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ARTICLE INFORMATION ABSTRACT

The design of complex mechanical systems usually involves multiple mutually coupled disciplines and
competing objectives which require complicated and time-consuming interactive analysis during the
design process. Multidisciplinary design optimization (MDO) is a systematic design methodology to
improve the design efficiency of complex mechanical systems, specifically in non-cooperative design
environments. On the other hand, game theory is a set of mathematical constructs that study the
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Meeycﬁg;ija, design interaction between multiple intelligent rational decision makers. In this paper, a new game theoretic
Optimization approach is proposed and applied for multi-objective MDO problems in non-cooperative design

Genetic programming
Game theory
Decision making

environments, considering the intrinsic similarity between the MDO and game theory. In this way,
genetic programming is used as a surrogate to construct the approximate rational reaction sets (RRS) of
players. Furthermore, in order to find the intersection of RRS of players in Nash game models, an
objective function is proposed which should be minimized. The effectiveness of the proposed
framework is demonstrated by the design of three case studies in the field of engineering design
optimization in non-cooperative environment. The results show that the presented approach is able to
approximate complicated RRS, and, in addition has the ability to find multiple Nash solutions when the
Nash solution is not a singleton and generally found solutions better than those reported in the literature.
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Table 5 Optimal design variables and objective functions of mechanisms

lopsdSe atge Soo &l 5 (b sle i 5 Jgur

GA-DE

MUMSA

Syl Gadios GA[19] PSO [19] DE [19] [20] 4] SA[21] ICA [21] ol
39.5647 50 49.994859 50 50 50 50 50 n
9.7996 9.164414 5 5 5 9.438 5 -
31.3167 16.858082 5.915643 5.905345 7.03102 7.031047 23.50764 7.08248 n
31.3167 50 49.994867 50 48.1342 48.134183 38.741 48.05733 n
1.5826 38.458872  18.925715 18.819312 16.9767 16.976687  -45.3612 16.4257 Tex
1.5826 0.090117 0 0 12.952 12.952139  -28.5915 13.7121 Tey
12.0047 32.328282  14.472475 14373772 121975 12.197494 39.6016 11.88034 X
1.6234 -29.53705 -12.49441 -12.44429 -15.9981 -15.99820 -43.660 -16.0876 Yo
1.9533 0.877212 0.467287 0.463633 0.042828  0.0428247 0.86983 6.283185 6,
0.0854 3.171063 2.35529 2.349649 2.58036 2.58035 4.6545 2.5998 TE
1302.38 2352.85 6674.54 6711.02 6797.36 6797.29 3117.71 6918.47 TA

ol a Gl ol B mlS wsde sy 6 Jsaz o a5 jsbioles
dl.\‘y )isl.u }4:‘ u.u‘ RS (o Cawd A |) ‘_g,..J ).:aLa.a fs 9 fo fleas oo
02 i 5 e b o s S (sl sty sy sV

il o

S\ -5
aity e U= Gl 5l @l e oz Cdla ) Sy dlie cnl o
el ol 03 S 4y g olpiin Al Sen e glad o Sus vz g3l

“doe sl g G gk Jae jleads @385 (gl Joles (g3l sl
gy e 00 a3zl STl 65 Joe 3 oo alelis Biles (s5be

o sl Ol il gl degome ablis bl L abi il
Sidaby 3l g 0ad lo GilwdieS Wy, S B o i ol Sen
Sl Je 53 55ais (DKol (slane oly dgarmo (a5l (S5
Qgad dw Jo 50 eolgiinn s, ohlS el oud eolanul ISl
e b (G sl Ja) S e e (b Jels Sl
35 Siltinte s Jo 5 (Sl (53 Jae) slelo ez o5
@ bt ab sols lid (S dSlsk (55 63 Jow) (ooilpe abadks 5 00
slad don (S 97> @U'sf Lgél.e‘,..m..; 09, PLy RE QLM..» PRV
Sy y sasie 15 Jolw blas 8l Sl cizman g atils |) Boas ailos

S ool 3o lo ez i Joles aladi G5l iy aS

&lp-6

[1] J. F. Gerhard, S. J. Duncan, Y. Chen, J. K. Allen, D. Rosen, F.
Mistree, Towards a decision-based distributed product realization
environment for engineering systems, Proceeding of The ASME
Computers in Engineering Conference, Las Vegas, USA,
September 13-15, 1999.

[2] E. Livne, Integrated aeroservoelastic optimization: status and
direction, Journal of Aircraft, Vol. 36, No.1, pp. 122-145, 1999.

[3] P. W. Jansen, R. E. Perez, J. R. RA Martins, Aerostructural
optimization of nonplanar lifting surfaces, Journal of Aircraft, \Vol.
47, No. 5, pp. 1490-1503, 2010.

[4] A. Ning, I. Kroo, Multidisciplinary considerations in the design of
wings and wing tip devices, Journal of Aircraft, Vol. 47, No. 2, pp.
534-543, 2010.

[5] N. M. Alexandrov, R. M. Lewis, Analytical and computational
aspects of collaborative optimization for multidisciplinary design,
AIAA journal, Vol. 40, No.2, pp. 301-309, 2002.

325

Gl g2 Gl e gyallss Sk G e siee G35 ik o)l
Sk slag il il o caws 0 (10) alad, 5l solitl b gyis S50
slaasly plgie 4 blie (55 o 5 (63955 sedls plie a5y
e 48,5 5k 5 (S el Sl elinal b giledae o s
Sl a g allis (050 sihie gl dsgerme Cod i oy Ngd

g oo 1) (27) alal) & j90 4 g osel Caws @ gt So5L

Y11 = x; — 0.545 x2 (279)
X
12 = 0188 x;x, — 0.793 =2 (27b)
X1
0443 x;x3
Y21 = Tt x, (27¢)
Y22 = 0083 x} — 3017 [x2 —57 x, (27d)
_ x; +3.408 x?
Y= To317 a2 231 x1%, (27¢)
1904 (x; +x,)? 16058
V32 = m - x% (27f)

maige Al J> b Soles 0 5 5yt ik 4 (27) Ak, A5 L

s onl ogdior JooSS SplSliak 5 5l Joe gt sl il
[16] (oo iz cangitaliy cilm, 5l eolinal b (6,500 cpbime lawgs
olis 6 Jsaz 50 gl el oo &) [25] conlas e il

el 00 00ls

Srlsbnl - a8 Bas L (s5leaige ais sl mls anlia 6 Joua
Table 6 Comparison of results for Nash- Stackelberg problem

Lol e Liu [16] Gh"t[gisit al. sl
1.449 1.510 1.510 o
11.365 12.323 10.821 f1
6.015 6.225 6.061 f,

0.273 0.835 0.483 f,
(5.490,2.255)  (5.768,2.116) (5.379,2310) x° = (x],x})
(2.714,2.000)  (2.885,2000) (2.612,2.000) i = (¥i1 i)
(15975,1.212)  (1.699, 1.414)  (L616, 1.414)  y5 = (y31,¥52)
(1.1785,0.881)  (1.183,0.878) (1.149,0.900) i = (¥ ¥3,)

7 o )loits16 093 1395 e (w30 SulSe wire



Ubled 9 s3wal (youe

6ok aplai Sl odlaiwl by Aad jut Lbd ) (Sl Gl pimw S J5hiwl Salb

[17] J. Jagannatha Rao, K. Badhrinath, R. Pakala, F. Mistree, A study
of optimal design under conflict using models of multi-player
games, Engineering Optimization+ A35, Vol. 28, No. 1, pp. 63-94,
1997.

[18] A. R. Nair, K. E. Lewis, An efficient design strategy for solving
MDO problems in non-cooperative environments, Proceedings of
The 8th AIAA/USAF/NASA/ISSMO symposium on multidisciplinary
analysis and optimization, Long Beach, USA, September 6-8,
2000.

[19] S. Acharyya, M. Mandal, Performance of EAs for four-bar linkage
synthesis, Mechanism and Machine Theory, Vol. 44, No. 9, pp.
1784-1794, 2009.

[20] W.-Y. Lin, A GA-DE hybrid evolutionary algorithm for path
synthesis of four-bar linkage, Mechanism and Machine Theory,
Vol. 45, No. 8, pp. 1096-1107, 2010.

[21] S. Ebrahimi, P. Payvandy, Efficient constrained synthesis of path
generating four-bar mechanisms based on the heuristic optimization
algorithms, Mechanism and Machine Theory, Vol. 85, No. 2, pp.
189-204, 2015.

[22] R. McDougall, S. Nokleby, Grashof mechanism synthesis using
multi-objective parallel asynchronous particle swarm optimization,
Proceedings of The Canadian Society for Mechanical Engineering
Forum 2010, Victoria, Canada, June 7-9, 2010.

[23] N. Nariman-Zadeh, M. Felezi, A. Jamali, M. Ganji, Pareto optimal
synthesis of four-bar mechanisms for path generation, Mechanism
and Machine Theory, Vol. 44, No. 1, pp. 180-191, 2009.

[24] J. Cabrera, A. Ortiz, F. Nadal, J. Castillo, An evolutionary
algorithm for path synthesis of mechanisms, Mechanism and
Machine Theory, Vol. 46, No. 2, pp. 127-141, 2011.

[25] E. Ghotbi, W. A. Otieno, A. K. Dhingra, Determination of
Stackelberg—Nash equilibria using a sensitivity based approach,
Applied Mathematical Modelling, Vol. 38, No. 21, pp. 4972-4984,
2014.

7 o )louin 16 ©)93 1395 PYZYIETP R VRN v [ VAREWRNIPY

[6] S. Tosserams, L. P. Etman, J. Rooda, A classification of methods
for distributed system optimization based on formulation structure,
Structural and Multidisciplinary Optimization, Vol. 39, No. 5, pp.
503-517, 2009.

[7] R. B. Myerson, Game theory: analysis of conflict, First Edittion,
pp. 55-125, Cambridge: Harvard University, 1991.

[8] M. J. Oshorne, A. Rubinstein, A course in game theory, First
Edittion, pp. 70-130, Cambridge: MIT press, 1994.

[9] M. Xiao, X. Shao, L. Gao,, Z. Luo, A new methodology for multi-
objective multidisciplinary design optimization problems based on
game theory, Expert Systems with Applications, Vol. 42, No. 3, pp.
1602-1612, 2015.

[10] T. L. Vincent, Game theory as a design tool, Journal of
Mechanical Design, Vol. 105, No. 2, pp. 165-170, 1983.

[11] G. Hernandez, F. Mistree, Integrating product design and
manufacturing: a game theoretic approach, Engineering
Optimization, Vol. 32, No. 6, pp. 749-775, 2000.

[12] M. C. Marston, Game based design: a game theory based
approach to engineering design, PhD Thesis, Georgia Institute of
Technology, Atlanta, 2000.

[13] L. Castillo, C. Dorao, Decision-making in the oil and gas projects
based on game theory: Conceptual process design, Energy
Conversion and Management, Vol. 66, No. 1, pp. 48-55, 2013.

[14] E. Ghotbi, A. K. Dhingra, A bilevel game theoretic approach to
optimum design of flywheels, Engineering Optimization, Vol. 44,
No. 11, pp. 1337-1350, 2012.

[15] E. Ghotbi, A. K. Dhingra, Optimum design of high-speed 4-bar
mechanisms using a bi-level game theoretic approach, Proceeding
of The ASME International Mechanical Engineering Congress and
Exposition, Houston, USA, November 9-15, 2012.

[16] B. Liu, Stackelberg-Nash equilibrium for multilevel programming
with multiple followers using genetic algorithms, Computers &
Mathematics with Applications, Vol. 36, No. 7, pp. 79-89, 1998.

326



