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Abstract

Introduction: Despite numerous studies on supply chain cooperation, research shows that
collaborations in chains with asymmetric power structures leading to R&D investment have
received less attention. This study aims to develop a model for the supply chain of a complex
product, which includes operational decisions for market supply and R&D investment. The
objectives include determining the equilibrium point between R&D investment, product price, and
production amount, and investigating the impact of R&D uncertainty, buyer fairness, and customer
sensitivity to product technology level on supply chain performance.

Methods: The model considers the risk of uncertainty in R&D output and a demand function
dependent on product technology level. Developed under an asymmetric power structure, the model
incorporates various cooperation contracts, including R&D cost sharing, production cost sharing,
and revenue sharing. Each scenario is presented as a nonlinear two-level programming model,
created using the Nash bargaining game approach and optimized through simulation.
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Results and discussion: The research indicates that uncertainty risk reduces supply chain profit,
but cooperation contracts can improve performance compared to a decentralized structure. The
revenue sharing contract generates higher profit for both the supply chain and the supplier.
However, from the buyer’s perspective, when bargaining power is relatively low, R&D cost sharing
and production cost sharing contracts are more beneficial. Increasing buyer fairness improves
overall supply chain performance in revenue sharing and R&D cost sharing structures. Market
sensitivity to product technology level enhances chain performance in production cost sharing and
R&D cost sharing structures, but not all chain members benefit in revenue sharing structures.
Market sensitivity to price and buyer fairness respectively decrease and increase supply chain
performance.

Conclusions: Considering the significant costs of R&D and production in complex products,
addressing these costs in supply chain cooperation contracts and sharing them among influential
factors can enhance supply chain performance. The bargaining power between buyers and sellers
affects the type of contract. Given the unknown nature of information for supply chain parties,
further models can be developed.
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3. Cournot Model
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1. Benchmark model
2. Decentralized supply chain
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1. R&D cost sharing contract



Vo= (OIF o) 50— sxio Oy ke Sl A4

max U = Max[rf¢ — u,|"[nR¢ — us]l_p (VF) k)

9 )l sly Jsd BB cusllas Blas Ug 5 Up uomen 0 < p ST g cwnl Hl s Siale ©)08 sxmslis poyalyly
b alzee ol 50 g 0 43,5 Jlai )3 yao bl 0ed sbxl Jio > (glaidas oSSl g g (ojlwosle Juody a5 i 048 puels
g sn d2lge ) (rlawgd Je
max U = Max[rR¢]P[nRC]1-P
v gs 1
s.t.f¢ = (p —w)q —x(;eﬁ + <75+E>esz>
0< €y <1
0<g¢g
w<p (\‘5) ‘daé‘)
0<x<1
1

maxnR=w-c)g—fr—(1—x) <%e§ + (%-‘_E) esz)

5.t.0<e; <1

c<w

WS oo (855 e (€5, W) (Sl puite

b Y puin D oo s Liael lie 53 Canl (cq + fv) & Jaaze Mg s IS )kdle opl ) :‘..\.ﬁJQS Sy J‘ﬁ'
Dodbier b ) Oygods dius Sb) Jie amd o LS ) abje cpl S8l 5

max U = Max[rn €1 [nbC]t~P

Ib
s-t.mpt = (- w)q —y(cq + fv) —=ej
OSebS1
0<gq
{W<p (V) aka
0<sy=<1

1
maxf¢ =wqg — (1 —y)(cq + fv) — <%+—>e§

k
s.t.0<e; <1
c<w

JS 53 v Z guiie 23,38 o Syl 1y oS ool b 293 ol 1 st a3 3ls)LE ol Coomyle 5 el yd ST

1. Production cost sharing contract
2. Revenue sharing contract



Yv (db;@lals).k:é)...@Wéjfw‘w):;‘;_.iajﬁ‘;)l.lfqbﬁslﬁémsﬁl)l

max U = Max[rRV]P [mnBV]=P
s.t.mh¢ =z(p —w)gq —%elf
0< ep <1

0<gq

vEP (V) el
0<z<1

(mmax ¢ =1 -2)(p-w)qg+Ww-c)q

L 2 D"

A<

s.t.0<e; <1
c<w

0135 ol gm0l sl ySan ol Lol Sans] (g p5l3gm Ll L5 & 3l by olgisas sl oles rdlasl Culey 1 S1,55
0 < aSgpsba 90 (Syne Slail cule; a2 plyisas § yalll ol 3 )5 (6 plpb ) 5205 (8,5 s b2y Jlas ) 33

Up = mp — 8(1ts — 1) (VA) alal,
LS o blod (60 maonal 0 1) 095 4 G omwb Sgw LidlS Hlay 3 g p

u.u.hs)a ‘s‘hﬁh 9 aaly ,J.ﬁbu" ¥
e Sluwbre LB )3 lagy sl dwolie g Ngd o J> gl L D9d 00 &) laJde Jo 00 )9l 5 (59, laol (50 (pl )
DS (o Sy

ey Lael 1 6 o o 1ol o1 )3 o8 ol lge (ol poaluds (638 maonas Alins SO Lyl gt Jo 3,50,
55 s 03138 el (ol o )3 9 A0S o e 1y 39 (sl pite Sl 3 3l e D9 e O S50 S5 by
) ol o e SIS IS Ll olsm o3l oions (330) oy s At s iy i 5 5 il 05 o
0;25) Jdo ;0 ¥ dudB b pillas [VV F] Cob cund (odawcSS Jao SO a4 don (3 505 ()Ml () YU mdaw dlics )3
23 08 el s e @lgl (plygen Coold & dag b i Gasme 08 0l g 5 slaalins S petend el

) Wiled Codgazxe | g preal pite Il (gjlwdinde dline (gly (S5 ©)0a cl Caze 5 i ) () Sen (glagy s

max w(x;)
fi(x) < bvj (V4) alal,

WS o 3oy SY0lee oKd jd dipe Sl KKT Loty jl eolawl b

on(x)) ofi )
axi - Z A_j axi = 0Vi

J
A[by = £;xe)]vj
A = 0Vj

(V+) aail,

1. Karush-Kuhn-Tucker (KKT)



Vo= (OIF o) 50— smto Oy ke jlilodar YA

Do a8 )3 Jlai 13 Cudgaore yb (gl il Cued lgisds Wilg o g Cunl KKT Laylyis b bgyye %lﬂé/lj a8 5 9ba
bylps cwl € Sw 0 < e S 1 codgase 93 5 (€5, W) paonai piiio 93 61 008 ppoli dline A Wslae D (g0 k0 ,

D o &by g0ty o] KKT

ow ow

omP 3 a(es)\ 0
des - des ) (VY) akal,
AM(—c+w)=0

/12(95 -1)=0
4,4, =20

s (152) o

Jle 4 glg o 1y gyl oled clin cjgods Ll o Canddy (awcSS Jho Adliie 3 VY dblee ()i L s
35 s bS5
ol 5133 Bl | 6ot 39850 S s i s 33 3okt (lo il Sy ot Lo Jaa o sl
(SN ol st o] ) o s (b sla bl 5 Bgeito oS oy comoab e J cs33ete Y5 4
Sl o odzm Sloptusms 2] sl SIL]) (it ) oalitl 58 dle (Lot 5 diay p)8 Ojg0 4 1) ] Aty e
Dyl Cawdds B9y ol 5l e e |y ainge Olgr (2 1) 915 g3 o] 5l ookl 3 olacudgie b ol b aish dbe b
iy 4 S b A g d2ge Slox b Gl DA Bl Jleds cuwl (e Sl Al b olag b (0L Geiees
ol s Clox (Bl gl (gilwdie Uy 3l 020Ky e sl Mo (gilwding 5 Giloand oS5 g ilear LSS
Oleds 4y Jae [VF] 20 asuio dlius (g9) p (Bolal sl jusio 56 Nad o obj)l (gilwdnd Jdo bws ol pl .S o
Al dawg diae o 0ty jolate s ] oo Caunddy b pite S yxie uSile 9 39 00 S 3dlai (gla yral )b g b calise

g jlics j1 S5y o o )55 g

&9 )
S = (D, RC, PC, RV} 4 oo }) g0yl S5 -
A0S 0)ls 1y Jde (63959 sl el v
N 338 35l 1y o yoSU 1S5 sl ¥
n=11m )5 A
S g 1) (Bolad el gl (ol das
@ €U(0,1) s
@s EU0,1)
el eb’es‘Wwﬁ')qnibswbu‘)z_:’=0§é&e&|b)‘i s
S dole [y P 5 € sl pie
Vo g W balg) ¥oles jl oolitl b S on ol YU rdans alins )3 1) (ol o alians (gl KKT Loyl q
S oolisnl | ordawcSs Jio digy slaclsn oyl gl (Matlab ysfmincon |1l asle) (¢jludigo 558 oy 5l ve
S Ao [y U g dgm plg S poxio uS5keo W
agp Y dbgo &y Spgo nl i tgn S ds e g =41 4w Jin <N ] Y

OBl kol Bun S (o yp s Jle bl (B Glapise 3 eaddl] i Gl isu cnl igne Slwolow
Matlah 1581 ¢ ;> altus Jo 22 )50 olyo 42 ¥ s (sloJta (umgidaliyy Casl (ol 0505 3,Skae (o) g Jdo (sl it



¥4

(&Bﬁ@l’ﬁl”)-l:é)...éw&;w‘w‘,}j&M}}é}‘fqbﬂs‘ﬁdbsﬁb‘

6y 0393 YO ogMeds sl Yoo b ply N (gilududs 0y9d dliws .ol oas odliiiwl (sjlwaipe > FMIncon l5l 5l g ouis plol
‘ol 003 Moi VU ho po B0lal 0y90 pb 43 dmwg g BaioT Ml 3 a3l solar el § 639y (sla ol 4y angi b

e ko (£39)5 slojie)l ¥ st

o b
$1000 A
0.4 B
200 $ a
2 k
5.1e+3$ 9y
6.2e+3 S Js
100°$ o
805 )4
1000 $ f
0.8 p

Cod Candg jl YL e Gl Jho 5D meli 0,565 dgu Egeme (1S Cygods 45 D9 e sdnlie ¥ S5 5 Lzl

0,555 sbasl sly jpo o Bl o Cushadpie S A wd o i S (pl Gl drwg g 34850 Cuslalpie S,

g ol Foml ) Kon sdla)l3 o 31 38 st pd Jao )3 03555 dgu JISE > TIEE > TIE > TG0 JSb oyl )3 298 (yeels
ol 03,8 bl 1y (i 9w gexe 0 RV sl s STymil ol

5
Pl
. ---8
————— B
—FRe
o—PC
65 4
——RV
sl J
(o]
B55

20 40 60 80 100 120 140 160 180 200
Runs

ol 2 10 ol oy JS g0 ¥ S

l3yg] sy 1y (6 5YL 3gu ol y3 STyl al3,1)3 45 08 el ¢ Aoy ai s

1. Warmup period



VEY Jlom (DIF 63— aio Sy ke 1010t O

5
“ «10° 15 %10
—RC —+—PC ——RV s RC =i P = RV

25" : . . J 1.15 . . ]
"o 50 100 150 200 0 50 100 150 200
Runs Runs
b.-\‘u.;w‘l) dgm é;b (u )L\:P dguw é;l) (uﬂl

splies p 40 0diiS ol g L5 g wilyi Y S

CablB ) ()l losw din g drwgd 9 380 0 (Tl p cladl i s Cpl 0 500 phe (0 Sles e ll
gl 23 (el 0285 Lawgi dmgs 5 35 5> )i alow Aty gseme o w3 ol () ¥ USE el el
o5 cpl o1y 095 auie RC aswgs g Baiod dija STyudl oyl CJB jo jlay B oles Lol <l (ool5 cogles () S0u85 b calises
2 el 3 9 5 dnug g GBS )3 (58 G eaS el iy Aie e U el 003 e ol (il md (e alS
Ao Slusl gl )0 Jaame (6)5ld a5 00 ol o () ¥ USS ) 0gMeds sl oS Jaame (5)5kd pdaw RC (5455l
Gl yiny PC u)g

[ Buyer cost
[ supplier cost

° © o o o
N w - (4] [}
R&D Investment
a
(=]
(=]
o

Product technological level v

o

o

Model PC Model RC Model RV Model PC Model RC Model RV
Jyae )5ld gaw (¢ drsg 5 G5 5 (IS dsle s ()l
peazo (698 o 5 duusgi g GeBT )0 G lopes Glise N S

odalio () & JS5 )3 bl 9o (o) Jdo (slapiohly Slyssd r Cannd 390 @lg5 Slysss (Jio Lo jslaiody aslsl >
&l g g5 e S1al ool B 8 s ol 5l a8 alis gl 4 0, dg2g Pyl A il )8l sue &S 500
M3 g el cnl Gl L () & JSS Billoe pprizmen 0l SalgS g5 ) dags g Bui6 4 ja STpdlaly)l)8 YL i
3 g ol adg aje STyl ooyl )3 050 gude 9 yb dgu o Pl b Lol tub o galS sal > STmil g )liw 5
b Gl dnngs g Bu0 di s STl gl



3 (Ll 5 Gl 53 o Glas (6,8 panad a5 5 Goiond 53 (S wle o 11 Joto 1)

|—RC —+—PC ——RV|

x10° «10°
5.5 T T T T o1 16 <10
<M
5 4 15 /
14
4.5 1
131
4 1 i3
35 | 14
1t
3 ]
09 1
25 . . . . J - .
0 0.2 04 086 0.8 1 0 02 04 06 08 1
P P
o_\ufwljaw@l;olﬁ(u )“‘\"Plﬁ""é’l’olf‘”(dl
opxif (glde] Cyulf Ol ks’ d Cond Igw polad Olpensi B S5
[—RC —+—PC ——RYV|
5 5
g0 | 155 10
45
4
@
.
3.5
4
3 /
254
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
o <
o.)u..fu..pl: dgw é.)l) U‘M (u )L\i)> dgu é—’L L‘:])...:_u (u‘L”

Jpazmo ()5l8 o ) il Comwlas 4 Con g ploi Syt £ S

aije STdl ol sl Byl il adly yude @ Joase ()5ld maw 4 Cons il Comlus ax ja o w0 lis & S
» o.\MSumL Sow &l al)ly ol il b Ll el sales (g eS Cugllas .\J)A Syl a3 g gy dmwgd 5 BuiS
e Gl g 9 G2 IRV (6015l )3 5 (Rl 3IPC 9 RC (clag, L

g )l (olod )3 dgm lgs a8 s o L ¥ JS3 10 B Cnsd @ 13l b ol 4 Cons 39w @y Sl Jlo
OIS el 0,555 5 ,Shes s (LS gy b Cod 4 g a3l 5B ik a3 b (2 mels 0p555
Dyl (g i

——RC ——PC ——RV

x10°

14

01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09

B 8
o..\a.\.fw..csl.: S g é:l_» CJI)M_\: (u )“‘\"P S é’l’ CJ])‘“"" (uz”

Cadd il Cpoles b G dg0 ply7 Sy Y S5



W~\‘Jl.~—(\)\F.,”;—W;ﬁﬁ.u)\.u\r:?_ oy

Aid o Slabs [, 1] .l odd jasuie el 0,555 IS 3,5des 5 8 s Blail as )y 1A S5 5 coledy

9 Guios A sn STl cgryliw ;5 .l 0l awyp o)l 4 G g Slpads w9 0a ()1l T @b sloa A Abslee

gm0 Sl v ai e Sasl ooyl o 50 Lol b o (ial33l ol 050505 dgm e 8 Lial33l b ol ys STynil g dnwgs
ol 550 5l

x10°

PG =—=RV

g
-

mL

ow & o

1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
)

5 lail doyd dy o woli 0 puzmiy 0,Soe i A S

Wolgiset 5 (5 4o D
ol 3 el dnngs g oS AT > CuaBpie Sy b darlse )3 adze Jpamme meliopas; 2o cotmgk () | Ban
o6 0355 yglagms 2 1y ] Bl g b 0ol degs (5 S il (slmalaylyd g dags 5 35 )3 (S dloy Jao Limgly
0555yl L 1Bl dnngi S Sl (53k 3,05y b Sy bulpd )3 S hese it (el 0o S Tl il 0 gy
ISzl 5 g anse (NS 28 cnug g aios cglnaizn (535Sl Lald Lalies (el )5 | alis s o) on
byud U oy yshaieds (sl 03gs o e xawgd (ciuydelin Jio S diis ol (slogyyliw 1 SOy &3l el
e KKT Ll el o Jo (gl ol 00 (g (5 (S50 53k S0 53 313,18 o yiell copuonij sliael (oo ()lital
(Slotend 355055 b 85 Sl Jao (sSlotiny o ol pas] Crty (S5 J1o 5 00 (6JISol Jao 55 ol i
ol 00 dlgudin

loloy]3 (soles 5 Lpdise el 0265 gm0 S Cge dmug g oS Wl > CulaBpie & e ol @l
oz o 1y sy dgu ggazme 5> el )> STl ol 8 aimd dgute 35 sate el bl a4y Capns |y 3, Shas o SlgS o (s0loiiey
120 3138 il o T (55 358l 0,8 o Jlaj oz faio 1 Ll il 03,5 sl 005 sl (sl o8 5 005 S
S oo bl |y s Cangllae drwgs g uiod diie STudl bl o) yide Siale ©)08 &5 Sy 3 g Mg Anje
STynsl sbaals)l 3 ,lslo 53 020 3 Sles 9 9o Jpame (655l aaw 4 Cunnd I3l Gl o5 04l 03l (LIS pioren
4 S Jljl ol Sl 00255 gl (polad Canl (Saw doly> STzl il )3 Lol 995 0 dnmgi g Geid A5 9 255 ALy 5m
5 0Bl Cage ojlgen Cui Gl s Blall cule) 5 s 4 Cusd Ik Cumlus oMoy 13gls qiite Jgaze (559l pdaw
g pali 0005 3, lae ol

drogs > (5 San iliso (slahgy 4SOl Cusd il dng Vg oSdmgh ple bug Cax dz ek ol
5 0wl 0y yodum sboylile aSiyl g 9d adlhs Ul Sl Y gy 3,L5 alen (Jgame (slagsysls
oxd 45,5 Jlai > poles imghs nl ) (el 050 (slael e CleMb AT ooy g oy 1L Sl Yl (slaass
Dgd 4B, La3 )3 35 0aiiS el g 4l 3 e SleMbl oy pae 3 Sldlas o 43 368 0 dleidiy Cawl

5 20l 5 ool o0t by lojl g 3l 2,8 g 1 o (S8 WS g Alia gl UilSS g lae ) (gl xdli b5
Sy g gaald plgea JEagh cpl > By jeas dg aalgss jols (93,8 L plojle o b gl 4 dllie opl (gladjglws
Wl (w8l (o)l AiSaun Bl g Gl 0 (aastie  Jg



oy (db;@lals).k:é)...@Wéjfw‘w):;‘;_.iajﬁ‘;)l.lfqbﬁslﬁémsﬁl)l

S Cowgm
dslone drgs g 3485 3 (635 lo s pdlie s g ol (e 10l " (Sl glitta) SaSS ) oalizal b 1) dpad el
2B
S8 b ] Gase dgw @b (ol 5661;96 = =20 m)b q & cand F dolee wgw b pgd Fide duwlre b g 0
Al oo Gty ) ddlre o b golue U ol Jol i
g A—Co + (@ —y)(ep + e)
t 2k (V7) sl

o e yid 9 owin wile onl (€, €5) puwonai it 95 slyls 5k Jol al o 4> altine JTH; 53 YU slae 05,8 L

(U 2 ya-p_ - _ya-p
1 E - T — Ys 1 T
Hoa = YY) alal
e y(a@—7v) y(a@—7v) (V) 4k,
K 01 — B 0 — B - gb/
(@—y)?+k(a®+y*)(gp +9gs) —
det(H, ) = — 2090k = 20g:vk — 48, — 2B.9,9:k (V¥) ekl
sc Zﬁk
. ) ) (@-n(5+3)
(gp +9s) < doleeb  om det(Hpp ) >0 Sl ocwl e dgw @b 07 = —p oS’ 5 yobay
. (ong omg, c. o 1z 2Bgp2+gsk)—(a—y)?
WDous g0 J@B i { aeic = O,?‘ic = 0} olKtwd J:> L» Jlb- ..\M:L» )‘)Sﬁ kléa2+y52—2ayk)
Bt = ep(4B + 2Bgsk) + (a —VIk(A —co) = 2Bfk . (Y0) abasl,
s —ka? + 2kay — ky? + 48 + 2B g5k b

oB* = (gsk + 2)(aco — Aa + 2Bf) +y(A — o) (gsk + 2)
b7 2(a—y)? —4Bgy + algpk + agsk + gpy 2k + (Y5) e,
gsv*k — 2agpvk — 2agsvk — 269,95k

]
o dwbro b .Ngd o > Jlu s (68 ke o alis colps 43 g o_\MSumb e L 5 iylaw liee Tl 1Y anad OLS!

; : ] 9*mp " ;
b ssbuwe @6 ol Jsl 32e 000,13 b il oo Jlay 3 30 @ cnlple 550 = =28 w)h G & S 3 350 1

pe  A—wtale,¢, + esp;)
T = 2p (YY) dai

325 g o] Gliseyid g wdd e ple a2 10 YU slee 315,38 b sl (W, €6) puonas piio 93 (chyl 008 paoly linno

1. Backward induction technique
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