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Improving the Visual Interactive Analysis Method
for Automation and Control of the Decision-Making Process
in Multi-Criteria Design of Complex Mechanical Systems

Abstract

For multi-criteria design problems of complex mechanical systems with a large number of control parameters, technical constraints, and
quality criteria, the search for Pareto solution domain takes quite a lot of time varying from hours to days. In fact, the decision-maker (DM)
desires to examine a small number of reasonable Pareto optimal solutions in order to understand the problem itself and control the decision-
making in a simple manner. This paper presents the improvement of a visual interaction analysis method or VIAM developed by the authors
with the aim of providing a tool for DM to define the optimal and mutually-agreed solutions in the multi-criteria decision making (MCDM).
Indeed, VIAM allows for evaluating the distribution domain of the Pareto optimal solutions defined by the genetic algorithm, which supports
the DM to set additional thresholds for the objectives to filter the desired solutions and suggest to shrink or expand the threshold to control the
search. In case of mutually-agreed solution non-existence, VIAM allows for providing instruction to reestablish the multi-objective problem
that new Pareto solution domains can be found as desired by the DM. Based on VIAM, a visual interaction analysis tool or VIAT was
developed by means of Matlab. VIAT was then used for the multi-criteria design of slider-crank mechanism for an innovative fruit vegetable
washer with three objectives. Comparative study on the obtained results from VIAT with the existing design option and the obtained solution
from the traditional method "concession by priority” has shown the effectiveness of the method proposed in this paper. VIAT is actually a
very user-friendly tool that makes the multi-criteria design more practical especially for the mechanical system.
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Ilpu pewenuu caoxuchbvlx 3a0au MHOZOKPUMEPUAAbHOU ONMUMU3AUUU npoyecc HaxoxcoeHus obaacmu Ilapemo-pewenus
Yacmo 3aHuUMaem MHO20 eépemenu. B Goavwuncmee npakmuueckux cayvaeé auuyo, npunumaiowee pewenue (JIIIP), uceraem
npomecmupogame HeboAbUOE HUuCA0 pa3ymubix Tlapemo-eapuanmos, ymobsl 061e24umMb NOHUMAHUE U YRPABACHUE NPOUECCOM
npuHamus peweHuil. B danHou cmamove paccmompen memod eu3yarvHo-unmepakmuenoeo anaausa (Visual Interactive Analysis
Method — VIAM), pazpabomannuiii aemopamu ¢ ueavto npedocmasums JIIIP uncmpymenm 045 ynpasieHus npoyeccom no-
UCKA PAYUOHANbHBIX ORMUMANbHBIX 8APUAHMOE 6 3adaue NPUHAMUS peuleHUli npu Heckoavkux kpumepusx. VIAM noseoasem
aKcnepmam anaausuposams obaacmu Ilapemo-pewenuil, Hal0eHHbIX ¢ NOMOUBIO 2eHEMUHECK020 AA0pUMmMAa; 0aem 803MOMlC-
nocmo JIIIP ycmanagaueams 00noaHumMenbHble HOPO20Gble 3HAYEHUS Kpumepues 041 puabmpayuu xceiaemoix pewenuil. Ilpu
HeobxX00uMocmu HOBMOPHO peulaemcss MHO2OKPUMEPUANbHAS 3A0a4a 6 UeasX HAXoxcoeHus Hogulx ayvuux obaacmet Ilape-
mo-pewenuii. Ha ocnoge memoda VIAM peaauszuposana aemopckas npoepamma VIAT (Visual Interactive Analysis Tool) na
azvike MATLAB. VIAT npumensemcs ¢ 3a0aue MHO2OKPUMEPUAAbHOU ONMUMU3AYUU KPUBOUWUNHO-UWAMYHHO20 MEXAHU3MA,
UCNOAb30BAHHO20 8 MOCUHOU MAWUHEe HO8020 MUna 045 osousell u gpykmos. CpasHeHnue pezyibmamos, noayvennovix VIAT u
MpaouyUOHHbIM MemoOOM NOCAe008AMENbHBIX YCMYNOK, NOKA3AA0 dPdeKkmusHocms memooa, npedsodceHH020 agmopamu.
Heobxodumo ommemums, umo VIAM makice moxcem 6bimvb npumeHeH 041 A6MOMAMU3AYUU U YIPABACHUS NPOUECCOM NPU-
HAMUS peuleHUll 8 MHO20KPUMEPUAAbHBIX 3a0a4ax ONMUMUAUUL WUPOKO20 CHEKMPA OpYeUX MeXaHu4ecKux KOHCmpYKyull.

Karoueevie caosa: aemomamusayus, npuxsmue pewlenull, MHO2OKPUMEPUANbHASL ONMUMUZAUUS, BU3YANbHO-UHMEPAK -

mueHblil anaaus, komnpomucc

Introduction

Today, multi-objective optimization methods in
the field of machine design have evolved immensely
around the world to respond to increasingly com-
plex problems such as large scale, highly nonlinear-
ity, large scale, a large number of quality criteria and
constraints [1]. This raises the need to consider many
aspects of the multi-objective mathematical model si-
multaneously. In fact, the application of multi-objec-
tive algorithms including a priori methodology, pro-
gressive methodology, a posteriori methodology, etc
allows for having a multi-dimensional Pareto front
used for selection of design options based on axi-
omatic methods or interactive man-machine (IMM)
procedures [2—5]. Fig. 1 illustrates the interaction
between DM and machine in IMM. DM desires to
define the most favourable solution based on selec-
tions, while the machine represents an algorithm and
search method, in other words the machine itself is
an optimization algorithm.

However, in many cases, determination of the ra-
tional option from the set of Pareto solutions is not
easy, because some of objective functions are con-

Fig. 1. DM — Machine interaction system

tradictory one to another [6]. In this contradiction,
the value of one function is considered to deterio-
rate when the value of another is improved. In other
words, there is no simultaneous optimal solution for
all of them. Therefore, the multi-objective optimiza-
tion problem most of the time comes to the choice
situation, the decision must trade the advantage of
one or several criteria to get that of other criteria.
Decision-making techniques, or simply tools that
help to make decisions, are an increasingly-evolving
field that provide interesting and successful solutions.
Over the last few decades, many interactive support
systems have appeared on the basis of decision-mak-
ing methods such as: a visual design method based
on Rasmussen’s abstraction-aggregation hierarchy
[7], decision-making spheres based on the even swap
concept [8], PriEsT [9], AHP-GAIA [10], VIDEO
[11] etc. One of the most effective decision-making
techniques is trade-off-based method, which has
been used based on value comparison of objective
functions. In general, trade-off means that on the
basis of a reference objective function, DM needs to
quantify the increment of the rest function to com-
pensate for the reduction of the reference one. Thus,
a trade-off can provide an exact search direction for
determination of a desirable solution. There are many
IMM methods based on the trade-off such as Even
Swap method [12], interactive step exchange meth-
od based on slope GRIST [13], PROJECT method
[14], IMO method driven by evolutionary algorithm
(T-IMO-EA) [15] etc. Methods in different classes
have their strengths and weaknesses and for that rea-
son different approaches are needed. Overlapping and
combinations of classes are possible and some meth-
ods can belong to more than one class depending on
different interpretations. Selection of the appropriate
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method depends on the size (number of objectives,
constraints, and parameters), mathematical models,
the need and DM interoperability, computational
cost (programs calculation, time consumption), and
others. Although there are many interactive meth-
ods used for solving the multi-objective optimization
problem in case of designing mechanical systems,
their disadvantages are following: i) it needs to have
intuitive interactive interfaces that requires special-
ized software programs, leading to problems with
software licensing or funding; ii) secondly, in com-
plex mathematical models, it takes a lot of time to
determine the Pareto optimal solutions (POS), this
may require to purchase supercomputers with fast
computing capabilities. When there is a long time-
spending, the interaction with the DM becomes in-
convenient.

In order to deal with the above mentioned lim-
itations, this paper presents the visual interactive
analysis method or VIAM that helps DM to de-
fine the optimal and mutually-agreed solutions in
MCDM. VIAM allows for evaluating the distribu-
tion domain of the POS defined by the genetic algo-
rithm, which in turn supports DM to set additional
thresholds for objective function to filter the desired
solutions. In case of mutually-agreed solution non-
existence, VIAM provides the direction to reestab-
lish the multi-objective problem, so that new Pa-
reto solution domains can be established as desired
by the DM. Based on VIAM, a visual interactive
analysis tool or VIAT is developed on the basis of
Matlab. VIAT is then used for the multi-criteria
design of slider-crank mechanism for a new type of
fruit vegetable washer with three objectives. Com-
parative study on the obtained results from VIAT
with the initial design plan and the one from the
traditional method "concession by priority" is car-
ried out in order to prove the effectiveness of the
method proposed in this paper.

The visual interactive analysis method

VIAM has had many remarkable research
achievements in the field of multi-criteria design
optimization of mechanical systems. It was first de-
veloped in 2013 in the doctoral thesis of H. M. Dang
(VIAMI) by using parameter space investigation
algorithms in combination with single-objective
optimization in order to find manufacturing tech-
nology solutions for compression cylinders made of
composite materials [16]. In 2017, V. B. Phung [17,
18] developed VIAM?2 on the basis of a single-ob-

jective optimization algorithm and priority selection
method for the multi-criteria design of an innova-
tive frame saw machine. While VIAM3 is proposed
in this paper, it uses a multi-parameter approach
based on concurrent engineering principles to solve
the multi-objective optimization problem. VIAM3
allows for automation of solution search without
DM waiting. The obtained results can be illustrated
visually so that DM can analyze and suggest chang-
es. Then, the search will continue. The visual tool
is an objective function diagram that can be easily
plotted without the need of complex software. In a
nutshell, VIAM3 allows DM to pause the search of
Pareto solutions based on quantity and distribution
of the solution domain on a visual tool, so that mu-
tually-agreed solutions can be immediately defined
in the current Pareto domain. VIAM3 algorithm
flowchart is presented in Fig. 2.

{1}: Starting from the multi-objective mathemat-
ical model, it needs to define the bounds of control
parameters, technical constraints, and quality criteria
or objective functions. The multi-objective optimiza-
tion problem is stated as follows:

Problem: generic multi-objective optimization

mxin[tb(x) = 0 (X)D5(x)...0,(x)]" (n>2)
subject to

&) <0,
h(x) =0,
XS x<x,

where @ is a vector of n objective functions, g and
h are inequality and equality constraint vectors,
respectively, x; and x, are the lower and upper
bounds of the design variables, respectively, and x is
a vector of design variables.

{2}: Building a visual interactive graph on parallel
coordinate system by:

— Defining the maximum and minimum achiev-
able values of each objective function (independent
of each other) by using single objective optimization
algorithms such as genetic algorithm (GA), nonlin-
ear programming, ect.

— Determining the feasible solution domain
(FD) of the objective functions by using the pa-
rameter space-filling algorithms such as: Sobol se-
quence, Halton sequence, ect.

— Determining the POS domain by using multi-
objective optimization algorithms such as GA-
multi-objective, PSO, NGSA, ect.
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Fig. 2. VIAM3 algorithm flowchart
— Generation and normalization of the POS us-
ing formula:

O MAX®, - MIN®;’

where D) is  the i-th
normalized objective function:
0<|o;|<1, i=1.n

The visual interactive panel in Fig.
3 allows for converting the n-dimen-
sional Pareto space into the 2-dimen-
sional normalized space, and at the
same time it helps DM to acquire the
conflicts of objective functions thanks
to the appearance of the sign "X"
among them. This makes a firm basis
for the subsequent trade-off decision-
making process.

{3}: DM decides to suspend the POS
search based on quantity and distri-
bution of solutions on the interactive
graph with the aim of selecting the
mutually-agreed solutions.

{4}: Setting bounds for objec-
tive functions to search solutions.
Threshold rules are established for
different types of objective func-
tions, as illustrated in Fig. 4.
In the multi-objective optimization
problem, the objective functions are
distinguished by a narrow (type I) or
wide (type II) range of value changes.
The best value of objective "type 1" is
often accompanied by the worst value
of objective "type 11", which is in com-

pliance with the Pareto principle. It is quite difficult
to select all the best values of all objective functions
simultaneously, in some cases it is even impossible.

In order to define the mutually-agreed solution,
DM needs to use a compromise rule: accept to trade

MAX |04 MAX ||y

MAX [|@ff  MAX |||

Fig 3. Visual interactive panel
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Fig. 5. Existing (@) and calculated (b) model of SCM used for the fruit vegetable washer:

Xosases Yoy — reactions at the joints O, A, B along the positive direction on the x— and y-axes, respectively; Ny, N, — compression
loads at the joint 4 of crankshaft and connecting rod, respectively; T — bending force at joint A of crankshaft; ¢(f) — angle of rotation;
M — engine torque

the nearly-worst solution ||®7|| of objective "type 1"
and filter out the best solutions ||[®|| of objective
"type II" on the principle of setting the following
threshold limit [||d/|]:

[l 1Pt = [l ]|*

_ Nl + [l :

D=
[” 1”] [”(Dil“type I _ C , C_> =2

where { — positive real number

{5}: Pareto filter. After the thresholds have been
established, the process of filtering out the best so-
lution is automatically performed on the basis of
checking the n constraints g(®;) of n objective func-

tions: g(®;) =||®,||-[||®;|[] <0 with i = 1...n. There
are three possibilities:

(i) If there exists the solution that the expert
agreed mutually, the final option can be concluded
immediately;

(i) In case there exist many solutions that are
still controversial, it is necessary to tighten the
threshold value [||®,[]*P ! by increasing the value .
Filtering continue until the mutually-agreed solu-
tion is achieved;

(iii) In case there is no mutually-agreed solution
even though all possible g(®;) constraints have been
established, this indicates that the POS does not
currently have the most favorable solution. At this
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point, VIAM3 allows users to reset the original
multi-objective problem on the basis of adding con-
straints g(®@;) with the aim of finding new "better"
POS domain than previous one. It is noted that for
the objective "type II" the threshold value needs to
be loosened: [||@,[[]¥*¢! > ||o,||*.

DM continues to define the moment to stop
the search algorithm when a new POS is eligible
to make a decision to choose the mutually-agreed
solutions. This process is repeated over and over on
the basis of compromise rules {4} until the mutual-
ly-agreed options is achieved. In addition, VIAM3
also allows for evaluating the range of the control
parameters corresponding to the obtained mutually-
agreed solutions, and at the same time correct this
range when repeating calculations for determination
of additional design options.

Application of VIAM3 in multi-criteria design of
transmission system for fruit vegetable washer.
Problem statement

Lately, concurrent engineering, which has been
widely used, has brought positive effects in engi-
neering, one of which is machine design and manu-
facture [19]. The advantage of concurrent engineer-
ing design engineering is the use of multi-objective
mathematical models with the aim of identifying the
optimal design options right in the early stages of
the design process. Consider an example of concur-

rent design technique in the multi-objective optimi-
zation problem of slider-crank mechanism (SCM)
for the fruit vegetable washer, as shown in Fig. 5
[20]. The multi-objective mathematical model con-
sists of 11 control parameters a, 3 quality objective
function ®(a), and 16 constraints g(a). The aim is
to define a set of control parameters which is the
detailed size of SCM components o = {a...0;} in
order to simultaneously minimize power consump-
tion (®,), structure weight (d,) and dynamic reac-
tion at rotating joints (d;) on the basis of meeting
the constraints of structure, technology, and admis-
sible size. Details of the mathematical model are
described elsewhere in Ref. [21, 22].

mingpgze t@(a) = {D(a),...,D3()}
subject to: D(a) = {a | g(a) =

= {gl(a)a-n,gm(a)} < 0} ca= RN

Control of decision-making process in
multi-criteria design of SCM by using VIAT tool

The VIAM3 proposed in this paper is developed
by using the VIAT tool on the Matlab programming
language. The interface of VIAT used for dealing
with the multi-objective optimization problem of
SCM is shown in Fig. 6. While, the decision-mak-
ing process based on analysis and visual interaction
between DM and VIAT is explained in Fig. 7.

| |
| VIATv.1 |
v.
| Variable Details |
| x1 x x x4 xs X6 xr xB xB X0 m x12 |
| |
| Minvalue | ooos | oo [ 0 003 | 003 | 003 | 000G | 0009 | 0006 | 000G | 0.006 ] |
| |
: mwm 003 o l 1000 -8 01 LA 006 0055 00 003 o s :
| |
: Pareto Font :
| |
| |
| |
| Set filter |
| |
| el o2 [e3() |
| |
| 105 |
: 004¢ :
™ fry Filter
: ¢ 85 LR P T :
| - s Foe ¥ s g |
3 g . B
I 8 * o oy, " I
| e ” .. 4 |
I e . I
| 80 " / |
: J;M;;;HE“’\\_ s / 28 Find new POS? :
| 304 |
| 396\\// * 1
| 388 Ob 2 |
| ) ____ Objective 1 0 15 jective |
| Sop | | Pause | |
: Print result :
| |
| |
b e e e e e e e e — — —  —  — — — — —— — — — — —— — — — —— —— — —— — —— — — — — — — — — — — — — — — — — — — — — —— ——— 4

Fig. 6. Interface of VIAT tool
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Control parameters of SCM according to different methods

Table 1

Method o oy o3 oy o5 O oy og Olg oo oy
SO 0.149 0.079 912.5 0.812 0.518 0.498 0.341 0.17 0.267 0.280 0.190
CP 0.162 0.095 618.5 0.797 0.489 0.436 0.414 0.25 0.204 0.249 0.188
VIAM 0.094 0.044 487.7 0.670 0.472 0.321 0.551 0.25 0.193 0.109 0.196
P :;;00_ T _‘;&; ___________ 1_.9;0_0 _____ i Results and discussion

1.0e01 |

additional conditions

31 new solutions

The design options of SCM structure (dimen-
sions — control parameters) and values of the objec-
tive functions are provided in Table 1 and Table 2
respectively, where: SO — existing structure of SCM
[23], CP — the traditional method "Concession by
Priority" [24].

Looking into the graph in Fig. 8, it is seen that
the solution obtained by the VIAM3 is the best in
terms of two objective functions @, and ®; (reduce
70.42 % and 32.58 % respectively), but the decrease
of @, (—0.09 %) is the worst in comparison with
the solution obtained by the CP (—2.39 %). Albeit
being the worst, ||®|| — objective function "type
I" — is still within the admissible threshold of 0.1.
It is observed that the objective values @, in the
solutions are very close one to another. Thus, DM
would barely care for this discrepancy. However, it
is evident that DM could hardly be aware of the
existence of this circumstance, unless they perform
the solution search by using the VIAM3. In sum-
mary, it comes to the trade-off situation, but what
objective function to trade, how much, and what
benefit from other objectives are still as a potential
research area. Therefore, the VIAM3 promises to
make sense in helping DM to make a decision in
the design of complex mechanical systems.

The range of the control parameters is specified
by expanding the filtering threshold in step 3 (Fig. 7).

Table 2
Comparison of objective functions
in SCM design by different methods
Objective functions SO CP VIAM3
o, W 40.022 39.067 39.988
Comparison @;, % — —2.39 % —0.09 %
e ®,, Kg 2.497 1.894 0.739
o ‘__"‘——-—-.___ Y. e S
i ‘:‘;ﬁ = o Comparison ®,, % — —24.14 % | —70.42 %
Q!“
o a3 D, N 120.8 92.391 81.464
Fig. 7. Decision-making process of DM by using the author’s Comparison ®,, % _ 2353 % | —32.58 %
VIAT tool > : :
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With the new control parameter domain, as shown in
Fig. 9, VIAM3 allows DM for defining more POS in
order to find additional design options.

Conclusion

This paper studied the improvement of the visual
interactive analysis method (VIAM3) with the aim
of providing an automatic tool to control the deci-
sion-making process in dealing with multi-objective
optimization of mechanism. Based on the evalua-
tion of the distribution domain of Pareto optimal
solutions, that defined by GA, if it is required, DM

can reorient the search objective, thereby it is pos-
sible to reestablish the problem statement and ap-
proach to the most favorable solutions. Based on
VIAM3, the VIAT automation tool was developed
by using Matlab programming language. The ef-
fectiveness and validity of the method proposed
in this paper was confirmed in the application for
multi-objective optimization problem of SCM used
in the fruit vegetable washer with three objective
functions. Comparing the obtained solution from
VIAT with the existing structure and the one from
the traditional method "concession by priority”, it
showed that there is a trade-off of the power reduc-
tion (—0.09 %) allows for a significant improvement

Fig. 8. Comparing the normalization of objective functions on parallel coordinate system and 3D model of SCM corresponding to the

obtained solutions

| |
| |
i The original range » Max i
i 0 0.0158{ ]50'0242 0.03 i
| o o2l 0.03 |
i o3 487737 pl2s 100¢ |
| o pon |
i Os 0.0288E - ?rOSSI 0.1 i
i %6 Adjusted range 0.03251 e o i
i o7 0.0472730.0518 0.06 i
i 0g 0.067 £30.089 0.05. i
i Ol 487.73{ 1?12.5 0.03 i
i 010 Jro.0L65 0.03 |
i o1 1.0.0172 0om i

Fig. 9. Range of the control parameter values after expanding the filtering threshold

MexaTpoHnKa, aBTOMaTH3anus, ynpasjienue, Tom 22, Ne 2, 2021



of the reduction of weight (—70.42 %) and dynamic
reaction (—32.58 %) of SCM. Finally, it should be
emphasized that the proposed VIAM3 can be wide-
ly applicable for the multi-criteria design of other
complex mechanical systems.
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