joint
number j is neglected.
Let t1 < t2 <· · ·< tm-1 < tm be an ordered time
sequence let hi = ti+1 – ti be defined as the time
interval, and let T = Σhi , be the total time. Let
be the joint velocities and
accelerations at the initial time t1 and terminal time
tm, represented in Figure 2.

(17)
Applying the Lagrange-Euler equation, the
generalized torque for joint i actuator to drive the
ith link of the manipulator,

(18)
Or in matrix form as
Figure 2. Trajectory of the gripper

(19)
Where
= n×1 generalized torque vector applied at
joints i =1, 2, . . . n
= n×1 vector of joint variables of the robot
arm
= n×1 vector of joint velocity of the robot
arm
= n×1 vector of acceleration of the joint
variables
= an n×1 nonlinear Coriolis and
centrifugal force vector
= an n×1 gravity loading force vector
In [3] the cubic polynomial trajectory is obtained
by considering that the trajectory must pass through
a given number of points. The robot model is based
on the Denavit–Hartenberg parameters. The position

A cubic polynomial function qi (t) is defined in
the time interval [ti , ti+1]. It is assumed that the
displacement, velocity, and acceleration are
continuous on this time interval. The second time
derivative can be written as

(21)
where
.Integrating Eq. 21 for the
given points qi (ti ) = qi and qi (ti+1 ) = qi+1, the
following interpolating functions are obtained:

(22)
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(23)
The two extra nodes q2 and qm-1 are not fixed and
are used to add two new equations to the system in
such a way that it can be solved. The joint
displacements of these two nodes are written as
(24)

(25)
Using the continuity condition on the velocity
and using Eq. 21 and 22,
equations are obtained:

the following

(27)
Considering that
and after
algebraic simplifications, Eq. 27 can be written as

(28)
This procedure can be generalized by
substituting Eq. 24–25 into Eq. 26 and observing
that
because of the continuity condition on the
acceleration. Thus, the following system of m-2
linear equations, to be solved for the m-2 unknowns
is obtained:
(29)

(26)
Letting i = 2 in Eq. 26 and substituting the value
q2 given by Eq. 24 yields

Where

(30)
and where the vector b is given by

The solution uniqueness of Eq. 29 is guaranteed
if the matrix A is non-singular. Thus, adopting the
time interval hi , the acceleration is obtained solving
the Eq. 29, the velocity is given by Eq. 22, and the
displacement is obtained using Eq. 23.
III. TEACHING LEARNING BASED OPTIMIZATION
ALGORITHM
Teaching Learning Based Optimisation (TLBO)
algorithm simulates the teaching learning behaviour
of a class [18]. TLBO considers the influence of a

teacher on the output of learners in a class. Here
output is considered in terms of results of the
learners (students). Quality of a teacher affects the
outcome of learners. Also, students learn many
things from the interaction with other students.
Consider Fig. 3 which shows a model for the
obtained marks for learners in a class with curve-A
having mean MA. The best learner is mimicked as a
teacher, which is shown by TA. Teacher tries to
disseminate knowledge among learners which will
in return increase the knowledge level of the whole
class and this will help learners to get good marks or
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grades. So a teacher increases the mean of the class
according to his or her capability.
MA

Curve-A
Curve-B

Probability density

MB

TA

0

10

20

30

40

50

60

TB

70

80

Obtained Marks

Fig.3. Distribution of marks, [18]

Learners also learn from the interaction among
themselves, which also helps in their results.
Teacher TA puts efforts so as to increase the quality
of students from MA to MB and at this stage students
require a new teacher who is superior in quality than
them, i.e. in this case the new teacher is TB. Hence
there will be a new curve-B with new teacher TB.
Working of TLBO is divided into two parts. First
part consists of ‘Teacher Phase’ and second part
consists of ‘Learner Phase’. ‘Teacher Phase’ means
learning through teacher and ‘Learner Phase’ means
learning due to the interaction among learners.
TEACHER PHASE
Let Mi be the mean and Ti be the teacher at any
iteration i. Ti will try to move mean Mi toward it, so
now new mean will be Ti designated as Mnew.
Solution is updated according to the difference of
existing and new mean given by
Difference_ Meani = ri (M new − TF M i )
(31)
Where TF is the teaching factor which decides the
value of mean to be changed, and ri is the random
number in the range [0,1]. Value of TF can be either
1 or 2 which is again a heuristic step and so it is
decided randomly with equal probability as
TF=round [1+rand (0, 1) {2-1}].
This difference modifies the existing solution
according to the following expression
X new ,i = X old ,i + Difference _ Mean i (32)

90

For i=1:Pn
Randomly select another learner Xj, such that i≠j
If f(Xi)<f(Xj)
Xnew,i=Xold,i+ri(Xi-Xj)
Else
Xnew,i=Xold,i+ri(Xj-Xi)
End If
End For
Accept Xnew if it gives better function value.
The average and the best value of the objective
function improves as algorithm proceeds from
teacher phase to the student phase in the same
generation and it also improves with the number of
generations.
Hence the algorithm guarantees
convergence.
The optimisation program is to be coupled to the
robot trajectory analysis program. The maximisation
of the operation speed of the manipulator
corresponds to the minimisation of a set of time
intervals h1, h2, ,…. hm-1. The n joints of the robot
must be considered simultaneously. The optimal
travelling time and minimum mechanical energy of
the actuators are considered together to build a
performance index
(33)
where,
Rm = the design variables;
hi
= generalized velocity;
ui = generalized forces;
α1 and α2 = weighing factors;
Subject to:
(34)
(35)
(36)

(37)
(38)
where VCj is the velocity constraint, WCj is the
acceleration constraint, JCj is the jerk constraint, and
UCj is the force/torque constraint for joint j . The
generalized forces are given in Eq. 19.For
initialization of the optimization process let h be
defined as the vector of design variables h = [h1, h2, .
. ., hm]. To initialize the optimization process it is
considered that:

LEARNER PHASE
A learner interacts randomly with other learners
with the help of group discussions, presentations,
formal communications, etc. A learner learns new
things if the other learner has more knowledge than
him or her. Learner modification is expressed as,

As two extra knots are needed they are initially
taken as:
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Table 3
Link mass (kg), segments (m), center of mass (m), link
inertia (kg/m2)

IV. NUMERICAL APPLICATION

7.25

0.20

0

-l1/2

3.08

0.10

-l2/2

0

1.63

0.08

-l3/2

0

Table 4
Constraints for revolute robot
Knot
VC(degrees/s)
WC(degrees/s2)
JC(degrees/s3)
UC(Nm)

Table 1
Link parameters for the robot

900
00

0
0.10

0
0

00

0.08

0

Knot
h1(s)
h2(s)
h3(s)
h4(s)
h5(s)
h6(s)
h7(s)
Σhi(s)

Σ8*

*

Knots from a Cartesian path of the hand are
given in Table 2 and by means of inverse Jacobian
joint displacements are solved for these knots. The
dynamic characteristics are given in Table 3 and rb =
0.3 m. The robot is at rest initially, and comes to a
full stop at the end of the trajectory. The velocity,
acceleration, jerk, and force constraints are given in
Table 4, and the optimization results are given in
Table 6.

600
-300
-600
400
900

Joint 2
00
(extra knot)
450
800
1200
500
(extra knot)
-300

α1=0.5
α2=0.5

α1=1
α2=0

α1=0
α2=1

1.90
1.90
11.6
3.80
12.8
3.20
3.20
38.40
7.17

0.80
4.19
4.57
4.17
5.67
6.62
0.48
26.48
1.67

1.09
3.11
4.11
2.31
5.99
3.61
1.22
21.44
3.88

3.17
15.0
15.0
12.9
12.6
15.0
1.35
75.0
0.61

Σ8=
Optimized results
TLBO
α1=0.5
α1=1
α1=0
α2=0.5
α2=0
α2=1

Results
h1(s)

8.16

1.56

5.74

h2(s)

3.99

2.96

9.04

h3(s)

4.5

5.93

12.29

h4(s)

1.5

1.5

1.50

Joint 3
500

h5(s)

5.0

5.0

5.0

h6(s)

0.5

0.5

0.5

750
800
1000
1200

h7(s)

0.5

0.5

0.5

Σhi(s)

24.15

17.95

34.20

Σ8

56.37

J=17.95

56.88

Joint displacement

Joint 1
900

Initial

Table 6

Table 2

Knot
1
2
3
4
5
6
7
8

Joint 3
20
20
10
4.0

Optimization results of [1]

The application considers a Revolute Robot with
three joints represented in Fig.4 [1]. The program in
MATLAB
was
developed
taking
above
mathematical formulation of trajectory planning
including dynamics and TLBO. The DenavitHartenberg parameters are given in Table 1.

3

Joint 2
85
20
10
4.0

Table 5

Figure 4. Revolute robot manipulator

Joint
1
2

Joint 1
20
20
10
4.0

1500

Identifying the range of the boundaries of the
parameter in this case, taking appropriate value of
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maximum cycle number (MCN), the population size
P is critical of getting best result. Table 6 gives the
result of this work, the test has been conducted with
the TLBO with the values of MCN= 200, and P=50.

[5]

[6]

V. CONCLUSION
Evolutionary algorithms which are populationbased stochastic and global search methods are
gaining popularity for solving optimization problems
of complex problems in robotics, such as Genetic
Algorithm, Simulated Annealing, Particle Swarm
Optimisation and Artificial Bee Colony algorithm.
Their performance is superior to that revealed by
classical techniques and has been used successfully
in robot path planning. Earlier works used kinematic
models where the imposed trajectory is
geometrically defined in the work space in such a
way that the manipulator avoids existing obstacles.
This type of planning can produce very high
execution velocities .It induces also excessive torque
amplitudes (harmful), Dynamic models were later
incorporated for more realistic control of robot
dynamic behavior. It should be pointed out that the
Solutions obtained are engineering solutions. This
means that global minimum is not guaranteed.
TLBO is recently developed optimisation technique
by Rao and Savsani [18] and fast emerging in the
field of optimization due to lesser number of
parameters and less computing time and fast
convergence. Trajectory Planning Problem is
complex when we consider redundant robot,
dynamic consideration and obstacle avoidance. No
work on Trajectory Planning Problem with TLBO
has been done.
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Abstract: The Indo-Russian Joint Workshop on
Computational Intelligence and Modern Heuristics in
Automation and Robotics “CIMHAR-2010” was held
during 20-22 September 2010. The next Joint
Workshop, “CIMHAR-2011” is the good step to the
future collaboration.
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I. INTRODUCTION
The first Indo-Russian Joint Workshop on
"Computational Intelligence and Modern Heuristics
in Automation and Robotics (CIMHAR-2010)” was
held during September 20-22, 2010 at S.V.National
Institute of Technology, Surat, India. The topics
were related to the computational intelligence and
modern heuristics that play an important role in
efficient and effective implementation of automation
and robotics in the industries. The Indo-Russian
joint workshop enabled the leading researchers and
academics from both India and Russia to more
closely interact with each other.
The main objective of the joint workshop was to
bring together Indian and Russian experts for
sharing of knowledge, expertise and experience in
the emerging trends related to the computational
intelligence and modern heuristics in automation and
robotics. The workshop included various technical
sessions covering various advances in the chosen
field and each technical session consisted of
contributed papers presented by the Indian and
Russian researchers. The brain storming and fruitful
discussions among the participating researchers on
particular topics led to mutual advancement of
research through the transfer of knowledge and
expertise. The printed proceedings of the workshop
contained the technical contributions. All these
activities of the workshop formulated a specific
research program of concrete action.
We are extremely grateful to the Department of
Science and Technology (DST) of India and Russian
Foundation for Basic Research (RFBR) of Russia for

supporting the joint workshop. We are also grateful
to our parent institutes (S.V. National Institute of
Technology and Novosibirsk State Technical
University).
The following Joint Workshop is The Second
Indo-Russian Joint Workshop “CIMHAR-2011”,
which will be held in Russia, Novosibirsk, at the
premises of Novosibirsk State Technical University.
II. THE REVIEW OF “CIMHAR-2010”
Paper [1] proposed a method of forming the
extremum seeking, which includes the organization
of two closed loops and pre-stabilization for the
dynamic part. The simulation demonstrated the basic
properties of the extremum seeking system. The
paper [2] discussed the close problem in the discrete
time. Paper [3] presented an approach to the timetable optimization for the parallel-serial production
systems. Papers [4–7] discussed the design problems
of the regulators. Paper [8] presented the methods of
dynamic objects parameter identification. In the
paper [9] building of automation control and
mechatronic systems based on real-time Linux
kernel and Scicoslab scientific software was
presented. Paper [10] presented using of timed Petri
nets in software design with UML diagrams. Paper
[11] discussed rationalizing HCI Integration in ECommerce software development. Paper [12]
outlined simulation of a fault-tolerant assembly line.
Paper [13] presented a novel approach for robot
navigation using neuro-fuzzy based system. The
performance of the mobile robot navigation system
was improved by cascading the neural network and
fuzzy system. Papers [14–23] discussed the
applications of evolutionary approaches in industrial
automation. Such approaches were described as
genetic algorithm, particle swarm optimization,
artificial bee colonies, ant colony optimization, and
shuffled frog leaping to the optimization problems.
Paper [17] presented the application of hybrid ABCSA algorithm for multi-objective optimization of
process parameters of turning operation and paper
[22] presented the application of ABC algorithm for
the same purpose of process parameter optimization
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of turning process. Paper [19] presented the
application of particle swarm optimization (PSO)
technique for optimum robot trajectory planning.
Paper [23] discussed the use of the ant colony
algorithm
optimization
for
the
industrial
applications. Paper [24] presented the significance of
sensitivity and uncertainty analysis using fuzzy
numbers. Paper [25] dealt with a situation involving
the phenomenon of instability. Paper [26] discussed
the applications of digital signal processing in high
voltage engineering. In paper [27] the feedback into
optical measuring system was discussed for the
increase of the accuracy parameters. Paper [28]
presented new methods and devices for vibrations
~0.1 nm and displacements ~0.1 mm measurements
based on the active frequency stabilization of the
laser light by means of the closed loop feedback
control with the use of the patented measuring
methods.
In addition to the above technical paper
presentations, a panel discussion was also held.
Fruitful discussions were carried out among the
participants from India and Russia. Russian
participants focused on the issues related the
automation such as control of non-linear systems,
PID controller design, multi-channel regulations,
etc; whereas, the Indian participants focused on the
issues related to modern heuristics and their
applications to various fields of robotics, design,
manufacturing, heat transfer, nuclear physics, etc.
The need for industrial automation to improve the
productivity, intelligent software using modern
heuristics, and adequate software for reliability and
stable systems was highlighted. The industrial
experts had given the examples of automation
strategies used by them for carrying out welding
automation in their industry. It was also opined there
is a need for curriculum development and
interdisciplinary approach to develop human
resources in automation.
Following research areas were identified in the
workshop to carry out the joint research projects in
future.
1. Sophisticated algorithms for functioning of the
complex systems: bee colonies, genetic
algorithms, neuro systems, fuzzy logic.
2. Robotics, mechatronics, control of movements
in mechanisms.
3. Feedback control system (digital and analog),
theory, practices, modelling, new methods and
structures, methods of calculations of
regulators.
4. Automation of automotive systems.
5. System reliability optimization, stochastic
optimization
using
probability-possibility
interface, polynomial chaos theory based
optimization.

The joint research projects will lead to mutual
advancement of research through the transfer of
knowledge and expertise and joint research
publications. The research collaboration may further
lead to conducting international workshops and
exchange of research students and faculty members.
II. THE NEW CONTRIBUTION OF “CIMHAR-2011”
TO THE ENGINEERING SCIENCES

Session-1 includes the following topics:
Intelligent Systems and Control, Optimization of the
regulators, Adaptive regulators, Modern Heuristics,
Artificial Intelligence, Data Mining in automation
and
industrial
applications;
and
Neural / Fuzzy / Evolutionary
approaches
in
automation.
The both sides have significant achievements in
this topic. The traditional direction of the department
of Automatic of NSTU is adaptive feedback system
of automatic control. Science school under the
science leadership of Professor A.S. Vostrikov is
well known in Russia. He is supervisor of 20
scientist who get the degree of Doctor of Technical
Sciences, and more then 40 scientists who get a
degree of Master of Sciences. Other fruitful
researching directions are optimal systems and
extreme systems. The progress in the above
directions is closely connected with the use of the
principle of the Localization and the relative method
of the Division of motion. The Indian side presents
interesting publications connected with the use of
fuzzy logic, TLBO algorithm and other fine
mathematical methods. The session presents the
papers of R.V. Rao, D. Datta, A.S. Vostrikov, G.A.
Frantsuzova, A.A. Voevoda, V.D. Yurkevich and
co-authors.
Session-2 is closely related to the former. It
covers Modern heuristics methods in factory
automation based on predictive, adaptive control,
recognition, navigation, motion control, competitive,
self-organizing learning, and clustering. Adaptive
and self-tuning systems are developed in NSTU
under the leadership of Professors Alexander
Voevoda and Vadim Zhmud. The results are given
in a number of papers in Scientific Bulletin of NSTU
and in the Collection of the Science papers of
NSTU. The session presents the papers of R.V.
Rao, D. Datta, T.A. Avdeenko, A.A. Voevoda,
V.A. Zhmud, V.V. Gubarev and co-authors.
Session-3 is presented not widely. It covers
Computational Intelligence in wireless automation
protocols such as Bluetooth, WiFi, and ZigBee;
Computational Intelligence in security, reliability,
and fault-tolerance in automation. Some papers from
other sessions are surely related to this session.
However, great interest is raising to the cloud
calculations, to the SaaS technology of calculations,
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and to GRID-systems, and hence the topic of this
session may be corrected in the next few days.
Session-4 covers the topics related to Ant
colonies optimization and swarm intelligence in
automation; Petri Nets, Chaos, Markov models,
Support Vector Machines, and Expert Systems.
Papers of Professor R.V. Rao and S.S. Mahapatra
with co-authors present the results in this field. The
paper of Professor E.V. Rabinovich demonstrates
the opportunity of the modern methods for the image
processing. Paper of Professor A.A Voevoda et al.
could be included here, but it was assigned to the
session 3 as it is related to that topic too.
Session-5 is connected with the topics covering
Machine Vision and Intelligence, Actuators and
Motion Control, Multisensory Fusion and
Integration. Together with the works of the above
mentioned authors there are the reports of Professor
V.I. Guzhov, head of faculty of Automatics and
Computers in NSTU. The problems of the technical
vision, television and laser techniques are very
important for the both sides, and the results in this
field are significant. The collaborations with the
Institute of Laser Physics of SB RAS (Novosibirsk),
Institute of Automation and Electrometry SB RAS
(Novosibirsk) and faculty of Physics and
Engineering of NSTU has its long and fruitful
history. This topic is important for robotics and there
is no doubt in its future development and growth of
its content and usability.
Session-6 is connected with the topics covering
Intelligent Robots and Systems, Human-robot
interaction, Robot vision, Cognitive robotics, and
Cooperative and Collaborative robotics. It is the
most intelligence topic closely related to the
Computer Intelligence and almost artificial human
brain. In addition to the earlier mentioned authors,
there are papers of Professor V.K. Gupta, Dr. Ekta
Singla, Professors M.G. Grif, Ye.B. Tsoy and coauthors.
All the papers are very interesting and the
discussion will be surely very fruitful and
constructive.
The
editors
warm-heartily
thank
the
administrative authorities of the Novosibirsk State
Technical University and of S.V. National Institute
of Technology for the organization of the IndianRussian Joint Workshops on “Computational
Intelligence and Modern Heuristics in Automation
and Robotics”.
III. THE PERSPECTIVES OF THE COLLABORATION
Future collaboration perspectives are wide and
hopeful. Both the sides plan to develop heuristic
approaches with the use of complex algorithms for
the function of the complex systems on the basis of

evolutionary algorithms, fuzzy logic and fuzzy
models for the development of the theory in the field
of actual tasks of automation, namely: the
development of the new methods of the
identification, modeling of objects and systems and
the design and optimization of the regulators for
these systems. The developed methods are urgent for
the progress of the applied and fundamental theories
of automation, robotics, mechatronics and so on.
One of the most interesting directions is the
development of the algorithms of the controlling of
redundant manipulators and the control of the
multilinked objects. The later has many inputs and
outputs with many connections between them which
does not allow treating the N-dimension objects as N
scalar objects. The redundant manipulators can
efectively resolve the task of the automatic assembly
and demounting of the complex equipment, repair,
and works which can not be realized manually
because of the restriction of the opportunities of the
human being in comparison with the robots
opportunities. Such manipulators can work in
corrosive medium and/or radioactivity, under the
super-high or super-low temperature, in the cosmic
space. Precision manipulators are irreplaceable in
the modern technological systems (micro- and nanotechnology). Non-redundant manipulators are not
sufficiently effective because they sometimes can’t
perform complex movements under the conditions
of the restrictions. The additional degrees of
freedom provide more flexibility to the manipulator,
which in this case overcomes the human hand in its
opportunities. The increasing degrees of freedom
make the mathematical model of the manipulator
more complex and demands more number of sensors
of the locations, increases the Abbe errors and
produces the additional difficulties of control. Each
stated task in this case has many decisions. It has
place also at the example of the human hand. For
the execution of the each such operation it does not
takes searching of all the possible decisions;
preferably the fastest seek of the most appropriate
solution. Also the criteria for an acceptable solution
can be developed and, since at the different rotation
angles of joints the different loads acts on them. The
optimal solution should recognize such a decision, at
which the smallest load on the joints, and (or) the
greatest burden falls on those joints that are closer to
the base of the manipulator. This is partly due to the
fact that the joints closer to the base of the
manipulator must be made more powerful because
they carry themselves well and the rest of the
manipulator. The project involves the development
and compilation of mathematical models for the
redundant manipulators in the language of fuzzy
logic, which will also solve the optimization
problems of this class.
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Current status of research in the field of
heuristics noted the rapid growth of interest in this
area by the Indian partners in the project, which is
manifested in a sharp increase in publications on
these topics. The scientist of the NSTU have a deep
understanding of the specific problems of automatic
control and regulation, as manifested in the effective
development of automatic control theory and
methods of identification by the Department of
Automation, which is also noted with the relevant
publications. Theory of automatic control has been
successfully developed in Russia and abroad, and
the Russian school in this area is far from last place.
Leaders in this area are schools of St. Petersburg,
Moscow, Novosibirsk (NSTU), Tomsk, there are
teams with academic schools and a number of
scientific results of the doctoral-level universities in
Krasnoyarsk, Irkutsk, and Vladimir. Also special
chapters to the theory of automatic control
developed in the scientific and educational
organizations dealing with applied problems, such as
in space technology, aircraft and transport. The
theory of scalar control objects (i.e. objects with a
single input and single output) has been developed
far enough, and its capabilities far ahead of the
practical problems of most of these problems (except
for problems of adaptive control of complex objects,
objects with varying or interval-specified parameters
and objectives Plug and Play). This can not be said
of the multidimensional control problems (multiply)
object. These problems are solved in theory only for
a narrow class of objects, usually linear, low-order
non-traffic delay. Such models are obtained in
practice only by ignoring the many essential features
of real models. This approximation is in most cases
is not justified, therefore, obtained in the theory of
"optimal" results when applied to practical object
with several other real models are far from optimal,
and sometimes are inadequate. This involved many
leading domestic and foreign schools, which is
manifested in a variety of publications, particularly
in the journals like International Journal of Control,
and others. One of the new methods of synthesis of
the controller (and system settings) is to use
simulation and numerical optimization program.
Modeling due to the rapid development of software
has become not only a means of complex systems
analysis and testing of the calculated controls, but
also tools for solving problems of controller design
[1-9]. Research in this area allowed us to develop a
list of recommendations, methods, and useful
structure of regulators through programs such as
VisSim 5.0/6.0, MATLABV, MathCAD, Simulink, etc.
The main significance of these results is based on a
lack of analytical methods for solving such problems
with complicated mathematical models of objects
containing both the nonlinearity of the transport
links of delay, multiple links, dynamic links of a

high order, as well as functioning in a large
disturbing influences and interference. These
analytically intractable problems in some cases can
be resolved through software simulation and
numerical optimization. In some cases the solution
requires the simultaneous application of the new
structures, regulators, and new methods of numerical
calculation. Particularly difficult problems arise in
the management of multiply connected objects that
contain all these features. Analytical methods for
solving such problems are not found. The advantage
of the methods of numerical optimization controllers
is that the object model and controllers can be
configured in many different forms, which for
analytical methods are mutually exclusive, and in
modeling and optimization of various models can be
easily used in one of the simulated structure (the
project). Unfortunately, the optimization methods
implemented in the well-known packages for
modeling, do not take into account the features of
optimization problems regulators. Therefore, the
implemented optimization algorithms require
excessively large memory resources and time, and a
large number of iterations (trial implementation with
pre-calculated controller parameters). This drawback
is not so important when optimizing the controller
for a well-known model, implemented by
mathematical modeling, it becomes very important
and even overwhelming when trying to work with
real objects, as many real objects do not allow for
multiple configuration modes with the lack of proper
security proximity to the desired state values of
output signals of the object. Optimization and
adaptive management of such facilities requires the
finding of such algorithms like numerical
optimization, which even at the stage of identifying
the object and the tests would not lead to too large
differences from the prescribed state of the object.
Figures 1–6 illustrate the problem of the control
of the manipulators in the presence of the obstacles.
Figure 1 shows a simple manipulator with the
restricted degrees of freedom that is easy to control
due to the small controlling parameters. Hence the
controlling algorithms are simple. But if an obstacle
is present close to the working zone, as shown in
Figure 2, then such approach is not usable. There are
at least two opportunities of resolving such a
problem. As Figure 3 shows, the problem can be
resolved with the telescopic arm. Figure 4 shows
another variant of the problem resolving with more
number of joints. Figure 5 demonstrates the
additional advantage of the more number of joints.
Figure 6 demonstrates the perspective of the
combining of the fuzzy methods with the precision
feedback control. Our future collaborative research
project will attempt to address the abovementioned
research
problems.
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AX,Y,Z=F1(φ1,ψ1)
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R1=Const
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)

X

Figure 1. Manipulator wit minimal order of freedom

Obstacle

Obstacle

R1=Var

Working zone is fully
available

Working zone is not
fully available

Figure 2. Restriction of the working zone by obstacle

Figure 3. No restrictions with telescopic arm
Fixed aim

Obstacle

Obstacle 1

Obstacle 2
Working zone is fully
available

Figure 5. Another advantage of many-joints arm

Figure 4. No restrictions with many-joints arm
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Figure 6. Many variants of the control which explains
the efectivenes of fuzzy control of the shoulders of the arm
combined with the precise feedback control of the seizure

IV. CONCLUSION
Our two organizations will further consolidate
the collaboration. The agreement to this theme is
intended to be signed. We express our sincere
gratitude to RFBR and DST for the support.
REFERENCES
[1]

G. A. Frantsuzova. Extremum-seeking control for
nonlinear systems with pre-stabilization dynamics.
Proc. DST-RFBR sponsored Indo-Russian Joint
Workshop on Computational Intelligence and Modern
Heuristics in Automation and Robotics. S.V. National
Inst. Of Technology, Surat, Gujarat State, India, p.1-5.
[2] G.A. Frantsuzova, L.V. Prushenova. Discrete-time
extremum seeking system with perturbations
localization. ib., p.169-172.
[3] T. V. Avdeenko, Yu.A. Mezentsev. Time-table
optimization for parallel-serial production systems on
the basis of heuristics methods. ib., p.25-29.
[4] V. D. Yurkevich. Singular Perturbation Approach to
PI/PID Controller Design for Industrial Applications.
ib., p.30-38.
[5] V.A. Zhmud, S.V. Bugrov, R.A. Lisovoy, A.B.
Kolker. The perspective view of the adaptive
stabilization on the base of the regulator gain
deviation. ib., p.46-48.
[6] V.A. Zhmud, A.A. Voevoda, R.Yu. Ishimtsev, V.M.
Semibalamut. New structures and methods of the
scalar and multi-channel regulators for non-linear
and/or delayed objects. ib., p.63-67.
[7] A.V. Chekhonadskih, A.A. Voevoda. Characteristic
root simplexes and optimization of pole location of
low-order control system. ib., p.173-176.
[8] Dmitry S. Khudyakov, Evgeny V. Prokhorenko. The
methods of dynamic objects parameter identification.
ib., p.39-45.
[9] A.B. Kolker, D.S. Khudakov, A.Kosheleva,
D.Livinetc. Building of automation control and
mechatronic systems based on real-time Linux kernel
and Scicoslab scientific software. ib., p.84-87.
[10] A.A. Voevoda, D.O. Romannikov. Using Timed Petri
Nets in approach of software design with UML
diagrams. ib., p.95-97.
[11] M.A. Bakaev, T.V. Avdeenko. Rationalizing HCI
Integration in E-Commerce Software Development.
ib., p.144-155.
[12] V.L. Konyukh. Simulation of
a Fault-Tolerant
Assembly Line. ib., p.129-132.

[13] M.M. Joshi, M.A. Zaveri. Reactive Navigation of
Autonomous Mobile Robot using Neuro-Fuzzy
System. ib., p.6-15.
[14] R.V. Rao, P. J. Pawar. Evolutionary approaches in
industrial automation. ib., p.16-24.
[15] R.V. Rao, V. J. Savsani. Multi-objective design
optimization of mechanical elements using artificial
bee colony optimization technique. ib., p.49-55.
[16] R. V. Rao, V. Patel. Application of swarm intelligence
for design optimization of thermal systems. ib., p.5662.
[17] R.V. Rao, P. J. Pawar. Multi-objective optimization of
process parameters in turning operations using hybrid
ABC-SA algorithm. ib., p.68-74.
[18] R.V. Rao, P. J. Pawar, M.Parnichkun. Industrial robot
selection using fuzzy multiple attribute decision
making methods. ib., p.98-104.
[19] R.V. Rao, A.K. Mahto. Robot Trajectory Planning
Using an Advanced Optimization Technique, PSO
p.115-121.
[20] R.V. Rao, P. J. Pawar. Modern heuristic methods in
automation of press tool operations. ib., p.156-160.
[21] R.V. Rao, P. J. Pawar. Parameter optimization of
abrasive water jet machining process using particle
swarm optimization. ib., p.177-184.
[22] V. D. Kalyankar, R. Venkata Rao. Parameter
optimization of multi-pass turning process using ABC
algorithm. ib., p.88-94.
[23] Dinesh Singh, R. Venkata Rao. Ant colony
optimization and its industrial
applications. ib.,
p.161-168.
[24] D. Datta. Sensitivity and Uncertainty analysis of solute
transport through groundwater with fuzzy numbers.
ib., p.110-114.
[25] M. N. Mehta, Twinkle Patel, M. S. Joshi. Perturbed
solution of saturation of injected phase in instability
phenomenon with mean pressure. ib., p.122-128.
[26] Prasanta Kundu. Applications of Digital Signal
Processing in High Voltage Engineering. ib., p.139143.
[27] V.I. Guzhov , S.P. Ilinykh, D.S. Haydukov, M.E. Ilijn.
The introducing of the feedback into optical measuring
system for the increase of the accuracy parameters. ib.,
p.105-109.
[28] S.V. Bugrov, V.A. Zhmud, E.V. Prokhorenko, A.M.
Goncharenko, A.V. Liapidevsky. Methods and devices
for vibrations ~0.1 nm and displacements ~0.1 mm
measurements. ib., p.133-138.
Dr. Vadim Zhmud is head of the
department of Automation in NSTU,
professor, doctor of technical
sciences. He is the author of 150
science papers including 10 patents
and 6 school-books. The science
interests and competence field is
automation theory, electronics,
program systems, laser systems,
optimization.
Dr. R. V. Rao is working as a
Professor at S. V. National Institute
of Technology, Surat. His research
interests
include
advanced
manufacturing
technology,
CAD/CAM and Robotics, nontraditional optimization techniques,
and fuzzy multiple attribute decision
making. He has authored more than
200 research papers in various
national and international journals
and conference proceedings.

Proceedings of the 2-nd Indo-Russian Joint Workshop on Computing Intelligence and Modern Heuristics in
Automation and Robotics. Novosibirsk, NSTU. 2011

250

On the Relativist Corrections of Processed
Data from the Global Cosmic Systems GPS
and GLONASS
V.A. Zhmud
Novosibirsk State Technical University
Abstract: The literature about the global cosmic
navigation system as GPS often says about the
necessity of the using some relativistic corrections of
the time and distance measurements. The values of
these corrections are comparable with the
measurement errors. Hence the reliable proof of
disproof of such statements is absent. Never the less the
theoretical question is very important. The present
paper discussed the key experiments for the
assumption or declining the relativist corrections in the
processing of the data taken from the measurements
with global space navigation systems as GPS and
GLONASS.
Keywords:
GLONASS.
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I. INTRODUCTION
Key experiments are accomplished for the
verification of the physical hypothesis. The observed
results must confirm or deny some consequence of
the tested hypothesis. Therefore, key experiments
are the definite argument for the acceptance of the
hypothesis as a theory or for truncation it as baseless
one. If it becomes clear that the result of the
experiment can be explained from the point of view
of the different theories, then the said experiment is
not the key one. Hence the science needs another
experiment which with the using of the two
discussed hypothesis gives mutual exclusive
forecasted results.
As example, Michelson’s interferometer was
specially constructed for the verification of the
influence of the laboratory moving relatively
astronomic reference frame to the light phase
difference while their path has the orthogonal
direction [1–4]. The absence of the interference
stripe shift while the interferometer rotated was
interpreted as the proof of the absence of the
medium (ether) as the physical substance. As the
result the theory of the relativism was created [5].
However, the final proof or disproof of the theory of
the relativity postulates is still important. The
continued researches in the leading words
laboratories confirm the importance of this question.

II. THE PROMLEM STATEMENT
Let us discuss the most famous key experiment
[1–4] which caused the creation of the Einstein’s
theory of the relativity [5]. The simplified setup of
the Michelson’s interferometer is presented at
Figure 1. It is based with the two orthogonal
shoulders. Figure 2 shows the view of it from the
papers of its author [2]. It works by the following
way. The light beam from the source 1 comes to the
попадает на semi-transparent mirror 2. The mirror
splits it into the two beams. One of these beams
reflects from the mirror 3, and then again comes to
the semi-transparent mirror 2. There it again
deflected to the registration device. The second
beam comes though the compensative plate 5 to the
mirror 4. There it reflects, goes though the
compensative plate 5 again and 5, and then trough
the semi-reflective mirror 2 it comes to the
registration device too. At this device the light from
the two beams are summed up together. The optical
path-length difference in the plate of the registration
device 6 depends on the coordinate of the picture
pixel. The interference picture as the light and dark
fringes is the result of the mixture of the two beams.
This is because the brightness of the pixel depends
on the cumulative phase difference of the two
beams. The compensative plate 5 provides the
correct equality of the optical path-lengths of the
two shoulders of the interferometer. In this case even
non-coherent light produces interference fringes.
Michelson assumed that the movement of the
interferometer causes the shifts of the fringes. The
case of it must be the changing of the light phase of
the different beams if the velocity of light is constant
only in the immovable interferometer. As the author
believed, the interferometer movement must cause
the optical path-length difference in the orthogonal
shoulders. This phenomenon must produce the
fringes movement and discover the absolute
movement of the interferometer (and the whole
laboratory) [2–4].
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Figure 1. Michelson’s interferometer setup: 1 – light
source, 2 – semi-reflective mirror, 3 and 4 – mirrors, 5 –
compensative plane, 6 – registration device [1]

each solid body consists of the separated atoms of
molecules which are hold at their places by the
balance of the electromagnetic forces. Since this
forces spread with the light velocity (which is the
surely stated fact), therefore the phase relationship
depends on the light velocity. Hence the solid
interferometer is not proper measure for the
discovering of the light phase changing as it himself
with its dimensions depends on the same changing
[6]. This interpretation is based on the facts not
connected with the consequence which it explains. It
is stated on the base of the nature of the
phenomenon.
There are other explanations of the phenomenon.
Rather famous are the theory of the compression of
the electromagnetic fields according to the approach
of Lorentz [7] and the theory of the dependence of
the light velocity on the source velocity proposed by
Ritz [8]. The most popular is the hypothesis stated in
the base of the relativity theory [5, 8], but this theory
contains a lot of the contradictions. As a result the
critic of this theory is kept up and even increases
nowadays, after 106 years of its appearance [8–11].
III. WELL-KNOWN EFFECT CONNRECTED WITH
THE PROBLEM AS THE ADDITIONAL ARGUMENT

Figure 2. The view of the Michelson’s interferometer

The main disadvantage of this interferometer is
more then one variant of the interpretation of the
result. The experiment showed that the rotation of
the device does not produce any displacements of
the fringes. As the laboratory moves together with
the Earth, then the result proves that the absolute
movement of the interferometer can be discovered in
this experiment.
The theory of the relativity
explains this result with the hypothesis of the
absolute absence of any ether. This theory states the
light velocity is universal constant in vacuum. It
states that vacuum is the absence of any medium,
and that is the reason of the impossibility to
distinguish moving laboratory from the unmoving
one. This theory states, that there is no possibility
with the helps of the experiments distinguish
uniform forward movement of the laboratory [5]. It
is known also the interpretation of this phenomenon
with the statement that the dimensions of every
physical body transform equally so that the phase
difference at the closed path would preserved
unchanged [6]. The reason of this is the fact that

Interferometer shown at Figure 2 is important for
the understanding of the proposed experiment. It is
most close to the proposed device [12]. At the way
of beams there are two cavities with the moving
transparent substance. In the experiment with this
interferometer it was discovered that the moving
transparent substance carry the light with the
drugging coefficient α = 1 − 1 / n 2 , where n is the
substance reflective index. The laboratory in this
experiment is considered immovable.
If the direction of the light agree with one of the
velocity V of the moving substance, then the light
velocity in the substance relatively the substance is
the following
(1)
C +V = C / n + αV .
Recounting it into the laboratory reference frame
produces
(2)
C1 = CV − V = C / n − (1 − α )V .
It the light and the substance moving velocities
directions are the opposite, then the light velocity
relatively the substance is
(3)
C −V = C / n − αV .
And in the laboratory reference frame

C2 = CV + V = C / n + (1 − α )V .

(4)

The difference of the velocities in the cavities is
C1 − C 2 = 2αV .
The light beam which comes mirrors 3, 4 and 5,
each time goes against of the substance moving,
while the light beam which comes mirrors in the
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velocities inside the sample at the opposite
directions are surely different relatively the
unmoving astronomic reference frame.

sequence 5, 4 and 3, moves each time along the
substance velocity direction. Therefore these beams
get inside the cavities the opposite-sign increments
of the phase. And since interferometer detects the
phase difference, then the resulting fringes shift can
be easily and correctly measured.
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Figure 3. Interferometer [12]: 1 – light source; 2 –
semi-reflective mirror; 3, 4 and 5 – mirrors; 6 –
registration device; 7 and 8 – cavities with the moving
transparent substance

In this way the interferometer shown at Figure 3
allows measuring of the light velocity changing
cased by the transparent substance movement.
The disadvantage of the above interferometer
which prevents its applying in the key experiment is
the independence of the interference fringes on the
laboratory movements. Actually, since each beam
pass the equal way in the substance, therefore if the
substance moves with the laboratory relatively
astronomic reference frame, then the influence of
this movement (if it is takes place) is equal to the
both shoulder of the interferometer. In this case the
additional phase difference does not occur.
IV. THE PROPOSED INTERFEROMETER
The proposed interferometer resolves the task of
the key physical experiment. Figure 4 shows its
structure. The light source can be laser. The velocity
of the sample of the solid transparent substance is
equal to the velocity of the interferometer relatively
the astronomic reference frame. If then the
interferometer will be rotated and the interference
fringes for the different orientations are compared,
then the difference theories, which are considered
equally veritable, gives the opposite prognosis about
the experiment result. Actually, since the Fiseau
[18] low is true, because the relations (1) – (4) are
proved with the interferometer according the Figure
3, then the moving sample is truly carry the light
with the drugging coefficient α . Hence, the light

Figure 4. The proposed interferometer: 1 – light
source; 2 – semi-reflective mirror; 3, 4 and 5 – mirrors; 6
– registration device; 7 – sample of the transparent
substance

However is in the astronomic reference frame the
light velocities of the two beams are different then
the interferometer movement must produce the shift
of the fringes. Equally the orientation changing of
the moved interferometer will produce fringes shift.
Every laboratory moves together the Earth relatively
astronomic reference frame. Therefore the
unavoidable conclusion about the fringes movement
must be made. If only sample 7 was absent, then the
velocity inside the interferometer would can to be
the same in every direction (relatively the
laboratory) in accordance with the assumption of the
theory of relativity. But this assumption is made
only for the vacuum, and it is surely false for the
substance. On the contrary, the dependence of the
light velocity on the substance velocity is repeatedly
proven experimentally. Hence on the base of surely
proven physical lows there is undoubted statement
that the movement of the interferometer relatively
the astronomic reference frame changes the light
velocity inside the sample in different ways. The
well-known explanation of the Michelson’s
experiment is based at the statement that there is no
any substance in the way of the beams in it. This
statement allows declare that the light velocity is
equal for every direction in it. In other words the
absence of the fringes shift is interpreted as the proof
of the absence of any substance. Therefore this
interpretation means that if even any substance
would present inside the beams way, then it would
cause the fringe shift. The interferometer shown at
Figure 4 is relative to one shown at Figure 1. But
there is the sample of the transparence substance in
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it on the way of the beams. If it is true that the
absence of the fringes shift proves the absence of the
substance, then on the contrary, the presence of the
substance must cause the fringes shift.
So we can state: if the shift in the interferometer
with substance will not occur, then the absence of
the shift does not prove the absence of the substance.
In this case the theory of the relativism is wrong,
because it states the indissoluble connection of the
shift absence with the substance absence [13].
Conclusion 1: If the shift will not occur, then the
theory of the relativity is wrong, because this
absence does not prove the absence of the substance,
and disprove the equality of the light velocity in the
different directions (it is surely not equal).
On the other hand, the second postulate of the
theory of relativity states that there is no any
opportunity to differ the moving laboratory from the
unmoving one, including the experiments with light
[13]. If this postulate is correct then the fringes shift
must not occur. Hence this postulate states then the
presence of the substance must not cause the fringes
shifts, although the substance inside the
interferometer is not vacuum, and the velocity inside
it surely depends on the movement of the laboratory.
We can conclude that the same theory of the
relativity which demanded the fringes shift because
of the substance presence, at the same time forbid
this shift because of the second postulate.
Conclusion 2: If the shift will not occur, then the
theory of the relativity is wrong, because the second
postulate is wrong.
The theory stated in [6] gives the definite
prognosis of the result of this experiment. It states
that no shift will occur. Actually, if the changing of
the light velocity is accompanied with the change of
the electromagnetic field velocity, and it produces
the according changing of the real dimensions of all
solid bodies, then the fringes will not shifted
independently on the presence or absence of
substance. The theory states that the light velocity
changing occurs at both cases but they are not
discoverable with the real measure which is not
invariant to this changing.
Therefore the different theories (or more
correctly – hypotheses) give different prognoses.
Hence this experiment is really key one.
As well we can see that the Conclusions 1 and 2
covers all the possible results of this experiment and
for the both results the deduction is the same,
namely that the theory of the relativity is wrong.

Figure 6. In this case the advantage of the structure
is the maximal closeness to the Michelson’s
interferometer. First, scientists can use the existent
Michelson’s interferometer with the introduced
samples of the substance. Second, the description of
its working is rather popular, and its interpretation
must not meet any questions. The advantage of the
structures according the Figures 4 and 5 is that only
one sample is necessary. In addition, the close
variant is the Michelson’s interferometer, which is
fully filed with substance as Figure 7 shows.
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Figure 5. Variant of the proposed interferometer
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Figure 6. Another variant of the proposed interferometer
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V. THE POSSIBLE VARIANTS OF THE PROPOSED
INTERFEROMETER

The discussed above interferometer can be
transformed to the structure shown at Figure 5.
Another variant based in the same idea is shown at

6

V

Figure 7. Another variant of the proposed interferometer
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The structure can use many times of the beams
path though the optical shoulders. It rises the
accuracy of the measurement because of the more
phase shift is it will occur. The interferometer can be
made in the rotating variant or as stationary setup,
which rotates with the Earth rotation.
The author’s rights of the discussed
interferometer are fixed with the RF patent (positive
decision is obtained).

[6]

[7]

[8]
[9]

VI. CONCLUSION
The discussed question is important for the
metrology with the helps of the technology
GLONASS (Global Navigation System) and GPS.
Many papers state without proved base that the
relativistic corrections are necessary in every
calculation, where there are long distances or high
velocity. Some papers states that the theory of
relativity was proved with the experiments on the
reactive planes accomplished by Hafele and Keating
in 1972 [14–16]. The analysis proved that the
accuracy in these experiments is close to the
“discovered” practical “relativistic correction” and
the interpretation of the results is wrong. The most
fundamental publication on this topic is the analysis
of the necessity of using the relativistic theory in the
practice of the system GPS exploitation [17]. The
author states that there is no need of the relativistic
approach to interpret the whole complex of the
stores data, each result and correction can be
explained on the base of the classical non-relativistic
physics with the taking into account the evident fact
of the finite sight and electromagnetic field velocity.
The said facts proves the importance of the key
experiments for the proving or declining the
relativistic theory. In the nearest future the space
flights will become such distant that this question
will be not only theoretical (as it is now due to the
small value of the above corrections) but the
practical too.
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Automation of Decision Support in Medical
Information Systems
P.S. Stashevsky, I.N. Shvaykova
Novosibirsk State Technical University
Abstract: The paper describes methods of modeleteka,
various modeling and diagnostic consultation used for the
preparation and adoption diagnostic and management
decisions in medical information systems.
Keywords: various modeling, modeleteka, diagnostic
consultation, medical information systems.

I. INTRODUCTION
At the present time the task of processing and data
analysis for support of decision-making in medical
information systems becomes an important. This is
related to the fact that the volume of the processed data
and quantity used in various areas of medicine of
information medical systems grows. Therefore there is a
need to develop tools for automatic application of
various modeling techniques to support problem solving
and decision making by doctors and managers. In this
regard, were set and solved the following tasks:
1. studying of features of problems solved in
medical information systems;
2. development of new methods for modelling,
organizing and automating of selection of models and
making decision;
3. testing developed methods on real problems.
There are following the distinguishing features of the
developed methods: maximization of knowledge of the
first type – unformalized and implicit knowledge of
medical and management experts; process automation of
the second kind knowledge formalization - the
knowledge stored in the data. And finally, there is the
simultaneous using an automated system of environment
models obtained on the basis of knowledge of the first
and second kind. Application of developed methods will
allow to solve at qualitatively new level many problems
in different areas of medicine (for example, the
estimation of severity of pathology and tracking the
dynamics of the disease, planning of purchases of the
new equipment and forecasting the morbidity) to aid
decision making.

II. ANALYSIS OF PROBLEMS SOLVED IN MEDICAL
INFORMATION SYSTEMS

There are various classes of medical systems. On
analysis of existing developments [6] have been
proposed following classes:

1. Medical information systems used for
automation of medical institutions;
2. Telemedicine and web-based system for
remote monitoring;
3. Medical registers and evaluation system
of public health;
4. Intelligent systems for the diagnosis and
support of medical decisions.
In general, problems solved by the
proposed classes, divide in two classes:
diagnostic and management problems.
According to the analysis of problems
proposed a general description (Z):
Zi = Z(Pz1, …, Pz5),
Pz1,…,Pz5 (parameters of problem): Pz1 type of task (a score and analysis, prediction,
planning and optimization); Pz2 - durability
of decisions (quick, long-term); Pz3 –
periodicity of decision; Pz4 - class of problem
(medical-diagnostic, management); Pz5 –
priority of problem (high, medium, low).
As an example, consider the problems,
solved in medical registries. There are
problems of assessment and analysis of
morbidity and mortality, predicting various
indicators, as well as planning and
optimization of medical care in the
region. These tasks differ in speed, gravity,
speed of decision-making and other
parameters.
III. METHODS FOR AUTOMATION DECISION
SUPPORT

For solve the problems in medical
information systems to decision support can
be used of considerable quantity of various
models. Frequently at the specific target
decision the certain subset of models is used
and can be extended by new models. In this
regard, there is a task of a structured storage
and automatically select the appropriate
models for solving problems. We proposed a
method of the modeleteka for resolving this
issue.
Modeleteka (repository of models) is an
ordered set of models that satisfy the
requirement of completeness, the minimum
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redundancy level of description and study for the
application in the annex to the specific area [2, 5].
Characteristics of modeleteka - ordering models, their
completeness and lack of redundancy, the same
complexity of models, and the similarity of detail in
model descriptions, availability for each model portfolio
and the formulas described the relationship between
elements.
The using of method is based on three basic concepts:
problem (Z), model (M) and mapping space (P). The
problem is described index set SZ, which defines a
semantic, peculiarities and limitations of the problem.
We also use a set of indexes SM for models, which
describe a structure and specialty of using. The mapping
spaces P is an auxiliary tool for search models and define
the intersection of index spaces between problem and
models. The relationship between the concepts is
described more detail in papers [1, 7].

Problem
(Z)

Index set
(SZ)

Mapping set (P)

Model
(M1)

…

Model
(Mn)

Index
set (SM)

…

Index
set (SM)

Figure 1. The concepts structure of modeleteka

The method of modeleteka allows store and select set
of models to solve various problems of medical
information systems. In additional, the using of accuracy
metrics allows applies evaluation procedures, when
metrics is recalculated and models adaptive to changing
problems.
Using the modeleteka, we generally obtain a set of
models M1,M2,…,Mn to resolve a problem. In this case,
the method of various modeling is applied. It’s research
method, based on replacement studying object on the
system of models, when used together for at least two
models. Then, solving a problem, we construct a vectormodel (VM) – system of a minimal set of related on
purpose, simple and close to the complexity of models
that reflect all the necessary features of decision support
problem and provide the appearance of emergent
properties in their joint application [4].

Modeleteka
(select М1,…,Mn )
Various
models

М1

R1

М2

Мn

R2

Rn

R*

VM

FD

Figure 2. Using modeleteka and various
modeling (VM) for making final decision (FD)

Figure 2 shows the principle of the using
modeleteka and various modeling together. In
the first step we select a set of models
M1,…,Mn from modeleteka that are suitable for
solving the problem. In the second step vector
model is formed, which is used to model
solutions. In the third step final decision R* is
formed from the resulting set of values (the
result of the vector model R1,…,Rn). As an
example, there is a problem of assessment
efficiency of medical register, where using
together a set of statistical models, survival
analysis, expert model and other. The using of
models combination allows gets more
information about object and makes more
objective decision.
For
obtaining the
final solution was
proposed the
method of
diagnostic consultation, which allows use the
vector-modeling result for making decision by
analogy with the traditional a consultation of
experts. The following ways use to formalize
solution.
Averaging the values for all models gives
N

R* = ∑
i =1

Ri

N

where Ri - solution obtained using the i-th model, N
- number of models used in the vector-model.

This final score does not take into account
additional features of models, but can
effectively solutions, when input data is fuzzy
or models in VM is very compatible.
Another way is to use data of models
accuracy, for example, diagnostic models
characterize diagnostic accuracy, specificity
and sensitivity [8]. In this case, the final
decision is formed in accordance with the
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[5]

model having the maximum value of accuracy.

R = R (max(C1 ,..., C n )) ,
*

where Ci-evaluation of the diagnostic accuracy of the i-th
model.
In cases of minor fluctuations accuracy of different
models you can use the weighted average estimates
calculated for all models with weights proportional to
their relative diagnostic accuracy:

R* =

ϕ (Ci/ ) =

[6]

1 N
∑ϕ (Ci ) Ri
N i =1
[7]

(Ci − C min )
N

∑ (C
j =1

j

− C min )

where Ri - solution obtained using the i-th model, N is
number of models used in the vector model, φ(Ci) is a
weighted average score, Cmin is threshold of accuracy.

[8]

IV. CONCLUSION
[9]

Thus, in short, has been considered the method of
automated decision support for healthcare information
systems. Its distinctive feature is that to support decisionmaking procedures among medical information systems
use complex proposed methods modeleteka and
diagnostic consultation. This will create integrated
solutions using different classes of models and more
accurate and objective results and solve many problems
in various fields of medicine and health management.
The developed methods were tested on tasks of assessing
neurological status of young children and the diagnosis
of chronic renal failure patients in the medical register
[4, 5, 7]. When introduced into test operation were
positive results.
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Abstract: This discussion paper does not pretend to
the full review of the problem of the cloud calculation
application at the Russia. The paper gives some
preliminary observations relatively to the specific of
applications in the most important economic and
industry branches
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I. INTRODUCTION
History of Cloud technology began from the
propagation of the computer games, searching
services and e-mail [1]. In 2006-2008 big
corporations such as Amazon, Google, Sun, IBM,
Microsoft and other began to render their
infrastructure as a paid service (Infrastructure as a
Service – IaaS), and also software (Software as a
Service – SaaS).

some disadvantages can be neglible, but for another
problem they can be irresistible.
One of the most important problems is that the
most professional competence has persons who
work in companies providing this service. It means
that they does not interesting in the discussion of the
disadvantages of cloud calculations.
Most arguments for clouds are convincing for
such tasks as games, e-mail, chats and GIS etc.
II. GAME APPLICATIONS
The advantages for game applications are
evident. Actually, all necessary files with programs
and data are stored not in the user computer, but in
the cloud [1]. All calculations are accomplished in
the cloud too. All possible problems with computer
productivity and storage automatically become
resolved. The user can not like the game, and it is
attractive that he does not must pay its price. Most of
the games are not interesting for the repeated
playing. Therefore the acquisition of the game for
single playing is too expansive. Much more
attractive is paying only for the playing time. Here
the analogy with the distribution of the films, TV,
public conveyances and post is suitable. There is no
need to have infrastructure, it is enough to rent
service.
III. E-MAIL, SEARCHING SERVICES, SOCIAL NETS,
CHATS, PORTALS AND HOBBY-SITES

Figure. Cloud is calculation recourses outsides

Cloud calculation concept proposes distributed
and distant data processing and storage. “Cloud”
means data centre or server net jointly accomplished
many tasks. The advantages of such approach are
often discussed, disadvantages were discussed
seldom. For each branch of the industry, for each
country and for each complex of the problems the
importance of the advantages and disadvantages has
different importance. Therefore for one problem

The evident and doubtless advantage of the cloud
is in the opportunity of the using of the most modern
version of the program products. Another evident
advantage is the connection of people, contacts with
unrestricted number of the data bases and fast speed
of the searching in the big amount of the
information. We can have at our computers copies of
the sent and received letters but this is not most
important functions of e-mail. We don’t need
autonomous working with e-mail services; it is
useful only together with the connection to Internet.
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Hence clouds are beyond comparison in these
applications. None disadvantage of clouds can force
us to prefer autonomous regime of e-mail to the
cloud variant.
Many peoples prefer having mail account in the
public servers instead to the professional one or as a
reserve variant.
IV. SAAS: PROBLEM OF CONFIDENCE
Accordingly to the concept of SaaS you pay only
for the rent of the program and services. You pay
only for functions which you use and do not pay for
not used functions and abilities. You can get post
client, calendar, address book, file storage, photo
album and special functions as finding of the lost
iPhone [2] all by attractive price. The synchronism
of actions is achieved at that. New contact occurs at
the same time in iPhone or iPad and in the address
book in e-mail profile at computer and vice versa.
Some people can treat this opportunity as not
advantage bet disadvantage. Really in the case of the
breaking in the account of the loss of the
information, the problem is not located on the one
point of the access, but extent to the all user’s
accounts. With all software protections the human
element is always uncertain. User can forget parole
or lost the paper with recorded login and parole
which can be found by outside person. This
situation is similar to using the same logins and
paroles at all accounts: in e-mail, in social nets, in
bank, in professional sites and in hobby sites. It is
unreasonable to get the same key to every aspect of
ones private and social life. It is obviously simple to
use different paroles, but never the less the problem
of the trust of user to the provider is still important.
This problem may look strained. We trust banks
and post remittance. But in the case of the clouds
there is the accumulation of the dependence on the
provider. Actually, if the bank is not convenient to
you, then you can close an account and use another
bank. It the cloud provider is not convenient you of
cause can do the same. But the damage from the
change of the provider can become very big.
Therefore for the user the change of the provider can
be unacceptable. So, for example, the change of the
provider of the mobile phone will provoke the
changing of the phone number and as a consequence
the loss of many addressees. The change of the email server has the similar results. Sometimes the
change of the provider is inadmissible or expansive,
or cases the loss of much time. At the same time the
loss of one client can be insignificant event for the
provider. In Russia every user knows what mean the
stock phrase: “I am the single but there are a lot of
yours and others”. It is typical excuse of careless
servant. Indeed the profit from single user is such
small that the loss of him is not important for the

provider. On the other hand the damage from the
failure to execute the provider’s service can exceed
the value of month fee in many times because of the
accumulated dependant on the given provider. When
we calculate the acceptable month cost of the service
we use the estimate of the month profit. But the
damage from the low-quality service or miss of it
can be much more, so we must use another
calculation. As an example we can evaluate the cost
of the transport service is finite and can be
calculated from the fact of the fast travel. But the
damage from the crash and the passengers’ death
can be adequately evaluated. It is of cause not equal
to the price of the tickets. The loss of the correct
filling of the forms of the project for some grant can
arrange rather bis sum. Even short miss of the
service can cause impossibility of the some
important trade action.
One of the participants of the forum writes:
“Usual technology in e-mail is program Outlook.
You get your massages and do with them all what
you like. Nobody else can handle it. E-mail in cloud
is stored at server. If the server falls then you can’t
read it. The administrator can write it and harm it. It
means that the data are not yours”. “Company can
stop support of the game; your preservations can be
removed. Company can change the delivery terms”.
This writer concludes that clouds are absolute evil
[3]. We can’t agree with the author of this comment,
because for the game, music and video the said
disadvantages are of no importance. But the said
problems are very important for more serious user’s
tasks.
V. PAY AS YOU GO
The economy in the development and reduction
of the infrastructure is one of the most often point of
the PR of SaaS. The parable about the small-scale
businessman, whose needs in the infrastructure
changes from small to large and backward to small
is very popular. For this user Infrastructure as a
service (IaaS) is very attractive, since it allows
economy while pay only for such volume of is
which is necessary. This argument is equally wellknown and unconvincing. There was times when
peoples took to hire TV sets, refrigerators, vacuum
cleaners ect. But wit the growth of the living
standard these services become out of date. In spite
of the fact that vacuum cleaners is need not every
day, peoples prefers to have their own vacuum
cleaners instead of taking them to hire. The
existence of the libraries does not cause the takeover the books buying. We could say: “What for to
buy the book if you can take in free in library? After
reading it you will not need it! You can save money
and the place at your home!” But book trade
prospers. Many peoples do not save at buying the
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book. Sometimes to have something own is more
attractive then to get it to hire even free.
We must agree that the taking to hire of the cars
is popular now. Hence in different matters the
people’s preferences are different.
Therefore some users prefers IaaS, others prefers
their own infrastructure. But we believe that there
are not so many of people who use IaaS only and
have no own infrastructure at all.
Providers accentuate the following list of the
advantages of SaaS and IaaS [1]:
 Low initial investments to hardware and
software;
 Optimizations of the expenses;
 Decrease of risks (licenses are not needed);
 Scalability of the decisions (the number of
the user can be easily increased and decreased);
 Simplicity of the support.
Main disadvantages can be the following:
 Full dependence from Internet, the
impossibility of the autonomous working [5].
 Apprehension in defence of information;
 Sound apprehension in regularity of working;
 Apprehension in safety of data after failure;
 Impossibility of confidence of the secret
information to provider independently on the
provider insurance arrangements.
In [5] author writes that in 2009 service
Magnolia loosed all data. Even if the probability of
such situation is less then the probability of your
computer breakage, the scale of the accident in this
case is too big.
There are factors which can be surely classified
as advantage or disadvantage. Such is the antivirus
protection. Some specialists states that cloud
provides more reliable protection, others says the
opposite opinion.
In [12] author said about the best quality of the
protection. But it protects only files which are sent
to clouds. For the files on the user’s computer
situation is not the same. We can discuss the
opportunity of the refuse of the own files on the own
computer or the opportunity of the scanning our files
from the cloud, but each these decision are not
attractive.
Paper [12] writes that Panda Cloud
Antivirus occurs as fully cloud one. It demonstrated
good results, but it is still worse then many
traditional decisions.
There are some advantages of the clouds for
protection from spam and for prevent of visits of
undesirable web-sites by children using Internet
[12].
Paper [4] discusses the cloud as a mass medium
[4] which can easily distribute the result of the
creative work (film, photo, sing, poem, prose or
video).
VI. CLOUDS FOR COMANDING STRUCTURES

Apprehension in defence of information can be
classified as psychological ones when we talk about
everyday tasks, games and social nets. But in the
case of the strategy control these problems are very
important. The statement that NASA plans to go on
the cloud [7] can be argument for other countries. In
this question each government needs not arguments
but guaranties. If the cloud is the distributed
resources which physical address is not known, then
such variant is unacceptable for commanding
structures. Specialists from Cyber Command (USA)
are not agreeing in the estimate of the defence of
such decision [7].
We can state that no one system can be fully and
finally safe. The safety of the State Defence System
has at least following aspects:
a) The possibility of the failure to execute of
the defence functions;
b) The possibility of the unapproved offensive
functions;
c) Simple outflow or damage of information.
In the first case the system is insufficiently
defense. In the second case it is too dangerous; this
is not better. The third case is simply delayed
possibility of the first, the second, or even the both
variants.
Situation of the scenario “b” is shown in the film
“Terminator-3” – spontaneous transfer of the
defence system to the regime of attack.
The
aggression of the computer intelligence is science
fiction. But there are alternative opportunities. Such
as terrorist’s hacker’s aggression and such as pseudo
aggression as a result of virus or hacker attack which
did not make it their aim. And there is the
opportunity of the accidental program failure.
From this point of view the distribution of the
system in the uncontrolled quantity of working
stations or computer can be more reliable or less
reliable in the dependence on the concept of the
function distribution and the realization. But it is
unacceptable that the concrete physical address of
any hardware is “uncontrolled”. It is out of the
discussion. State defence must be fully controlled.
The hardware can use the cloud technologies, but it
is hardly can be really cloud, i.e. really
“uncontrolled” from the side of user. With this
proviso cloud technologies can be used in
commanding structures.
Actually, if some server has duplicate, then for
the failure both servers must fail at the same time
which is less possible. This possibility is vanishingly
small with the exception of action of the common
reason. The community of the reason can occur
because the close geographic location or due to the
common power system, and so on.
Therefore the concept of the clouds for the
commanding structures must use special data-centers
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within the jurisdiction of these structures and having
duplicates in the distant regions. The defence from
hackers can be assured either with disconnection
from Internet, or with special software and hardware
protection.
If such system has connection with the outer nets
it is much more difficult to protect the system. If the
protection is only by means of the software, and the
physical address of the user is not restricted by
means of the hardware, then the system is open to
injury. It means that the control can be made even
from the foreign country. It can not be legislative
approved.
VII. CLOUDS FOR GOVERNMENT
Many authors insist at the cloud effectiveness for
the government [8]. Public administration tasks can
be divided to the following kinds:
a) Control function realization;
b) Realization of the publicity of the decisions
of the government.
It is obvious that the task “a” is close to the task
of the command structures. It is discussed in the
previous above. The task “b” is simple and open for
any form of the publicity. Therefore it can be
resolved by means of the clouds without any
restrictions. In the case of the damage the
responsibility of the provider is not as important as
the responsibility of the government official who is
responsible for the function of the state authority. He
is personally responsible for all misses of the public
service. The provider can be obliged to pay forfeit,
but the government official will be punished more
seriously: his career can be destroyed forever.
VIII. CLOUDS FOR BUSSINESS
Any business application can be also classified
from the point of view of confidentiality. But in this
case the business leaders can decide the question of
the trust to the provider protection system without
any reservation to the low restriction, because their
information security is not the question of the state
security. A sensible decision is combination of
clouds with the own infrastructure. This choice and
its advantages are evident. But the advantages of this
choice are questionable whereas the disadvantages
are undoubted.
It is likely you would go by your own car but
send your family by taxi. Awkwardness of this
decision is that you pay both payments under the
license agreement and user charge although SaaS
choice allows avoiding the latter. Besides you must
support your own infrastructure although IaaS
choice could save you from it. But we all will
instinctively prefer this choice for our safety and our
comfort.

It is doubtful that any leader of the serious
company will prefer refusal from own infrastructure
and proprietary software to the full orientation to the
“IaaS and SaaS” instead of all this. We all prefer
having good computers. We all prefer their capacity
for work in the autonomous regime while we
temporary have not Internet. We all want some own
storage for our files even if we have unrestricted
storage in the cloud. Most zealous apologist of IaaS
and SaaS nevertheless has their own modern
computer with proprietary software and volume
storage.
None guarantees will force us to distribute our
private information in the cloud. It is enough to
remind the example of the appearance of the private
sms-messages of the mobile phone company
“Megaphone” in the open access. Even knowledge
that any computer in the net can be cracked; it will
not force us to distribute the private information to
the cloud.
So if we interpret clouds as additional
infrastructure, storage and software [11], then there
are no reasons agaust clouds. We all use them. But if
the question is what to prefer for the most important
and confidential data procession, our own
infrastructure and fully controlled software or IaaS
and SaaS, then the answer will not simple. The
trade mark and reliability of the provider, legislative
defence and similar arguments are not more
important then the provider profit. The provider can
be out of the jurisdiction of the user country. User
can have not sufficient rightful recourse. The
streamlined forms of the contract can allow to the
provider to avoid the responsibility. For example it
is impossible to guarantee that noon of the employee
can install some casual program or accidentally
abort antivirus renovation. It can be used by provider
to avoid the responsibility in the case of the
improper working of the cloud caused user’s loses.
IX. THE ADVANTAGES OF THE CLOUDS
Paper [12] writes that the use of the clouds for
the tasks with great volume of the data is not
reasonable. We can’t agree with this.
For example lets discus the computation of
automorphism groups of q-ary codes. The work was
accomplished by Ye. Maksyutova (Zhmud) with her
science supervisor [14–15]. The purpose of this
work was to develop and implement an effective
algorithm to find automorphism groups of different
algebraic and combinatorial objects in n-dimensional
vector space over finite field. (Automorphisms are
isometries that map the code into itself.) An
“effective” algorithm is an algorithm that benefits
the exhaustive search and can be used for very big
code where the general number of isometries are
more than 107. The authors of [15] used the First
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String Method (FSM) to deal with the automorphism
groups used in cryptography and coding theory. It
also gives information about code structure, and if in
this project the algorithm of this method is proved
effective. Authors united it with other algorithms
into one tool for theoretical investigations.
The FSM benefits exhaustive search for the
ternary codes with code length 4, 5, and 6. To learn
if it would be effective, the method needed to be
tested with “big” codes. Initially, they decided to
find first string for some codes using a 32-core
development environment. This could help modify
the method for use with concrete codes and get
clearer results in testing. It turned out that a different
way of testing was actually more helpful. They
tested complete algorithms on different codes, and
this testing gave more information about efficiency
of this method after the first tests.
To test our project they used the Intel®
Manycore Testing Lab to execute the parallel
algorithm of the first string method on 4 codes. This
also gave them information about time of execution
of a parallel exhaustive search on the same codes.
Before the testing started, automorphism groups
were found using exhaustive search for these codes.
Work of exhaustive search on the code with the
largest number of isometries was expected to take
about 40 hours. The execution of the first string
method was expected to take about an hour, but
finished after 6 minutes! Testing on the other 3
codes also proved that this method is effective on
these kinds of codes.
The table below shows some of the testing
results. The first column shows the general number
of isometries in the space and the second column
shows the time of parallel exhaustive search in
seconds. The third column is the time of parallel
algorithm of first string method in seconds. The
table demonstrates that for the biggest code the first
string method is more than 20 times more efficient
than exhaustive search.
Table
Isometries

106
107
1010

Exhaustive
Search,
seconds

4.8
64.8
8211.6

First String
Method,
seconds

1.5
59.7
362.2

There are several other tests that can be done in
this area that are still pending. Next steps would
include continuing to work with the Intel®
Manycore Testing Lab to test said method on code
with general number of isometries greater than 1010.
It is also obvious that the main advantage of the
cloud is the actuality of the information – it is
always the most new [12]. Our own experience of
the development of the electronic circuit boards with

the helps of the programs PCAD or OrCAD
demonstrated the importance of the using the most
new elements library. Replenishment of it by the
user’s efforts is unacceptable. Different user can use
different variants of the new elements graphics
which cause the impossibility of the exchange of the
projects.
X. CLOUDS FOR MEDICINE
Information technologies for medicine are
various. The most evident one is the registration
office. It is doubtless that the more information
about the patient is collected the better the reliability
of the diagnostic will be achieved. But there is a
problem connected with the impossibility of the
storage of the confident personal data in the open
nets. The program defence of this data is not the
decision of the problem. Russian legislation forbids
its storage at the computer which has access to the
Internet. Hence the Russian legislation is based at
the theory of the distrust to any program defence of
the information. Only hardware defence which is the
absence of the physical connection with the secret
information storage is sure from the point of this
view.
XI. CLOUDS FOR GIS
The close situation is observed in the problem of
GIS. Users prefer to develop GIS for own
requirements themselves or order them.
The
resulting product is their property. They do not want
to place it in the clouds. It can be even more
dangerous then to place there the information data.
They think it unnaturally to buy the program and
install it in the outsider’s infrastructure (IaaS).
The realization of GIS by means of the clouds is
perspective decision. The future is for this choice.
But today it is too expansive. The problem must be
resolved at the level of the industry branch.
XII. FREE SOFTWARE
Free software is considered to be relative to the
problem of the cloud calculations [8]. But cloud
resolves the problem of the proprietary software by
one way; free software resolves the same problem
by another way. Cloud solves the problem of the
proprietary software. If we choose to combine cloud
with the free software at our own infrastructure, it is
good economy, if only it resolves every task. But if
not every task is covered with free software there is
a popular advice to use the proprietary software at
one or at several computers only. It is not suitable.
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XIII. TWO CLOUDS INSTEAD OF ONE
In [13] the author proposes to raise the reliability
of the working using the two providers of the clouds
instead of the only one. He proposes to busy each
data-center to 40% of the requirements. If one of
them fails then the second will prolong the working.
The data reconstructions will take by his estimate
7 minutes instead of 10 hours [13]. We classify this
situation that the user resolves the problem of the
reliability of the data-centre whereas this is the task
of the provider (data-center owner). We can’t agree
with this decision as a right, but from the point of
view of the personal safety pf the user and the
protection against of the monopolism of the provider
this decision is very attractive.
It can be
recommended for the important applications.
XIII. CONCLUSION
1. Clouds will be developing independently
on the users trust. But with the good trust they will
be developing more rapidly.
2. New lows for the users defence are
necessary. The competition at the market of IaaS
and SaaS is necessary.
3. In the nearest future users will combine
own infrastructure with IaaS and SaaS. It is not
economically, but it is safe.
4. Providers of IaaS and SaaS assures that the
modern computers are not necessary, but it is PR,
users will be buy most new computers in spite of
using IaaS.
5. The parable about the economy at the
hardware is only PR. Nobody will use old PC
because of using IaaS. It is not economy which force
to develop and use clouds. It is new possibilities of
the clouds.
6. The using clouds in the commanding
structures and governments in the nearest future is
still doubtful.
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ANATOLY SERGEEVICH VOSTRIKOV
THIS YEAR ANNIVERSARY
This year we celebrated the 70-years
Anniversary of the leader of Science School
“Automatic Control Systems Design” – Professor,
Doctor of Technical Sciences Anatoly S.
Vostrikov.
A well-known scientist in the field of control
theory, Anatoly S. Vostrikov is the founder of the
original research direction in the synthesis of
nonlinear systems, called the “principle of
localization.” He was supervisor of 8 professors
and 19 associate professors who successfully
defended their dissertations in this area.
At the same time we celebrate the 30 years of
the City Science-Technical Seminar “Modern
Problems of the Automatic Control”, which is
regularly lead under his leadership on the base of
Novosibirsk State Technical University.
Science school “Automatic Control Systems Design” is closely connected with the
specialty of the higher education of the department of Automation in NSTU and with the
direction of the post-graduate education “Elements and devices of the Automatic Systems”
registered in Higher Degree Council if the Russian Federation.
Accordingly, there is Dissertation Council under his presidency in NSTU, which takes
to defend the dissertations on the specialties “Information-measuring and control systems”
and “System analysis, management and information processing”. At the same time he is
chairman of one more of the Dissertation Council, which takes to defend the dissertations
on the specialties “Electrician and electrical equipment”, “Electrical Complexes and
Systems” and “Electrotechnology”.
Under his science supervision, many scientists prepared and defended their
dissertations.
Now the Science School “Automatic Control Systems Design” includes the following
scientists, working in NSTU: professor V.N. Anosov, head of Department of Electric and
Automation of Industrial Plants, professors of the Department of Automation A.A.
Voevoda, G.A. Frantsuzova, V.D. Yurkevich, O.Ya. Shpilevaya, V.A. Zhmud (head of the
Department of Automation); professor of the Department of Electric and Automation of
Industrial Plants G.M. Simakov, V.V. Pankratov, deputy-professor O.V. Nos (head of
Department of Automation of manufacturing processes in engineering), deputy-professors
of the Department of Automation Ye.B. Gavrilov, Ye. L. Veretelnikova, G.P. Golodnikh,
V.S. Muchkin, G.V. Sablina, G.P. Chikildin, A.A. Borovkov, A.V. Suvorov, A.V.
Chekhonadskikh, A.L. Soloviev, Ye,A, Zima and many others.
The collective of the scientists of the Science school “Automatic Control Systems
Design” warmly congratulates professor A.S. Vostrikov with the Anniversary and wishes
him health and successes.
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SERGEI NIKOLAEVICH BAGAYEV
THIS MONTH ANNIVERSARY
This year, just in the days of the Joint
Workshop, the 9-th of Septemper, we celebrate
the 70-years Anniversary of the director of
Institute of Laser Physics SB RAS, academician
of Russian Academy of Sciences, Sergei
Nikolaevich Bagayev.
At the same year, we celebrated the 20 years of
the Institute of Laser Physics SB RAS, many years
leading by Sergei Bagayev.
S.N Bagayev has initiated, organized and
accomplished many important science researches
on the field of laser physics, quantum electronics,
non-linear and quantum optics.
Under his supervision many great projects
were done. Laser basic metrology, laser medicine,
laser technology and laser communication
techniques, super precision micro displacements
measurer and laser cutting setup, femtosecond
laser,
optical
clocks,
ultra-high
power
femtosecond lasers and many other various devices on the base of solid, gas and
semiconductor lasers. The list of the developments of his institute, under his science
supervision, becomes greater with each year.
With his great science and organizing contribution the Faculty of Physics and
Techniques was reorganized. He with his science staff has organized the Department of
Laser Systems in NSTU which already has its reach history and many significant results.
He is chairman of the Dissertation Council, which takes to defend the dissertations on
the specialties “Laser Physics” and “Optics”. Under his science supervision, many scientists
prepared and defended their dissertations. Many of them work in NSTU. Among them
there are: professor A.K. Dmitriev, dean of the Faculty of Physics and Techniques,
professors Ye.A. Titov, M.N. Skvortsov, A.M. Razhev, V.M. Klementyev, Ye.V. Baklanov,
V.A. Orlov and many others. Total amount of them is 8 Doctors of sciences and 27 Mastres
of sciences (PhD).
Many authors of the papers published in these Proceedings consider Sergey
Nikolayevich Bagaev as their science supervisor. Among they are professors V.A. Zhmud
and V.A. Orlov, deputy-professor V.M. Semibalamut, Dr. Yu. N. Fomin, aspirant D.O.
Tereshkin.
We all warmly congratulate academician S. N. Bagayev with the Anniversary and wish
him health and successes.
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ANNOUNSMENT
The additional volume sponsored by the Department of Automation of NSTU will be
published in the nearest future.
It will contain the papers of the poster sessions, discuss, reviews and information about
the Science schools of the key participants of CIMHAR-2011.
The participants of CIMHAR-2011 are kindly welcomed to send their papers, discuss or
review to Dr. Vadim Zhmud, oao_nips@bk.ru .
For the *.pdf – file of the additional volume please e-mail to oao_nips@bk.ru .
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