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THREE PROBLEMS IN OPERATIONS MANAGEMENT

Zhongwen Ma, PhD
The University of Texas at Dallas, 2019

Supervising Professors: Ernan E. Haruvy, Co-Chair
Elena Katok, Co-Chair

Three problems in operations management are examined in this dissertation, with methodologies
ranging from theoretical modeling and empirical research. The topics focus on quality issues as
well as remanufacturing decisions.

In Chapter 2, we investigate how to contract on quality with private information. Supply chains
today routinely use third parties for many strategic activities, such as manufacturing, R&D, or
software development. These activities often include relationship-specific investment on the part
of the vendor, while final outcomes can be uncertain. Therefore, writing complete contracts for
such arrangements is often not feasible, but incomplete contracts, especially when relationship-
specific investment is required, may leave the supplier vulnerable to a version of the “hold-up
problem,” which is known to result in sub-optimal levels of investment. We model the
phenomenon as a sequential move game with asymmetric information. Absent behavioral
considerations, the unique Perfect Bayesian Equilibrium implies zero investment. However, with
social preferences, the hold-up problem may be mitigated. We propose a model that incorporates
social preferences and random errors, and solve for the equilibrium. In addition, we look at

reputation and find it to be effective for increasing investment. We conduct laboratory experiments
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with human subjects and find that a model with social preferences and random errors organizes
our data well.

In Chapter 3, we study investigated the problem of process quality improvement between a buyer
and a supplier in a supply chain. The key words include supply chain contracts, behavioral
economics, game theory, quality improvement. Products a supplier produces might be defective
depending on the process’ quality, and such products may incur a loss both to the supplier and
buyer because of factors such as the warranty, loss of customer goodwill, or the loss of potential
market share. We show that when the buyer’s share of the loss is sufficiently large, it should be
his full responsibility to improve the process quality optimally. In contrast, when the buyer’s share
of the loss is low, it should be the supplier’s full responsibility to improve the process quality to
the optimal level. These predictions were tested in the laboratory and systematic deviations from
them were found. Specifically, when the buyer’s share of the loss is low, he still contributes to
process quality improvement, while theory predicts free riding. Moreover, when the buyer’s share
of the loss is high, the supplier still contributes to process quality improvement, while theory
predicts otherwise. Moreover, the centralized supply chain served as the benchmark, and illustrated
that negotiation can be used to improve system performance. This new mechanism was tested in
the laboratory and found to be superior.

In Chapter 4, we investigate firms’ remanufacturing strategies in the case of a Cournot duopoly.
Keywords include pricing, remanufacturing, competition, and operations-marketing interface. On
the one hand, remanufactured products cannibalize sales of new products of the same firm thereby
hurting its profits. On the other hand, they can be part of a profitable marketing strategy that targets

different customer preferences by providing a larger number of alternatives to customers. This
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paper studies the tradeoff between these effects and how it is influenced by competition. We
develop a model where demand functions for new and remanufactured products of each firm are
derived from utility maximization by a representative consumer. This allows us to capture
preference and substitution effects between all offered products in the market. We discuss how
equilibrium strategies are affected by factors such as competition, substitutability, production cost
as well as remanufacturing cost. For example, when competitive intensity (between new and new
products, and remanufactured and remanufactured products, is low (respectively, high), both

(respectively, neither) firms offer remanufactured products in a symmetric equilibrium.

viil

www.manharaa.com




TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt ettt ettt ettt ettt s be e st sanesneesaeesaneenes \%
ABSTRACT ...ttt et ettt sttt e s e st e be e et e bt e s neenbeeeaneeneee Xxii
LIST OF FIGURES ...ttt ettt sttt sttt et e saeesneennee e xii
LIST OF TABLES ... .ottt ettt sttt ettt s bt e seeesneenaee s Xiv
CHAPTER 1 INTRODUCTION .....ooiiiiiiiiiiiiiieiieeeeeteeieeste ettt ettt e sneesaeesnee e 1
1.1 HOIA-UP PIODICI ...ttt ettt ettt e st e st e e sate e st e e sateesabeesabeeenseas 1
L.1.1 OVEIVIBW .oniiiiiiiiiiii ettt ettt s st b e st b e s e s e b sa et aesaesaens 1

1.1.2 LIterature REVIEW .........cccciiiiiiiiiiiiiiiiiicc et 1

AL @ 1 1A 01 0] o) 13 1 OSSPSR 8
L.2.1 OVEIVIBW oottt ettt a e s et h e st sb e s b e e b e sa e et nesaesaens 8

1.2.2 LIterature REVIEW ........ccccoiiiiiiiiiiiiiiiiii et 9

1.3 Remanufacturing ProDICIM ..........oiiuiiiiiiiiiiieeiie ettt ettt ettt ettt e st esbte e ateesateeseeeesnbeesbeesnne 12
L.3.1 OVEIVIEW .cniiiiiiiiiiiiiieeetete sttt et st b e s st b e st a e s b s e saesneeanes 12

1.3.2 LIterature REVIEW ........ccccoiiiiiiiiiiiiiiiiiccc et s 13
CHAPTER 2 HOLD-UP PROBLEM .....c..oooiiiiiiiiiieeeecteeteee et 16
21 MOEL...iiiiii e e s s 16
2.1.1 The Game and Standard Model.............cccoeiriiiiiiiiiiiiiiii e 16
2.1.2 S0CIal PIEfEI@IICES ....cuviiiiiiiiiiiiiicici e s 19
2.1.3 INCOTPOTAtING BITOIS ...eiiiiieiiiieiiieeiie ettt ettt ettt e st e et e et e e bteesateesabeesabeesnbeesnbeesseeennees 23

2.2 Experimental Design and HYPOThESES .......coouiiriiiiiiiiiiieeieeeieesieestee sttt e s 28
2.2.1 EXPerimental DESIZN .....cccueiiiiiiiieiiieeiie ettt ettt ettt e st e et e e e bteesate e sabeesabeesnteesbeeeneeenaees 28

23 RESULLS oot 35

ix

www.manharaa.com




2.3.1 SUMMATY STALISTICS ..eevreeeuiiertieriieeitte ettt eetteesiteestteestteesbeesbeesteeebeeenseeesseeesaseesaseesnseesseesaseesnsees 35

2.3.2 DYIAIMICS .eeuttteutieetieeiieeeiteeeteestteeteesbeesbte e ettt esateesateesabeesastesaseeeaseeenseeenneeesabeesabeesnbeesnbeeeseeenees 38
2.3 3 ESHIMALION «.couviiiiiieiiiiiiiieeeite sttt sttt ettt sttt sae bbb sb e e eae s b e s aeesn e e saeeanes 39
2.4 CONCIUSION ...ttt s st b e st s et sae b sae e e be s b e eaesaeennes 43
CHAPTER 3 QUALITY PROBLEM ..ottt 45
BULMOGEL. e e et s 45
T R L (oY 1< <Y 1 o TP U TSP 45
3.1.2 Decentralized SUppLy CRaiN.......ccociiiiiiiiiiiiiieciee ettt ettt et e s e bee e 49
3.1.3 Centralized SUPPLY CRain .....ccocuiiiiiiiiiieiiiecieeee ettt ettt et e st e s e e sbeeenaees 52
3.2 HYPOTRESES ...eeeeeneieiiie ettt ettt ettt ettt e ettt e st e s e e e e ab e e e bt e eabteenbteeabteesteeeabeesabeesnteesabeesneeeneas 52
3.3 EXPerimental DESIZI .....ueecuuiiriieiiieiiieeiie ettt ettt ettt et site e et e st te et e e bt e e bteeeateeeabeesabeesnteesbeesbeeeneas 53
3.3.1 EXPerimental SETLINZS .....veeeveeriuieeiiieiiienieesieeeiee ettt e stteesiteesiteesteesbeeebeeesaseesateesnteesnbeesseeenees 54
332 Parameter VALUES ......ccooiiiiiiiiiiiiiicicii et e e s 55
3.3.3 Experiments IMpPIemMENntation ........c.cevuieriieriieriiieeiieeste et esiee et esiteesiteesiteesateesateesbeesneeenaees 57
BARESUILS ..t et 61
341 SUIMIMATY ceuvieeiieeeiieeetee et e et e et e ettt e sttt e stbeesateesateesabee e steesabeeasteesaseesnsaeeseeesbeesaseesnteesaseesseesses 61
3.4.2 Statistics and Hypothesis TeStING.......ccuveruieriiiriiieeiieerie ettt ettt ettt e ste e s esaee e 62
343 DYNAMICS c..utteeutieetieeeitee et e et e ettt ettt e sttt e sttt e sateesabeeebee e steesabeessteesnseesnseeesaeenabeesaseesnteesaseesseesneas 66
344 HEETOZEMEILY ...eeeuvieuiieriiieeiieette ettt e ettt e sttt e satee s bt e sbte e steesabeessteesateesabeessteenabeesaseesnseesaseesseessees 71
3.5 CONCIUSION ...ttt a e st b e s et b e st sae st aesae e 74
CHAPTER 4 REMANUFACTURING PROBLEM .....c..cooiiiiiiiiiiienieeiececee e 77
AL MOMEL....oeiiiiiiiiiic e et 77
TN F:1 ) £ T TSP RTRTSTI 84
421 MONOPOLY 1ottt ettt et e st e st e e bt e s ate e s ab e e sat e e sabeesabeeebeeebteebaeeanteesabeesbeeenne 84

www.manharaa.com




4.2.2 Competition without remanuUfaCtUring ........c.ccceveerierieriienienieneeneeneeseeneenee e et saee e 86

4.2.3 Competition With remManUfACTUIING .....cceeervieriieriieeiie et erieeriteeeete et e st eesbee st e e beeesaeeesaeeeneee 87
4.2.4 Equilibrium in the SUPEIZAME .......cccceeviiiiiiiiiieiieeeiie ettt ettt st ee st e st e s aee e sateesaae e e 88
4.2.5 NUMETICAL ANALYSIS .eeeutieiiieiiieeiie ettt ettt et e sttt e et e e sateesabeesabeesabeesabeesbeeesneeenaeeennes 90

4.3 Analysis When COMPEItION 1S PIESEIL ....ccuueeriuieriieeriieertieeeteesteesteesteeeteeessteesareessteesnseesseesaseesnseeens 92
4.4 Comparison between monopoly and dUOPOLY .......ccceiiriiiiiiiiiiiiiiee et e 94
44 CONCIUSIONS «..enviiiiiiiieitetteeit ettt ettt stt ettt b e s bt e sbe e s bt e s bt e bt e s bt e sbeesbe e s bt e s bt esbeesbeesbeesbeesaeesmeenseenneens 94
APPENDIX ...ttt ettt e st e st e st e e s bt e e s bt e et e eeeabeesateesaeees 96
Appendix for Chapter 2: HOId-UP PIrODIEM .....cocueiiiiiiiiiiiiieeieete ettt 96
A2.1 Proof of PropoSItion 2.3 ......cc.iiiiiiiiiieiiieeiee ettt ettt e st e s ebte et e et eesateessteesbeeseneeenaaeenees 96
A2.2 Individual HEtErOZENEILY .....cueieeuiiiiiieiiieeieeette ettt ettt et e st e sbte et e et e e sateesabeesbeesneeesaaeennes 98
A2.3 On-line Appendix, Experimental Instructions (reputation treatment) .........cco.ceeeeveereeneennenn 99
Appendix for Chapter 3: QUality Problem.........ccueeviiiiiiiiiiiiiiieeie ettt 102
Appendix for Chapter 4: Remanufacturing problem ..........cccccecirviiiiiiiiiiiiniiieecceeceeeee e 106
REFERENCES ...ttt ettt ettt ettt e st e e st e e s bt e e s abee e abeeseabeessseesanee 108
References for Chapter 2: HOId-Up ProbIem .........ccc.eeiiiiriiiiiiiiiieeiie ettt 108
References for Chapter 3: Quality Problemi..........covciiiiiiiiiiiiiiieiiie ettt 111
References for Chapter 4: Remanufacturing problem .........ccccueeviiiiiirerieinieenieecieesie et 114
BIOGRAPHICAL SKETCH ..ottt ettt ettt st 116
CURRICULUM VITAE ...ttt ettt ettt sttt st e st e st eesneee s 117

xi

www.manaraa.com



LIST OF FIGURES

Figure 2.1 EXtensive fOrm Zame. .......cooeeriiiiiiiriiiieciieeieeste ettt 17
Figure 2.2 Extensive form representation of the game in the laboratory experiment.................... 29

Figure 2.3 Buyer’s expected profit as a function of the probability of offering high price for high
quality in the IMPUNItY trEAtMENT. .......eovuiiiriieeriiieeiiee ettt sbee e e e e eaeees 32

Figure 2.4 Buyer’s expected profit as a function of the probability of offering high price for high
quality in the reCiproCity treatmMent ...........coevueeerireerieeeiieeeieeeeteeeite et eesbee e essareesaeees 33

Figure 2.5 Buyer’s expected profit as a function of the probability of offering high price for high

quality in the reputation treatmMenLt. .........cocueeueirierriienie ettt ens 35
Figure 2.6 Average rejections, prices and production OVET tIMe. ........cccceevveereeerreeneernieeneeeueennnes 38
Figure 3.1 Profit, investment and quality cost, each as a function of quality ...........ccccceevveeneenne 49

Figure 3.2 Screenshot showing welcome screen and quiz at the beginning of the experiment, in
Buyer Investing Treatment. ..........coocuiiiiiiiiiiieiiieeieeeeeeeeete ettt e 59

Figure 3.3 Buyer’s decision screen, in Buyer Investing Treatment...........ccccocueeveenienneenicenneenee. 59

Figure 3.4 Supplier’s decision screen, after observing the matched Buyer’s decision, in Buyer
Investing TIEAMENLT. ....cc..oiviiiriiiiiiirie ettt ettt et esneens 60

Figure 3.5 Buyer’s decision screen, in Negotiation Treatment. .........ccoceeveerieeiienienneeniieenneennne. 60

Figure 3.6 The final screen at the end of each round, for the Supplier, in Negotiation

TTEALMENT. ..ottt 61
Figure 3.7 Dynamics in Buyer Investing Treatment..........cccccoceeriieniinienieenieeeenee e 68
Figure 3.8 Dynamics in Supplier Investing Treatment ..........c.cccevveeiiinienieeniieeieenieneeseeeneeee 69
Figure 3.9 Dynamics in Centralized Treatment ............cocveviiriiienieeiiiinieneeeeeeeee e 70
Figure 3.10 Dynamics in Negotiation Treatment ...........ccccocerveerieeiienieniecneeeieesee e 70
Figure 3.11 Heterogeneity in Supplier Investing Treatment ..........cccccoeceerveenieeiienienieenieeieene. 71
Figure 3.12 Heterogeneity in Buyer Investing Treatment ..........cocceecueeveernieenieeieenieneenieeeeeenen 73

xii

www.manaraa.com



Figure 3.13 Heterogeneity in Centralized Treatment ............ccoceeveerieeneenieeneenieneeneeeeesee e 74

Figure 3.14 Heterogeneity in Negotiation Treatment .............coceeveerieniienieenienieieeneeeeceeeee 76
Figure 4.1 Phase Diagram for Equilibrium Strategies ...........ccceeveeriuieeniiieeniieenieeeieeeiieeeieee e 91
Figure 4.2 Comparison between 7 (o) and Z(LR) e 92
Figure A1 Distributions of average P(pH|qH ) and P(PH |QL)...cccvevueeviiniieiieiieieeieeeeeene 98
Figure A2 Distributions of average producCtion Tates...........cc.eevvueeeriuieeniieeeniieeenieeeneeeenieeeesieeeseees 98
Figure A3 Distributions of average rejeCtion Tates. ..........eevruveerruieeriiieeniieeenieeesieeeseeeesireeeieeesanees 99

xiil

www.manharaa.com




LIST OF TABLES

Table 2.1 SUMMATY SEALISTICS. ..eeeurieriiieeriieeriieerite et ee et e et e st e e st e e sbeeesabeeesabeeesabeesbbeesseeesanees 36
Table 2.2 Estimation results and predictions based on MLE.............ccocciiiiiiiiiiininiiiice 41
Table 3.3 INOTATIONS. .. .eeeiieeiiieiieeteee ettt ettt et sat e et sat e st e s e s ne e saeesabeesaeeeaneesanesanes 48
Table 3.4 Summary of the objective functions and optimal target. ..........ccccceeeviiernieennieennneennen. 56
Table 3.5 Theoretical predictions when X = 80. ......c.cooviiiiiiiiiiiiiieeeeeee e 58
Table 3.6 SUMMATY SEALISTICS. ..eeeurteriieeriieeriieeriteertee et e et e e st e e sbeeesbeeesabeeesabeeesabeessbeessseesanees 64
Table 3.7 HypOthesis tESUINE. ...cccuuteriiiiriieiriieirite et ee ettt ettt sbt e e st e e st e e e sabeeesabeesbbeesneeesanees 65
Table A1 Buyer’s investment cOSt Of IMPIOVEMENL .........ccevueeiriiieiriiieiriieeniee et 105
Table A2 Supplier’s investment cOSt Of IMPrOVEMENL ..........ceevvuieiriiieeriiieiiiieeiee e eieee e 105

X1V

www.manharaa.com




CHAPTER 1

INTRODUCTION

This dissertation focuses on three problems in supply chain, all related to either quality or
remanufacturing. In specific, we investigate hold-up problem in Chapter 2, to answer the question
of how to contract on quality. In Chapter 3, we examine quality investment problem, to answer the
question of how to invest in quality. In Chapter 4, we talk about remanufacturing problem. Below
we introduce background, motivations as well as literature review for each of these three problems.
1.1 Hold-up Problem
1.1.1 Overview

Today, firms increasingly rely on third party vendors for many strategic activities,
including manufacturing. For example, The New York Times reported that “...almost all of the
70 million iPhones, 30 million iPads and 59 million other products Apple sold last year were
manufactured overseas” (Duhigg and Bradsher 2012). Reliance on vendors for performing
strategic activities, such as the manufacturing of products using proprietary technology, creates a
number of pitfalls. One of the major pitfalls, and the focus of our chapter, has to do with a version
of the hold-up problem.
1.1.2 Literature Review
1.1.2.1 Theoretical and Empirical Background

The hold-up problem (Rogerson 1992) emerges when one firm in a relationship is able to
expropriate the returns from an investment made by another firm (for a discussion on the ability
of a firm to appropriate value, see MacDonald and Ryall 2004). Specifically, if one firm makes an

investment that has a low value outside of the relationship, that firm is vulnerable to being “held
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up” for the value of that relationship-specific investment. The hold-up problem is particularly
likely to emerge in settings in which writing complete contracts is not feasible due to some
combination of information asymmetry and environmental uncertainty (Rogerson 1992). It has
long been argued in the economics literature (see Coase 2006 for an overview) that the presence
of a potential hold-up problem results in underinvestment in relationship-specific investments
leading to inefficiency, and so the ability to mitigate the hold-up problem has potential value.

Crocker and Reynolds (1993) describe an interesting example from the 1970s dealing with
government procurement. The US military made a significant investment in Research &
Development (R&D) for production of jet engines for F-15 and F-16 fighter. The military was
working with Pratt & Whitney as a sole source supplier on this project. As the sole supplier, Pratt
was in a strong position to hold up the US military by demanding excessive concessions to correct
quality problems. As a result, in 1979 the Air Force commissioned General Electric to develop a
functionally equivalent jet engine for the use in its B-1 bomber. This resolved the hold-up problem
and the number of contract disputes decreased, but at the cost of funding a second engine by the
US Military. The US Congress has continued to fund the two engines through 2011 (Schone
2011).

Other examples of negative and costly consequences that have the hold-up flavor include
expensive and protracted lawsuits, such as one between the U.S. Postal Service and Northrop
Grumman Corp., whose contract dispute led to over $500 million in lawsuits (Reilly 2012). Fears
of the hold-up problem, on the other hand, result in under-investment by suppliers (Haruvy, Li and
Sethi 2012), leading to Original Equipment Manufacturers (OEMs) being unable to fill lucrative

contracts. Barnes (2012) describes Boeing’s situation of being unable to fill orders worth billions
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of dollars for many years due to its suppliers’ inability or unwillingness to invest in required
capacity.
1.1.2.2 Experimental literature on the hold-up problem

We study incomplete contracts that make one of the players vulnerable to a version of the
hold-up problem, using laboratory experiments with human subjects. In the experimental
economics literature, the hold-up problem builds on the extensively studied investment game (Berg
et al. 1995). In the investment game, the first mover—the seller (the terms seller and buyer are
accepted terminology, e.g., Hoppe and Schmitz 2011)—decides whether to invest in production.
Investment creates surplus (generally in investment game experiments, the surplus to be divided
is three times the investment amount—a parameterization not required for the definition of an
investment game). The second mover—the buyer—decides how much of the created surplus to
expropriate. There is much room for mutual gain of both parties, but given the sequential nature
of the game, it is best response of the buyer to expropriate the entire surplus in a single shot game.
By backwards induction, the seller will not invest. In numerous experimental studies (see overview
in Camerer 2003), the general pattern is that sellers do invest and buyers share some of the surplus
with the sellers.

The setting that we study in this chapter is different from the standard investment game in
several aspects. One aspect is that the seller has the last word and can accept or reject the buyer’s
offer. In Dufwenberg et al. (2013), two variations were studied. In the first, the “Low game,” the
first mover could reject an unkind surplus division, resulting in a loss to both himself and the
second mover. In the second, the “High game,” rejection would actually improve the outcome for

the buyer, and thus may not be useful as a threat. As expected, none of the sellers who decided to
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initially produce chose to reject an unkind offer that results in a gain to the buyer. Even in this
High game version, there is investment (40%) by the seller, which is difficult to justify in an
equilibrium sense. The authors also report that the vast majority of buyers (90%) in fact did choose
the unkind surplus division, which makes the fact that 40% of the sellers chose to invest
particularly surprising.

Ellingsen and Johannesson (2004a) run a hold-up game experiment as well (using the term
hold-up), to study the effect of communication. Their interpretation of what constitutes a hold-up
game is the same as Dufwenberg et al. The seller (their terminology has seller and buyer) first
decides whether to invest 60 or not. Then the buyer proposes a division of 100 tokens, which is
the revenue created by the investment. The seller can then accept or reject. This structure is the
same as Dufwenberg et al. with somewhat different payoffs. The purpose of the experiment was
to compare the basic treatment to communication treatments with promises by the buyers or threats
by the seller. They found that communication did in fact mitigate the hold-up problem. An
important companion to Ellingsen and Johannesson (2004a) is Ellingsen and Johannesson (2004b).
A key difference between these two studies is that bargaining in the latter is not in ultimatum
format. In that design, each of the two agents makes a claim. The revenue is equal to O if the sum
of the claims exceeds 100. If the sum of the claims is 100 or less, each subject gets his claim (i.e.,
bilateral bargaining according to Nash’s demand game, Nash 1953). Other than that, the
experimental designs are largely identical. Ellingsen and Johannesson (2004a) find that
communication mitigates the hold-up problem. Specifically, unilateral communication—by buyer

or seller—facilitates coordination and increases investment.
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Hoppe and Schmitz (2011) study the effect of contracting on the hold-up game. They find
that option contracts improve performance. Unlike Dufwenberg, they add a participation decision
in which either party can decide to decline participating in the game. After that stage, the game
has the same structure as Dufwenberg et al. (2013): The seller makes an investment decision (0 or
8). The buyer then learns the investment decision and makes a take-it-or-leave-it price offer. The
seller can then take it or leave it. If he leaves it, he forgoes the cost of the investment—thus the
hold-up. Hoppe and Schmitz model all contract decisions as eliminating one of the stages and thus
reducing the hold-up problem to an investment problem. In the fixed price contract, the buyer’s
pricing decision and the seller’s final accept/reject decisions go away and the problem becomes
equivalent to an investment/trust game with the buyer moving first, choosing to pay the seller or
not. If he pays, he has to trust the seller to make the investment and not to expropriate the surplus.
In the option contract, the seller invests without the option of accepting or rejecting. They also
investigated a contract with renegotiation which is similar in spirit to the communication study of
Ellingsen and Johannesson (2004) described above.

Davis and Leider (2013), similar to Hoppe and Schmitz (2011), study the possibility that
an option contract mitigates the holdup problem. In the option contract, the retailer and supplier
agree ex ante to buy and sell units up to D units at a wholesale price of w and the retailer pays a
lump sum option fee to the supplier. The framework is different in that the first mover makes a
capacity investment, demand is random, and bargaining is structured. Bargaining is such that both
roles have the ability to make multiple back-and-forth offers while also providing feedback on the
offers they receive. They find that the option contract does indeed mitigate the hold-up problem.

They further find that the evolution of offers during bargaining suggests “superficial fairness.”
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Specifically, wholesale price falls in the middle of the available contracting space, away from the
coordinating contract parameter.

There are other studies that model settings that are closer to the theoretical hold-up
problem, without invoking the term. In Hackett (1994) experiment, for example, two players
decide on respective investments that increase joint surplus but also increase individual cost. They
then realize a probabilistic outcome that depends on the investments and then bargain over the
joint surplus, with either party having a veto power. Hackett (1994) finds that the surplus division
is responsive to the investments. The setting is closer to the theoretical literature in that the
unknown realization of the eventual outcome makes the contract incomplete —unlike the settings
of Dufwenberg et al. (2013) and Hoppe and Schmitz (2011).

The key innovation in the setting we study, that distinguishes it from the literature we
summarized above, is the presence of asymmetric information. Asymmetric information makes
designing a “better contract” less plausible because contingent contracts may be impossible to
enforce. So the asymmetric information aspect in our study is important for practice, and new in
terms of research focus.
1.1.2.3 Behavioral Contribution

It has been shown in experimental economics, as well as in the behavioral operations
management literature, that people are not motivated exclusively by monetary payoffs—they have
social preferences (see Cooper and Kagel 2008, Loch and Wu 2008, Katok and Pavlov 2013). A
stream of theoretical works investigates social preferences, such as inequality aversion, in the
context of the hold-up problem (Gantner et al. 1998, Oosterbeek et al. 1999, Sonnemans et al.

2001, von Siemens 2009). Dufwenberg et al. (2013) argue that the patterns observed in the hold-
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up problem are explained by reciprocity. We use a behavioral model to analyze the hold-up
problem, but our behavioral model uses inequality aversion (Bolton and Ockenfels 2000, Fehr and
Schmidt 1999, Cui et al. 2007). We further solve the problem in a dynamic framework whereas
Dufwenberg et al. (2013) analyze the one-shot setting. We analyze the dynamics by approximating
a dynamic setting in our experiments and refer to this as dynamic approximation.

Thus, our solution concept involves a tradeoff. On the one hand, it is quite broad, which
allows us to use it for testing a model that does not rely on reciprocity preferences and generalizing
the solution to dynamic environments. On the other hand, our approach involves an approximation
that captures how people think about the uncertain future actions of others. We think this
approximation is reasonable and is a good first step to understanding behavior in repeated settings.
Our second behavioral contribution is a demonstration that reputation information can help solve
the hold-up problem. Reputation may serve in lieu of informal agreements (Hart 2013). Board
(2011) shows that theoretically, even in the presence of many potential partners, an optimal
contract design implies loyalty to existing partners.' Bolton, Katok and Ockenfels (2004) show
that reputation increases both trust and trustworthiness. They also report that, contrary to standard
theory, some cooperation exists even without a formal feedback mechanism. This argument is
also consistent with the findings by Ozer, Zheng and Chen (2011) that people are more truthful

than the standard theory predicts. Ozer, Zheng and Ren (2013) refine these findings and extend

" The proof hinges on grim-trigger punishment in an infinitely repeated game. Once a partner
defects, investment is zero forever after a certain period. The setting is not at all like ours because
the principal has multiple partners to choose from, and a rich space of repeated game strategies to
employ, but the idea of the game being more than a one-shot is an important component of the
present setting, as well as the concept of reputation.
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them to a multi-cultural setting. Our work complements these earlier findings by showing that
some cooperation is consistent with the dynamic equilibrium approximation in a repeated setting
with a finite number of players. More importantly, we show that even though the dynamic
approximation analysis is only an approximation for the actual setting in our experiment, it predicts
the outcomes remarkably well.

1.2 Quality problem

1.2.1 Overview

Quality is increasingly important, as more consumers today expect high product quality.
According to J.D. Power’s research on the auto industry, quality is a consumer’s most important
consideration when purchasing a new vehicle (J.D. Power 2016). However, quality control is
beyond a firm’s control, because often, the final products rely on collaboration among supply chain
members. For example, 76% of Ford’s quality issues derive from its suppliers (Sherefkin 2002).
This research is the first paper to investigate behavioral issues experimentally in process quality
improvement in the supply chain.

The study captured the quality issue within a supply chain that includes one supplier and
one buyer, where the buyer faces a deterministic demand from the market. There will be costs
related to quality in the supply chain whenever a customer is sold a defective product, and the
buyer and supplier share that cost. Furthermore, quality is measured as the proportion of defective
products, which can be improved through efforts either on the part of the supplier or buyer or both.

The purpose of this research is to investigate whether data from laboratory experiments
deviate from theoretical predictions of process quality improvement, and those deviations were

documented not only at the aggregate level, but also at the detailed level.
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The theory was tested in the laboratory. Specifically, the experiment investigated 1)
whether the supplier’s decision to improve quality is independent of the buyer’s; 2) whether the
supplier (or the buyer) free-rides, and 3) whether the supply chain performance is optimal based
on decisions people make.

Furthermore, an innovative mechanism was developed using negotiation to improve the
supply chain’s performance and the mechanism was tested in the laboratory.

1.2.2 Literature Review

The quality improvement literature is vast. Porteus (1986) investigated quality
improvement issues, and found that products may be defective with a particular probability that
can be reduced by investing in process quality. Similar to this study, Porteus (1986) assumed that
the investment cost is a logarithmic function of the probability of defective products. Our study
showed that the conclusion still holds under any cost function that is decreasingly convex?,
including a logarithmic cost function.

Chao et al. (2009) discussed several contracts that facilitate collaboration in improving
quality in a supply chain. They examined two contractual agreements with which a manufacturer
and a supplier can share product recall costs to motivate efforts to improve quality, and proposed
a menu of contracts to mitigate information asymmetry. Moreover, they showed that in
equilibrium, the menu of contracts actually increases product quality.

Zhu et al.’s (2007) study is related most closely to this one. In the context of a supply chain

with one supplier and one buyer, they investigated theoretically the way in which order quantity,

*In fact, as long as the cost function is decreasing and convex (here, A (ap/@p)) was used in the proportion of
defective products, and the low-quality product rate is increasing and convex (a linear function was used here) in
the proportion of defective products, and the conclusions still hold.
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production batch, as well as quality improvement, interact, and characterized optimal solutions
that feature the potential free riding outcome. Specifically, equilibrium is reached when one of the
two players takes full responsibility to improve quality, while the other does nothing, but benefits
from the product’s improved quality.

Experimental studies in economics have gained popularity in recent years. This study’s
experimental framework is similar to the threshold public goods game, as both have an equilibrium
characterized by free riding. Cadsby et al. (1999) investigated a standard threshold public goods
game with two players, each of which makes a private contribution to the production of the public
good. The threshold public goods game is characterized by the fact that if sufficient contributions
are made to reach the stated threshold level, the public good is provided. Otherwise, players lose
their investment and no public good is provided. Everyone is better off if the good is provided than
if it is not, but those who do not contribute are better off than those who do, regardless of the
outcome. Palfrey et al. (2017) conducted another study similar to this one, and used a Bayesian
mechanism design approach to investigate the effects of communication in a threshold public
goods game.

Fairness is one of the major behavioral regularities. Specifically, people like to help those
who help them, and to hurt those who hurt them. Outcomes that reflect this motivation are referred
to as fairness equilibria (Rabin 1993). Kagel and Roth (2016) provided a comprehensive overview
of recent developments on the topic of fairness. Cappelen et al.’s (2016) study is one of the recent
efforts to show evidence of fairness. They found a strong association between a short response
time and fair behavior in the dictator game. Using large and heterogeneous candidates from the

general population in Denmark, they demonstrated that fairness is intuitive and is a general human
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trait that is robust regardless of decision makers’ cognitive ability and swiftness. Moreover, the
association between response time and fairness behavior also is consistent across groups in society.

Mental accounting, or psychological accounting, is a framework that attempts to describe
the process of making decisions by considering the fact that monetary utility from different sources
may be treated differently. Shafir and Thaler (2006) identified the mental accounting factor by
documenting typical wine connoisseurs’ decision making process. A wine connoisseur often treats
the initial purchase of a case of wine as an investment. However, when s/he consumes it later, the
wine is treated as if it is free, and therefore, the entire decision making process never experiences
the pain of payment.

Katok and Pavlov (2013) tested a supply chain contract between a supplier and retailer
experimentally. The supplier has all of the bargaining power, while the retailer either can accept
or decline the supplier’s offer. The authors designed a sequence of laboratory experiments to
separate three possible causes of channel inefficiency, i.e. fairness, bounded rationality, and
incomplete information. While all three factors affect human behavior, they found that fairness
had the greatest power to explain the retailer’s behavior.

Our paper is the very first one to experimentally investigate behavioral issues in process
quality improvement in supply chain.

We capture the quality issue within a supply chain including one Supplier and one Buyer,
where the Buyer faces deterministic demand from the market. There will be quality related cost to
the supply chain whenever there is a nonconforming product sold to a customer. The cost is shared

by the Buyer and the Supplier. Furthermore, the quality is measured by the proportion of
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nonconforming products, which can be improved through efforts by either the Supplier or the
Buyer, or both of them.

The purpose of this chapter is to investigate whether observations from lab experiments

deviate from theoretical predictions on process quality improvement. For those deviations, we try
to document not only at aggregated level, but also at detailed level.
We test our theory in the lab. Specifically, we investigate 1) whether the Supplier’s decision on
quality improvement is independent of the Buyer’s; 2) whether the Supplier (or the Buyer) free-
rides; 3) whether the supply chain performance is optimal based on decisions made by human
subjects

Furthermore, we design an innovative mechanism using negotiation to improve the
performance of the supply chain and test the new mechanism in the lab.

1.3 Remanufacturing problem
1.3.1 Overview

Remanufacturing has been employed in industry as a strategy for numerous reasons (Atasu
et al. 2010, Kleindorfer et al. 2005). For example, firms can use remanufacturing to gain market
share, to reduce production costs, to follow government rules, or to cater to green consumers.
However, remanufactured products can potentially cannibalize the sales of the new products sold
by the firm, and thus optimizing on the marketing decisions for remanufactured products is
desirable, including whether they should be offered in the first place.

Remanufacturing can be observed in the US automobile market -for example, certified pre-
owned cars. The used-car market in the US is comparable to that of the new car market and

estimated at over $370 billion annually, but it has traditionally been outside the manufacturer’s
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control. Traditionally, used-car owners sold their cars in the secondary market as dealer trade-ins
or private sales to individual consumers. The current practice of certified pre-owned (CPO, i.e.,
remanufactured) cars was introduced by luxury-car manufacturers for maintaining their brand
reputation. Unsurprisingly, CPO cars have gained popularity. Manufacturers offer fully inspected,
refurbished, high-quality used cars, benefiting from the reputation of their brands, and extended
warranties provided to reassure about quality (Sultan 2009). Similarly, Xerox, a printing
equipment maker, manages its remanufacturing business successfully (Atasu et al. 2010).
According to Atasu et al. (2010), Xerox recovers models and parts from used or leased high-end
imaging equipment, and then blends them with new models and parts. It recoups a savings on the
manufacturing costs and offers the remanufactured products at a lower price compared to the new
products.
1.3.2 Literature Review

The Operations Management literature on remanufacturing has examined its various facets
and uses. Kleindorfer et al. (2005) provide an extensive review of remanufacturing research of the
past two decades. Atasu et al. (2010) discuss remanufacturing practices and the issues raised from
these practices. Consumer return, a component of remanufacturing, was studied by Su (2009).
Debo et al. (2005) consider the joint pricing and production technology selection problem faced
by a firm, which plans to introduce a remanufacturable product into a market of heterogeneous
consumers. They assume that production of remanufacturable product is more costly than a single-
use product, and investigate the tradeoff between the benefit of capturing lower willingness-to-pay
consumers and the additional cost of allowing products to be remanufactured. They further

evaluate how the tradeoff changes, based on the profile of consumers and the corresponding
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pricing policy. Chen and Chang (2013) examine price competition between new and
remanufactured products of the same firm in a dynamic setting. The dynamic constraint is that past
period sales of the product will affect current period availability to remanufacture. In the context
of used goods collection, Savaskan et al. (2004) analytically compare different strategies. We
consider a static model where the availability constraint for remanufacturing does not play a role.

The above papers assume that the manufacturer is a monopoly and Govindan et al. (2015)
in areview of closed-loop supply chains also did not note competition as an issue. A more complete
picture necessitates inclusion of competition. Ferguson and Toktay (2006) model remanufacturing
under competition, but consider the competition to be between a third-party remanufacturer and
the original equipment manufacturer (OEM) of the remanufactured products. This is different from
the present paper which models competition between two OEMs both providing new products and
remanufactured products.

Atasu et al. (2008) investigate the profitability of the remanufacturing strategy from a
demand-related perspective, i.e., in the presence of a green consumer segment, and under the
scenario of OEM competition and product life cycle effects. They assume that all consumers prefer
one brand over the other. They find threshold points as functions of the green segment size, market
growth rate, and consumer valuations, above which a monopoly will profit from remanufacturing.
They investigate remanufacturing under competition, and conclude that remanufactured products
can be applied for price discrimination.

Orsdemir et al. (2014) is another paper focusing on a remanufacturing problem related to
ours. They investigate the competition between an original equipment manufacturer (OEM) and

an independent remanufacturer (IR). They characterize how the OEM competes with the IR in

14

www.manaraa.com



equilibrium and find that the OEM relies more on quality (quantity, respectively) as a strategic
lever when it has a stronger competitive position (weaker position, respectively). They also
compare against a benchmark in which the OEM remanufactures, and find that encouraging IRs
to remanufacture may not benefit the environment. Our problem is different in the sense that we
have two OEMs competing with each other; moreover, both of them have the capability to
remanufacture.

Van Den Heuvel et al. (2008) examine a handful of models, one of them is a lot-sizing
model with a remanufacturing option. They show the equivalence of this model with a classical
model: the lot-sizing model with inventory bounds. Different from their models, our paper
examines remanufacturing option in the framework of game theory.

Zhang et al. (2014) investigate the problem of designing contracts in a closed-loop supply
chain. Remanufacturing cost is the potential private information. Two different contracts are
examined, each under complete information and private information. They derived the
manufacture’s optimal contracts in each case, and analyze the impact of information on the
equilibrium results of supply chain members. In our paper, all the information is public, and the
focus is the strategic option of whether remanufacturing or not under competition.

Our paper contributes to the literature by investigating remanufacturing strategy under the
competition between new and remanufactured products offered by each firm in a duopoly. To our
knowledge, it is the first to investigate firm’s remanufacturing policy with quality differentiation

and brand competition.
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CHAPTER 2

HOLD-UP PROBLEM

The full title of this chapter is as below: Relationship-Specific Investment and Hold-Up
Problems in Supply Chains: Theory and Experiments.

This chapter is a published paper co-authored by Suresh P. Sethi, Ernan Haruvy, Elena
Katok, and Zhongwen Ma, all from The University of Texas at Dallas
2.1 Model

In this section, we describe the basic game setting used in our study. We show that if
players are motivated exclusively by monetary payoffs, the hold-up problem is severe. We then
proceed to extend the model to include social preferences and random errors, and develop the
dynamic equilibrium approximation that can predict that these behavioral considerations may
mitigate the hold-up problem.
2.1.1 The Game and Standard Model

We begin with the basic setting, which is a sequential game with asymmetric information.
The standard analysis assumes that players care exclusively about their monetary payoffs. We
then proceed to add social preferences and random errors. Figure 2.1 displays the extensive form

of the game we analyze.
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Low Price Seller
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Not Produce

Reject (R) Ve-C, Wy

Low Quality
(gz)

High Price A
() § PG VLPH

Pr-¢ VypPr

Low Price

High Quality
(77)

High Price
122 PrC VEPH
Figure 2.1 Extensive form game.
The seller moves first and decides whether to produce or not produce. If the seller chooses not to
produce, then the buyer and the seller earn their outside option payoffs e and eg, respectively. If
the seller chooses to produce, product quality is q; with probability § = P(q;) and gy with
probability 1 — 6 = P(qy) = 1—P(q.).

Quality is privately known to the buyer.’ That is, the seller does not know the quality while
the buyer does. In the context of the buyer being an end consumer, this is a straightforward
assumption. The end consumer knows whether he likes the product and finds it esthetically
pleasing, functional, fitting, or satisfying. The seller does his best to satisfy the consumer but if the
consumer claims to be dissatisfied the seller cannot verify whether this claim is correct. In a supply

chain context, this motivation extends to downstream channel members. The closer a channel

? In the experiment the buyer is told realized quality.
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member is to the end consumer, the more knowledge he has regarding end customer satisfaction,
customer returns, malfunctions, customer service calls, warranty claims, customer reviews,
customer churn, etc. Thus, the buyer possesses information about quality that the seller does not.
The value of high quality product to the buyer is vy and the value of low quality product to the
buyer is v;. Upon observing quality, the buyer decides to offer either high price py or low price
p.- In the last stage of the game, the seller decides whether to accept or reject the buyer’s price.
If the seller accepts price pg, k € {H, L}, then the seller earns p;, — ¢ and the buyer earns vy — py
if quality was high or v; — p,, if quality was low. If the seller rejects p; (in Figure 2.1 we assume
that the seller never rejects the high price), then the seller earns vg — ¢, where v is the value of
the product to the seller outside of the relationship, and the buyer earns w; when q = q; and wy
when q = qy. Note that the innovation in our game is the presence of incomplete information:
the buyer learns the product quality, and the seller does not.
The hold-up problem emerges when two conditions hold:
Condition 2.1. The seller’s profit from accepting a low price is higher than from
rejecting: p; > Vs.
Condition 2.2. The seller’s profit from the outside option is between expected profit
from low price and expected profit from high price for high quality: p; —c < eg <
(6p, — (1 = &)py) —c.
Condition 2.1 ensures that after producing, the seller will not reject the low price. Knowing
this implies that in a single-shot game, the buyer has a dominant strategy to offer low price
regardless of quality. Condition 2.2 ensures that the seller will not produce under these

circumstances.
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Additionally, if the buyer’s outside option is higher than the net profit from paying high price
for low quality, ez > v; — py, the parties are likely to be unable to contract at high price prior to
the production decision because such a contract would not be ex post rational for the buyer. But
if the buyer earns higher profit from paying high price for high quality and low price for low quality
than from his outside option: §(v, — p,) + (1 — §)(vy — py) > eg, then there are positive gains
from trade —if the parties could overcome the hold-up problem, they would both potentially be
better off. We summarize the analysis of a single-shot game with profit-maximizing players as
Proposition 2.1.

Proposition 2.1 (the hold-up problem): when conditions 2.1 and 2.2 are satisfied, the game is
single shot, and players care exclusively about their monetary payoffs, the buyer will never offer
a high price and the seller will never produce.
Proof: Sellers will not reject a low price due to condition 2.1. Buyers will not offer a high price
in the single-shot game when they are motivated solely by monetary payoffs. Offering a low price
in this setting is a dominant strategy. Sellers will not produce due to condition 2.2. m
2.1.2 Social Preferences

We will apply to the game in Figure 2.1 a simplified version of the inequality aversion
model by Bolton and Ockenfels (2000) that has been extended to a supply channel setting by Cui
et al. (2007).

Consider a linear version of the Bolton and Ockenfels (2000) and Fehr-Schmidt (1999)
model in which player i derives negative utility when her profit is below some fair outcome in
terms of the relative difference between her and player j’s profit. Player i's utility can be written

as:

19

www.manaraa.com



u; =m; — a(ynj—ni)+ — ,B(nl- - ynj)+, (2.1)
where «a is player i‘s degree of disadvantageous inequality aversion (negative utility from earning
less than some relative fair share y), and f is i's degree of advantageous inequality aversion.
Parameter y represents the share of the channel profit that player j earns under profit distribution
that is considered to be fair (y may reflect differences in initial investment or other value-added
activities; see Cui et al. 2007).

In the rest of the chapter we will set y = 1 because it is reasonable for our laboratory setting
and will simplify notation. For the same reasons, we will also make the simplifying assumption
f = 0. The assumption of y = 1 means that player i considers the fair allocation to be at the point
where the profits of both players are exactly equal. Cui and Mallucci (2016) experimentally
evaluated an environment structured similarly to ours in that there is a two-stage dyadic channel,
in which firms decide on investments in the first stage and then on prices in the second stage. Their
utility specification is identical to our utility Eq. (2.1), with only a slight notation difference.

Specifically, they denote t/(1 — t) for our y. They note that T = % (y = 1 in our notation)

corresponds to the strict egalitarian ideal.
They also proposed a ‘“sequence-aligned” notion of fairness in their framework which

corresponds to the share of the decision maker in their framework under the Stackelberg
equilibrium. In their setting, this notion prescribed @ = % . In our experiment, the equilibrium is
for no production to take place, and both players earn equal outside payoffs of 2, resulting in a
sequence-aligned prescription of T = % (¥ = 1 in our notation), identical to the egalitarian notion.

Our study thus does not distinguish these fairness notions, as they both prescribe y = 1.
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Incidentally, Cui and Mallucci (2016) found that the sequence-aligned notion of fairness
fits their data better than the strict egalitarian value, and this is consistent with y = 1in our
framework. They also conclude that f = 1 which we rely on as support for our own f =0
assumption.

The simplified seller’s utility function then becomes

us = mg — a(ng —mp)",
and it will be used in the rest of the chapter.

The main effect of inequality aversion on the seller has to do with the seller’s reaction to
low price. With inequality aversion, the seller needs to form a belief about the buyer’s payoff,
meaning that he has to form a belief about quality which he does not observe. Specifically, the
seller does not know quality realization but can form a belief about quality conditional on the price
he was offered. The critical piece of information that the seller would like to know when he is
offered a low price is whether this was due to low quality or not. In other words, the seller would
like to know P(q,|p;). We assume that the seller knows the unconditional probability of being
offered a high price, P(py) (for example, based on historical data), and then uses Bayes’ rule to
calculate conditional probabilities. We further assume that high price for low quality is dominated

for the buyer so that P(py|q;) = 0). This gives us

P(p.lq)P(qL) _ P(q.) _ o)
P(p) P(p,) 1-Ppy)’

P(q.lpL) = (2.2)

We assume that the seller operates in the environment of being subject to disadvantageous

inequality only. The seller’s expected utilities from accepting and rejecting a low price are
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Elus(py, Al =p, — ¢

- [(1 - %@H)) vy —pL) + <%@H)) (v, —pL) — (oL — C)] )
Efus(pu, R)] = vs — ¢ — ar|(1- %@)) wy + (%(p)) (w, — (vs — c)]+. (2.3)

Consider the terms in equation (2.3) that multiply . These terms represent potential loss
in utility to the seller due to being relatively worse off than the buyer. If v < p; (according to
Condition 2.1), which is a reasonable assumption for a setting in which the seller makes a
relationship-specific investment, then rejecting a low price makes the seller worse off in absolute

terms. If it is also the case that

(1= 1=pes) @ = + (=) @ =P = (= )] <

[(1 - %(p,,)) Wi + <%@H)) (W, = (vs - C)] : (2.4)

then rejecting makes the seller worse off in relative terms as well, and consequently the seller has
no reason to reject, and the buyer can offer low prices with impunity. We call equation (2.4) the
impunity condition.

Proposition 2.2 (Reciprocity): If the impunity condition elaborated in equation (2.4) does not hold
and the buyer earns higher profit from high price for high quality than from a rejection (vy — py >
wy), the buyer motivated exclusively by profit may offer high price for high quality in the single-

shot game if the seller has sufficiently high a. A seller with sufficiently high a will produce.
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Proof: If impunity condition in equation (2.4) does not hold, it means that there exists a high
enough «a that the seller with this a will have higher utility from rejecting than from accepting a
low price. Therefore, this seller may reject a low price. Since vy — py > wy, the buyer will offer
high price for high quality. Since py — ¢ > eg, the seller will produce. m

2.1.3 Incorporating Errors

It has been shown that laboratory participants make random errors (Su 2008). It is useful
to incorporate these random errors into the analysis in order to obtain better estimates of behavioral
parameters. We follow the basic idea of a logistic mapping between expected utilities and action
probabilities (e.g., McKelvey and Palfrey 1995). It implies that people are more likely to choose
an action that yields higher expected utility.

Our goal here is to construct a parsimonious model that captures the essential aspects of
the problem setting. The critical aspects of the problem setting are the ones that result in the hold-
up problems: (1) the seller is financially better off to not produce unless there is a sufficient
likelihood that the buyer will offer high price for high quality, and (2) in the long run, the buyer is
much better off if the seller produces, even if he has to induce production by sometimes paying
high prices for high quality. So the buyer and the seller face fundamentally different problems.

The seller will only produce if he expects to see a high price with sufficiently high
probability. It is reasonable to model a seller as if he is playing a game in which he is using
information from past rounds to forecast the probability P(py) but is not attempting to affect the
future behavior of the buyers. In contrast, the buyer is facing a clear tradeoff each period between
the immediate payoff from paying low price for high quality and the loss from lack of production

by suppliers in future rounds. Therefore, we approximate buyers’ behavior with a model in which
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buyers decide on a fixed probability of offering high price for high quality given the sellers’
response function and the behavior of other buyers in the market. That is, sellers need to form
beliefs given the history of the game, whereas buyers need to develop reputations (individually or
as a group) in order to make it desirable for sellers to produce. This framework results in simple
theoretical benchmarks that capture most of the regularities of the data in our laboratory
experiments.
2.1.3.1 The Sellers

We model the seller’s probability of producing as a logit function (McKelvey and Palfrey
1995).

exp (tE[ug(Produce)])
exp(tes) + exp(tE[ug(Produce)])

P(Produce) = (2.5)

where T is the rationality parameter and
E[ug(Produce)] = P(py)E[us(py, A)] +

+(1 - P(pH))[P(poA)[E[uS(pL:A)] + P(pr, R)E[us(py, R)]] .

* The model of buyers we propose is parsimonious, and we do not argue that it is “the right
model” but merely a very simple one that has a chance of being consistent with the data. For
example, Ozer, Zheng and Chen (2011) propose a model in which retailers, faced with a
problem that has similar features to ours, are averse to lying. Additionally, buyers could make
random errors, which would not affect qualitative predictions, but in all likelihood would make
the model fit the data even better.

> In this section we are analyzing the repeated game equilibrium approximation under the
assumption that sellers are ex ante symmetric, and therefore we do not subscript sellers’
decisions either by time subscript ¢ or seller subscript j. In the estimation section, in which we
use the panel data from our experiment, we will add subscripts for seller j and time period 7 to
our notation.

24

www.manaraa.com



If the seller’s decision to reject is not dominated, then we start with the seller’s decision to
accept or reject a low price. The seller’s expected utility from accepting a low or a high price
p ] p p y pung ghp

works out to be

Elus(p,, Al =p,—c—«a ((1 ) vy —v) +v,—2p, + C) ) (2.6)

11— P(py)

and
Elus(y, Al =py — ¢ — a(vy — 2py + o)™
To keep the problem tractable, we assume v; — p; > p; — ¢ meaning that paying low

price is fair to the buyer. Therefore, equation (2.6) is equivalent to

)

- T(PH)) (vg —v,) + v, —2p, + C) . (2.6)

Elus(p,, )] =p, —c—«a ((1
Meanwhile, the seller’s expected utility from rejecting either a low or a high price is

+
Elus(p., R)] = Elus(py, R)] = vs — ¢ — a(”B(Q) — (vs — C)) .
It follows that the probability of accepting price py, is

exp(TE[us(px, A)])
exp(tE[us(px, A)]) + exp(tE[us(px, R)])

P(py, A) = k€ {H,L). 2.7)

2.1.3.2 The Buyers

Let us assume that there are n buyers in the market, randomly matched with n sellers, but
the number of periods is large relative to n so that after some number of periods, sellers assume
that P(py) in the current period will follow the probability distribution of the past P(py). We

assume full information, which means that P(py) forecasted by sellers, § = P(q;), as well as
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sellers’ a and 7, are all known to buyers. This means that buyers know (2.5) and (2.7) —the sellers’
probabilities of future production and of rejecting a low price.

Each buyer i maximizes her expected long run average profit by choosing P;(py|q) where
q € {qL, qu}-

pmax Elus(Pi(pul)] (2.8)

where
E[us (P:(pula))]
= P(Produce){SE[us (Pi(Pulq.))] + (1 — &)E[us (Pi(pula:)]}
+ (1 — P(Produce))eB,
and P (Produce) is defined by equation (2.5) and in the long run depends on P(py) observed by
the seller. Note that P(py) is based on the behavior of all n buyers, so each buyer i has an effect
on the average P(py) that a seller observes.
If the buyer never pays high price for low quality, so P;(py|q,) = 0, then the buyer’s
expected utility when he observes low quality is
E[uB(Pi(pHIqL))] = P(p,, A)(v, —p.) +P(py, R)(VB(QL))-
Let us also assume that sellers accept high prices with certainty, so the buyer’s expected

utility when he observes high quality and offers high price for it with probability P;(py|qy) is
E[us (P:(pu1q1))]

= Pi(pulqu)(vy —py) + (1 - Pi(leqH))[P(erA)(vH —p1) + P(p,, R)wyl.
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The last piece of the model is the link between buyer i's average probability of offering
high price for high quality, P;(py|qy). and the seller’s forecasted probability of being offered a
high price, P(py).

In the dynamic equilibrium approximation, let P_;(py|qy) be the average probability from
the other n-1 buyers in the market of offering high price for high quality. In this case, let the
average probability of high price that sellers observe be

P(py) = (1 - 5)((1 — DP_i(pulqy) + APi(pHIqH)) ) (2.9)
where A is the effect buyer i has on the total probability of high price in the population of buyers.
So for example, in the impunity treatments, if sellers correctly calculate the historical probability
of high price, then A = 2, where n is the total number of buyers. In the dynamic equilibrium
approximation, sellers use (2.9) in (2.5)-(2.7) when they make their production and acceptance
decisions. The buyer solves (2.8) in order to find her average equilibrium probability of offering
high price for high quality. Let buyer i's average equilibrium probability of offering high price for

high quality when the other n-1 buyers use P_;(py|qy) be

P;_i(pulqu) = argmax E[ug (P;(pulqn))]. (2.10)

Pi(pulqn)

2.1.3.3 Reputation
Consider a setting in which a seller, rather than observing the history P(py) for the entire
market, observes instead seller-specific history, P;(py) = (1 — 8)P;(pylqy). for the seller i with

whom she is matched in the current period. This implies 4 = 1, and (2.9) becomes

P(py) = (1 = 8)P;(pylay) - (2.11)
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In other words, P;(py) is buyer i's reputation. Intuitively, as A increases, buyer i benefits more
from offering a high price for high quality because he captures more of the future benefits.
Proposition 2.3 (reputation): In the dynamic equilibrium approximation, P;'_;(py|qy) increases
in A.
Proof: see Appendix A2.1.
Corollary 2.1 P;_;(py|qy) is higher when reputation information is available than when it is not
available.
Proof: Follows from the fact that A is higher when reputation information is available. m
In summary, P;_;(pylqy) is increasing in A. Moreover, reputation information increases its value.
2.2. Experimental Design and Hypotheses
2.2.1 Experimental Design

We designed a laboratory setting in which the hold-up problem would be present in the
single-shot game (consistent with Proposition 2.1). In all experimental treatments, we set
parameters at 6 = 0.2,e = ep = 2,vy = 14,v;, = 7,c = 4,py = 9,v5 = 5, and p;, = 5.5. This
means that if the quality is high and the buyer offers a high price, both players earn 5 (mp = g =
5), if the quality is high and the buyer offers a low price that the seller accepts, then Tz = 14 —
5.5=28.5and g = 5.5 — 4 = 1.5. If the quality is low and the buyer offers a high price that the
seller accepts, thenmy =7 —9 = =2 and g = 9 — 4 = 5. If the quality is low and the buyer
offers a low price that the seller accepts,then gy = 7 — 5.5 = 1.5 and rg = 5.5 — 4 = 1.5. If the
seller rejects, then mg = 5 — 4 = 1 in all treatments.

Our experimental treatments vary in the effects seller rejection have on the profit of the

buyer. In the impunity condition we set w;, = 2 and wy = 9, and in the reciprocity condition we
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set w; = wy = 1. Thus, if the seller rejects, then in the impunity condition 7z = 9 if the quality
is high and mp = 2 if the quality is low (making the seller worse off from rejecting in relative
terms as well as in absolute terms), while in the reciprocity condition 7z = 1 regardless of quality
(so the seller is worse off in absolute terms, but better off in relative terms). Figure 2.2 provides
experimental parameters in the extensive form of the game. See on-line appendix for experimental

instructions.

Accept (A)

Low Price

(Pz)
2.2 Buyer
Impunity: 1,2
Reciprocity: 1,1

Low Quality High Price

(pr)

High Quality
(g)

Impunity: 1.9
Reciprocity: 1,1
High Price

(pr) 5.5

Figure 2.2 Extensive form representation of the game in the laboratory experiment.
2.2.2 Experimental Treatments

The experiment includes three treatments. In all treatments, we randomly assign
participants to buyer and seller roles when they arrive at the laboratory, and they keep the roles for
the duration of the session. Each treatment includes four sessions, and each session includes 4
buyers and 4 sellers. Participants play the game corresponding to one treatment (with payoffs
corresponding to Figure 2.2) for 100 rounds. They are randomly re-matched each round. In total,

our experiment includes 96 participants. We pay participants a $5 show-up fee and an additional
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amount proportional to their total profits earned in the experiment. Average earnings were $26.68
for buyers and $18.78 for sellers. We recruited participants using ORSEE recruitment system
(Greiner 2004) and offered cash as the only incentive to participate. We designed experimental
software using zTree (Fischbacher 2007).

Our design examines the effect of social preferences by comparing impunity and reciprocity
conditions. Additionally, we test an intervention that we call reputation, in which we keep track
and show to the seller the average number of times the current buyer offered a high price. In
summary, our experiment includes the following three treatments:

1. In the impunity treatment, participants have access to their own prior history that includes
past production decisions, the price offered (if production occurred), and their own realized
profits. The buyers have one additional piece of information that sellers do not have —
the realized quality for the current and all past periods.

2. In the reciprocity treatment, the payoffs are different from the impunity treatment — the
only difference being in the buyer’s payoff that results from seller’s rejection. Participants
have access to the same historical information as in the impunity treatment.

3. In the reputation treatment, the payoffs are the same as in the impunity condition.
Historical information is different. Specifically, sellers see the proportion of the time the
buyer with whom the seller is matched during the current period offered a high price; this
buyer-specific history is shown to the seller prior to making the production decision.

2.2.2 Theoretical Predictions and Hypotheses
In this section, we derive theoretical predictions for the behavior in the three treatments in

our experiment.
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2.2.2.1 The Impunity Treatment

In the impunity treatment, a buyer motivated exclusively by monetary payoff derives his
average equilibrium probability of offering high price for high quality according to equations (2.8)
and (2.9). Figure 2.3 plots the buyer’s equilibrium expected profit as a function of the probability
of offering high price for high quality for three levels of a (¢ = 0, = 0.25and ¢ = 1),and 7 =
2 in Figure 2.3(a) and lower levels of 7 in Figure 2.3 (b).

It is easy to calculate that a fully rational seller (very high 7) not concerned with inequality

2—-1.5

aversion (a = 0) prefers to produce as long as P(py|qy) > 05615

= 0.1785, or equivalently

P(py) > 0.1428. For a seller concerned with inequality aversion, this threshold would be higher.
A seller with a low 7, however, would produce even for a lower P(py).

Figure 2.3(a) shows that when 7 = 2 (this is the approximate level of T we measured in our
data), buyer’s equilibrium P*(py) ranges from 26% when a =0 to 36% when a = 0.25
(P*(py) = 0.32 for a = 1). Figure 2.3(b) varies T for each level of a so as to make P*(py|qy) =
0.1785. Here, T ranges from 0.93 for ¢ = 0.25to 1.3 fora = 0 (z = 1.07 for « = 1). Because
those levels of T are much lower than the levels observed in our data, our first hypothesis predicts
positive levels of production and significant probability of high prices given for high quality in the

impunity treatment.
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Average buyer profit
Average buyer profit

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Probability of offering high price for high quality Probability of offering high price for high quality
“==ta=0 vttt a=025 —a=1 “==ta=0 vttt a=025 —a=1
(a) T = 2. b)t=13fora =0; 7t =0.93 for

a=025and 7t =1.07 fora = 1.
Figure 2.3 Buyer’s expected profit as a function of the probability of offering high price for high
quality in the impunity treatment.
Hypothesis 2.1: In the impunity treatment, buyers offer high prices for high quality on
average at least 17.85% of the time, and sellers sometimes produce. Sellers never reject any price
offer.

Whether a seller produces depends on the seller’s a and on the P(py) the seller anticipates.

The utility from not producing is 2, while the expected utility from producing is

E[us (Produce)] = 5P(py) + (1 — P(ou)) (1.5 _7 (1 (2.12)

o))
——a].
1—-P(py)
Setting E[ug(Produce)] in equation (2.12) equal to 2 and solving for a characterizes when

a fully rational seller produces, i.e.,

5P(pu) + 1.5(1 — P(pu)) — 2
7(1=P(pu)) =6

(2.13)

Note that since it is dominated for the buyer to offer a high price for low quality, it follows
that P(py) < 1 — §. Therefore, the closer P(py) is to 1 — &, the closer to certainty it is for the

seller to get high price for high quality and the more likely he is to produce regardless of «.
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Generally, we see from (2.13) that for a fully rational seller, the likelihood of production decreases
in @ and increases in P(py).
2.2.2.2 The Reciprocity Treatment

In the reciprocity treatment, rejection is not a dominated action for a seller because even
though the seller foregoes 0.5 in absolute profit, he implements the equal split. The seller’s utility

from rejecting a low price is 1, and based on equation (2.6), his expected utility from accepting a

low price is E[ug(p,, A)] =15 -7« (1 — ), so a fully rational seller whose a >

1-P(py)

0.5( 1—P(pH)

= W) would reject a low price. This gives buyers an additional incentive to offer a high

price for high quality in the reciprocity treatment.

Average buyer profit
N N w w H
o wn o wn o

=
4]

=
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Probability of offering high price for high quality

Figure 2.4 Buyer’s expected profit as a function of the probability of
offering high price for high quality in the reciprocity treatment.

We plot the buyer’s expected profit function for three levels of @ and 7 = 2 in Figure 2 4.

We see from the figure that P*(py) is higher in the reciprocity treatment than in the impunity
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treatment for all three levels of «, and the differences are especially pronounced for higher values
of a.

We summarize predictions about the differences between the impunity and reciprocity
treatments in the following hypothesis:

Hypothesis 2.2: In the reciprocity treatment, rejections of low prices will be higher than in
the impunity treatment, high prices for high quality will be higher than in the impunity treatment,
and the production rate will be higher than in the impunity treatment.
2.2.2.3 The Reputation Treatment

In the reputation treatment, we keep track of each buyer i’s proportion of high prices,
denoted P;(py). We use the notation P(py) to denote the average proportion of high prices over
the buyers in a cohort. In the reputation treatment, the seller observes the buyer specific P;(py)
prior to deciding whether or not to produce. Knowing P;(py), the seller can use equation (2.5) to
decide whether or not to produce for each specific buyer. In the reputation treatment, each buyer
controls his own P;(py), in contrast to the impunity treatment, in which each buyer only affects
the average P(py) in his group. Therefore, we expect higher proportion of high prices offered for
high quality in the reputation treatment than in the impunity treatment, and indeed we can see from
comparing Figure 2.5 to Figure 2.3(a) that P*(py) is higher in the reciprocity treatment than in the
impunity treatment for all three levels of a. A higher P*(py) also implies a higher production rate

in the reputation treatment than in the impunity treatment, as we summarize in our last hypothesis.
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Figure 2.5 Buyer’s expected profit as a function of the probability of offering high price for high
quality in the reputation treatment.

Hypothesis 2.3: In the reputation treatment, production and high prices for high quality will
be higher than in the impunity treatment. Rejections will be similar across the two treatments.
2.3 Results

We present summary statistics for production, prices, profits and rejections in the three
treatments. We then report estimates for a behavioral model that includes non-monetary
preferences and errors.

2.3.1 Summary Statistics

Table 2.1 reports average rates for production, high prices for high and low quality,
rejections and players’ earnings. We report standard errors in parenthesis, and we use the session
average as a unit of analysis (recall that each treatment includes 4 sessions).

All p values reported are for a t test with four independent session-level observations. We
examine the results as they relate to H1 pertaining to the impunity treatment. As hypothesized, the

proportion of high prices given for high quality is significantly above zero in the impunity
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Table 2.1 Summary statistics.

Treatment
Probability Impunity Reciprocity  Reputation

0.256 0.695 0.589
High prices for high quality

(0.090) 0.177) (0.083)

0.569 0.821 0.771
Production

(0.156) (0.183) (0.126)

0.140 0.527 0.105
Low prices rejected

(0.139) (0.185) (0.137)

0.075 0.003 0.103
High prices for low quality

(0.027) (0.007) (0.136)

0.000 0.000 0.003
High prices rejected

(0.000) (0.000) (0.004)

2.154 3.205 2.909
Seller Earnings

(0.027) (0.688) (0.221)

4523 3.848 4401
Buyer Earnings

(0.469) (0.344) (0.335)

Note: Session is used as a unit of analysis. Each treatment incudes 4 sessions. Standard errors are

in parenthesis.
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treatment (p = 0.010). In fact, the proportion of high prices for high quality is not significantly
different from the hypothesized 0.1785 (p = 0.168), indicating that sellers with low a values are
nearly indifferent, on average, between producing and not producing. Lastly, as predicted, the
proportion of production is significantly above zero (p = 0.0053). These aspects of the data are
consistent with HI.

However, two aspects of the data are not entirely consistent with the theory. First, the
proportion of high prices given for low quality is low, but is significantly above zero (p = 0.012).
Second, the proportion of rejections is significantly above zero in the impunity treatment (p =
0.011). However, both are sufficiently small in absolute terms to be attributed to errors as we will
show in the model estimation.

We now turn our attention to H2, concerned with the comparison of the impunity and
reciprocity treatments. We find that the data is consistent with H2 in that the proportion of high
prices given for high quality is significantly higher in the reciprocity treatment than in the impunity
treatment (p = 0.004), and the proportion of production is higher in the reciprocity treatment than
in the impunity treatment (although only weakly significant; p = 0.080).

H3 is concerned with the comparison of the impunity and reputation treatments. We find
the patterns in the data to be consistent with H3. Specifically, the proportion of high prices for
high quality in the reputation treatment is above the corresponding proportion in the impunity
treatment (p = 0.002), and the proportion of production in the reputation treatment is higher than

the corresponding proportion in the impunity treatment (weakly so; p = 0.086).
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2.3.2 Dynamics

In Figure 2.6, we present rejections, high prices offered for high quality, and production
rates, as they evolve over time. To focus on the trend, we aggregate 100 periods of data into 20
five-period blocks. Rejections and production are highly stable after an initial learning that takes
about 20 periods. The proportion of high prices for high quality is quite stable in rounds 21-80,

but in the reputation treatment, in contrast to the reciprocity treatment, it exhibits end-game effect
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Figure 2.6 Average rejections, prices and production over time.
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in the last 20 rounds. This is not surprising; other studies also found end-game effects in reputation
treatments (see for example Bolton, Katok and Ockenfels 2005).

In the next section, we report on estimation of a behavioral model using periods 21-100 for
the analysis to eliminate the initial periods of steep learning.
2.3.3 Estimation

In this section, we jointly estimate behavioral parameters a and t for the behavioral model
presented in Section 2.1. We estimate behavioral parameters for sellers only. The buyers are
assumed to anticipate seller’s reactions, and we capture their decisions with a dynamic equilibrium
approximation. Sellers make two decisions—production and accept/reject—and these decisions
are not independent. The production decision of seller j in period ¢ results in the probability of
production P;.(Produce), specified in equation (2.5) (but now indexed by j and ¢ because we are
using panel data for estimation). This production decision depends, in turn, on the probabilities of
accepting price py, k € {L, H}, Pjs(py, A) — the seller’s second decision is determined by equation
(2.7). Because the two decisions are not independent, we estimate them jointly through a joint
likelihood function.

Both of the seller’s decisions depend on the seller’s forecast of the buyer’s conditional
probability of paying a high price Pj;;(py|qy), where i denotes the buyer who has been matched
with seller j in period . We assume that in the impunity and the reciprocity treatments, these
forecasts are simply the average probability that seller j observed high prices in the past, multiplied

by the unconditional probability of high quality. Specifically, in the estimation for impunity and
reciprocity treatments, Pj;. (py|qy) = iZg;}(Pjs = py). Note that subscript i does not appear

on the right hand side because the seller cannot distinguish among different buyers in the impunity
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and the reciprocity treatments. In the reputation treatment, on the other hand, the seller has
historical information specific to buyer i: Pj;;(py|qy) = iZg;}(Pﬁs = pu)-
The joint log-likelihood is defined as

LL =¥} ¥l [ln (Pjt(Produce)) Produce;; + In (1 - Pjt(Produce)) (1 — Produce;,) +

In (P]-t(pjt,A)) Accept;; + In (1 — Pjt(pjt,A)) 1- Acceptjt)],

where 7 is the total number of sellers in the session (n=4), T is the number of periods in a session
(T=100), Produce;, is 1 if seller j decided to produce in period ¢ and 0 otherwise, and Accept;; is
1 if seller j accepted the price the buyer offered in period ¢ and O otherwise.

The joint estimation implies that the parameter « is estimated in a way that maximizes the
fit not only of the acceptance/rejection decision but also of the production decision. In the impunity
and reputation treatments, where it is optimal to always accept, one could expect that the
production decision would have the greater influence over the estimate of a, whereas in the
reciprocity treatment, where acceptance depends largely on inequality aversion, it would be the
accept/reject decision that would have the greater impact on the estimate.

We report results of the estimation in Table 2.2.

The main takeaway from the estimation has to do with the comparison between predicted
behavior, based on the estimates of @ and 7 under the dynamic equilibrium approximation

analyzed in section 2.3° (see bottom section of Table 2.2), and the actual behavior (see Table 2.1).

¢ Predicted high prices for high quality are based on solving equation (2.9) for the impunity and
equation (2.10) for the reciprocity treatment and equation (2.11) for the reputation treatment.
Production probability is based on equation (2.5). Rejection rates are based on equation (2.7). The
average buyer’s and seller’s profits are also based on repeated game equilibrium approximation
solution given average behavioral parameters « and 7.
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Table 2.2 Estimation results and predictions based on MLE.

Impunity Reciprocity Reputation

Treatment Treatment Treatment

Fit Log Likelihood -927.05 -629.61 -699.30
Parameters 3 3 3
¥ (restricted T) 13.068" 15.38" 4.19°
1.562" 2.633" 1.880"
T Production
(0.029) (0.141) (0.131)
Estimated 2.342" 1.435" 1.564"
T Acceptance
Parameters (0.162) (0.168) (0.079)
0.042" 0.102" 0.042"
a
(0.009) (0.011) (0.013)
High Prices for
0.260 0.763 0.510
High Quality
Predictions | Production 0.569 0.996 0.894
MLEs Rejection Rate 0.253 0.446 0.188
Seller Profit 2.285 4.115 3.191
Buyer Profit 4.562 4.275 5.383
Note: * p <0.05; ** p <0.01
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We stress that even though the dynamic equilibrium approximation model in section 2.3 is
only a rough approximation for the actual setting, its prediction qualitatively matches virtually all
important aspects of the data:

e Proportions of high prices for high quality and production rates are lowest in the
impunity treatment, highest in the reciprocity treatment, and in between in the
reputation treatment. None of the high price proportions are different from
predictions.

e Proportions of low prices rejected are highest in the reciprocity treatment, lowest
in the reputation treatment, and in between in the impunity treatment. None of the
rejection rates are significantly different from predictions.

e Seller profits are highest in the reciprocity treatment and lowest in the impunity
treatment. None of the seller’s profits are significantly different from predictions.

e Buyer’s profits are lowest in the impunity treatment. Buyer profits in the impunity
and reciprocity treatments are not significantly different from predictions,

The only qualitative difference between predictions and the actual data is that buyer’s
profits are predicted to be higher in the reputation than in the impunity treatment, while there is no
statistically significant difference between them in the data (p = 0.719). In fact, average buyer
profits in the reputation treatment are significantly lower than predicted (p = 0.031).

A deviation from predictions is that quantitatively the proportion of high prices offered for high
quality and production rates are slightly lower than predicted in the reciprocity and reputation

treatments. This may be due to individual heterogeneity —we computed predictions based on
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average values of a and 7. In fact, there is a good deal of heterogeneity in behavior (see Appendix
B).

Lastly, inequality aversion appears low (although significant) in all three treatments. The
estimates are lower than estimates reported in the literature (for example, DeBruyn and Bolton
(2008) report & = 1.03 in the linear version of the model—of course they analyze bargaining
games that are structurally quite different from ours). In terms of our treatments, estimated a’s
are not significantly different between the impunity and reputation treatments (y? = 0.002,p =
0.989) but are significantly higher in the reciprocity treatment (y? = 15.51 for the comparison
with impunity and y? = 10.89 for the comparison with reputation; p < 0.001 for both
comparisons). It is possible that inequality aversion is more salient in the reciprocity treatment
than in the other two treatments because the seller can implement a fair split by punishing the
buyer in that treatment. Saliency of inequality aversion is, however, beyond the scope of this
chapter.

2.4 Conclusion

With the prevalence of using third party vendors for strategic activities, such as
manufacturing, by many major firms, the hold-up problem has to be considered as one of the major
pitfalls in supply chain management. For example, contract manufacturers take on increasingly
sophisticated tasks and activities requiring relationship-specific investments which leave firms on
both sides of the transaction more vulnerable to the hold-up problem than ever before.
Additionally, incomplete information is typically present in these arrangements because the OEMs
and contract manufacturers are often located on different continents and are subject to different

cultural norms.
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We analyze and test in the laboratory a stylized game designed to highlight the possibility

of the hold-up problem due to the relationship-specific investment by the supplier. We derive
approximate equilibrium predictions that match the data remarkably well. In our impunity setting,
the analysis predicts limited cooperation but also a large loss in efficiency due to the hold-up
problem — predictions that match the data well. We also find, both analytically and empirically,
that a setting in which the supplier has the ability to negatively reciprocate, cooperation increases,
as does efficiency. Whether or not negative reciprocity is possible is usually not a decision made
by the parties but is rather a function of the environment, so we also consider a setting in which
we provide to the supplier basic reputation information about the buyers’ past actions. We find
that reputation information mitigates the hold-up problem, both analytically and empirically.
The managerial implication of our work is that the hold-up problem can be effectively mitigated
in settings in which the relationship is not one-shot. Most supply chain relationships, even the
ones that involve short-term contracts, are not one shot, because information about the firm’s past
actions tends to become available to the community, even if informally. Our findings suggest that
a systematic way of making this reputation information available mitigates the hold-up problem a
great deal.

A fruitful direction for future research would be to test other, more sophisticated, reputation
system designs. For example, systems that track not just average performance, but also provide
information about recent versus past actions, may work even better. It may also be worthwhile to
analyze informal arrangements, such as hand-shake agreements, in the context of relationship-

specific investments, to learn to what extent they may mitigate the hold-up problem.
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CHAPTER 3

QUALITY PROBLEM

The full title of this chapter is: Supplier Development— Advancing Quality Improvement
along the Supply Chain: An Experimental Investigation.

This chapter is structured as below: section 3.1 introduces theoretical model; section 3.2
outlines hypothesis while section 3.3 elaborates experimental design. Results are described in
section 3.4 while section 3.5 concludes.

3.1 Model
3.1.1 Model Setup

Zhu et al.’s (2007) theoretical framework was used directly. Based on their framework, the
optimal solution in a centralized supply chain was derived and tested empirically using laboratory
data combined with the insights in their paper.

This research began by elaborating Zhu et al.’s (2007) framework: In a supply chain with
one supplier and one buyer, the buyer faces a deterministic demand, D. Whenever a customer is
sold a defective product, there will be a quality related cost per unit, s, to the supply chain. The
buyer shares the cost with proportion A, and the supplier with proportion (1- 1). For each product
unit, the production cost is ¢, the wholesale price is w, and the retail price is p. The quality is
measured by the proportion of defective products, which can be improved through efforts either
on the part of the supplier or buyer or both.

In Zhu et al. (2007), the buyer and the supplier make the quality improvement decisions
sequentially. It prevails in practice that the buyer acts first to design the product and the supplier

follows to arrange production. Because both the product’s design and the production arrangement
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will affect process quality, the practice was modeled herein by having the buyer act first as the
Stackelberg game leader who anticipates the supplier’s response.

Process quality is measured by au, which represents the system quality status, and
therefore, the proportion of defective products. In general, the quality process can be improved to
reduce the proportion of defective products. Zhu et al. (2007) used a and u to denote factors that
the buyer and the supplier, respectively, can improve. Specifically, they denoted 1/u as the average
time the process is in control in a production run and claimed that the production technology may
determine it, and therefore the supplier can make a more informed decision whether to upgrade
her existing technology. In contrast, a, “...the percentage of defective units produced in the out-
of-control state and delivered to customers, may depend on the training level of the machine
operators. Because the buyer is responsible for the design of the product, he has domain knowledge
of the product and may be in a better position to train the operators” (Zhu et al. 2007). Table 3.1
summarizes the notations.

To facilitate the experimental design and focus on the quality issue, the 4 simplifications
below were performed:

1. Removed the effects of setup cost: K=k=0

2. Removed the effects of holding cost: H=h=0
3. Removed the effect of production size: % =1

4. Simplified the cost improvement coefficients: b, = b, = A, B, = B, =B

With these simplifications, the buyer’s profit derived from the cost function in section 3.5.2

in Zhu et al. (2007) now is:
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Mg(X) =R — (As(x)* + Bln;: )

Meanwhile, the supplier’s profit derived from the cost function in section 3.5.1 of Zhu et

al. (2007) now is:
b4
(x| %) =R—(ﬂ—lkx+Am?

in which x £ au as a and u always show up together in au. Now, x represents the

percentage of non-conform products.
The buyer, as the first actor, has with the following cost function:

Bln (x/X)
in which B is a constant that measures how costly it is for the buyer to improve the system process
quality; x is the initial proportion of defective products, and X is the buyer’s target proportion of
defective products. Similarly, the supplier has the following cost function:

Aln (X/x),
in which A is the supplier’s cost coefficient, while x is the target proportion of defective products.
The logarithm function implies that the cost of reducing a particular percentage of remaining
defective products is constant for either party. For example, the supplier’s cost of choosing x =
0.8% is BIn (5/4), is the same as the buyer’s cost of reducing the percentage further 0.8% to

0.8 % (0.8 %),
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Table 3.3 Notations.

Variable List of notations
X=au Initial percentage of defective products
X=ap Percentage of defective products after the buyer made quality improvement
decisions
X= au Percentage of defective products after both the buyer and the supplier made
quality improvement decisions
x = a*u* | Percentage of defective products expected after both the buyer and the supplier
made optimal quality improvement decisions
x* = a*ji* | Percentage of defective products expected after the buyer made optimal quality
improvement decisions, expecting the supplier will act optimally
s Market cost attributable to each unit of defective product
A The buyer’s share of the quality cost attributable to defective products
1- 4 The supplier’s share of quality cost attributable to defective products
c Production cost per unit
w Wholesale price per unit
p Retail price per unit
D Market demand, a deterministic value
A B Coefficient related to quality improvement cost
Ig, Ilg Profit function for buyer and supplier, respectively
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Effect of quality on investment, cost and profit

—  Profit

T~. - —- Investment !
.o -=-- Quality Cost /

150 200

50

Experimental Currency Units
100
|

quality (as # of non-conforming products reduced)

Figure 3.1 Profit, investment and quality cost, each as a function of quality.
3.1.2 Decentralized Supply Chain
The sequential game was solved with backward induction. First, the supplier’s problem

was assessed. The supplier’s objective function as the Stackelberg game follower is:
x
max Dw—c)—(1—A)sx —Aln (;)
X
The second order condition, w.r.t x ,is —A(x)™% < 0.
The first order condition, (FOC), is —(1 — A)s + A(x)~! = 0, which yields the optimal

solution:

x* = 4
(1-2)s

3.1)

When the supplier’s profit is negative at the optimal level, she may still choose to invest if dropping
out of the business is not an option because investment will reduce the loss compared to no

investment at all.
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Insight 3.1 (derived from section 3.5, Zhu et al. (2007): The supplier’s optimal proportion

of defective products is x* = , which is independent of the buyer’s investment decision.

_4
(1-2)s

If the buyer has reduced the proportion of defective products to less than x*, the supplier
will not invest any more.

In contrast, if the buyer’s target proportion of defective products is greater than x*, the
buyer will not invest.

Explanation: This proposition follows from the fact that the optimal proportion of defective
products from the supplier’s perspective, x*, in Equation (3.1) is independent of the buyer’s
investment decision.

Particularly, if the buyer has reduced the proportion of defective products to less than x™,

. A A . .. ) ) )
ie, X <x*= , the supplier’s objective function remains the same. However, as the supplier
1-2)s pp ] pp

only will make a proportion of defective products no larger than X, the supplier will choose

A
T (1-M)s

min {52, x* } = X . Therefore, the supplier will not invest.

By contrast, if the buyer’s target proportion of defective products is higher than (x)*, the
buyer will not invest, because he predicts that the supplier will always reduce the proportion of
defective products to x*.

Insight 3.2 (derived from section 3.5 Zhu et al. 2007): The supplier and the buyer never
both invest in process quality.

Explanation: In contrast to both of them investing in process quality, the buyer will be

better off not investing because, as the follower, the supplier will target a lower proportion of
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defective products, (i.e., better process quality,) and that target is independent of the buyer’s
decision.

Second, we evaluate the Buyer’s problem.

Following Insight 3.2, when the buyer invests in quality improvement, he anticipates that
the supplier will not invest. Therefore, the final proportion of defective products is that of the
buyer’s target. Hence, the buyer’s objective function is:

max D(p —w) — Asx™ — BIn(x/X)
X
FOC is —As — B (8/x)(—x%)(%)~% = 0, which yields &* = %. It follows that, if he invests, the
buyer’s profit is:

D(p—w)—zs%—an%f (32)

)

Insight 3.3 (derived from Section 3.5, Zhu et al. 2007): If A > A* = ﬁ, the supplier free

. . . . . . B
rides while the buyer invests, and the buyer will reduce the proportion of defective products to e

By contrast, if 1 < A%, the buyer free rides while the supplier invests, and the supplier will reduce

. . A
the proportion of defective products to s

Explanation: The supplier is indifferent to investing and free riding if, and only if, the
supplier’s target of the defective products is the same as that of the buyer. Note that the supplier’s
optimal target proportion is:

_ A
T (1-MDs

*

X

while the buyer’s optimal target proportion is:
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Therefore, when x* = X*, we have

pR— (3.3)

~ A+B

x* is increasing with A, while ¥* is decreasing with A . Therefore, x* > X" when A >
A% and x* < X*whenAd > A*.
3.1.3 Centralized Supply Chain

Here, a centralized decision maker’s behavior is evaluated. Assume a centralized decision
maker will decide the optimal proportion of defective products. Rationally, this decision maker
will allocate the task of improvement to the one with the lower cost. Therefore, the centralized
decision maker’s objective function is to maximize the supplier and the buyer’s joint profit
function:

max D(p —c¢) — sx —min{A,B} In (x/x)

FOC is -s + min{ 4, B}/q = 0, which yields x* = min{ 4, B}/s.

Insight 3.4 (derived from Section 3.6, Zhu et al. 2007): The system’s optimal proportion

of defective products in a decentralized supply chain is lower than that of a centralized supply

chain, in that, in a decentralized supply chain, players under-invest.

Explanation: This follows from x* = @ < min{

5} h min{ 4 i}
a-A)s’as)’ where (1-A)s’ s

is the final proportion of the system’s defective products in a decentralized supply chain.
3.2 Hypotheses
Hypothesis 3.1(a). If A < A%, i.e., in the Suppliers Investment Treatment:

i.) The supplier will invest.
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ii.) The supplier will reduce the proportion of defective products to

A
(1-2)s

iii.) The buyer will not invest.

Hypothesis 3.1(b): If A > 4%, i.e., in the Buyers Investment Treatment:

i.) The buyer will invest.
ii.) The buyer will reduce the proportion of defective products to %.
iii.) The supplier will not invest.

Hypothesis 3.1 follows from Insight 3.3.

Hypothesis 3.2: Statistical Independence. The supplier’s target proportion of defective
products is statistically independent of that of the buyer.

Hypothesis 3.2 follows from Insight 3.2.

Hypothesis 3.3: Underinvestment. Process quality improvement is underinvested in the
decentralized system.

Hypothesis 3.3 follows from Insight 3 .4.

Hypothesis 3.4: Negotiation and Centralization. When negotiation is allowed, process
quality improvement is as good as in the centralized system.
3.3 Experimental Design

This section documents the details and motivation of the experimental design. Specifically,
section 3.3.1 describes the experimental settings; section 3.3.2 specifies the parameter values and
motivations, as well as the solution from a theoretical model based on the parameter values. Last,
section 3.3.3 demonstrates the implementation of experiments in the dedicated experimental

software zTree.
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3.3.1 Experimental Settings

Overall, there are four treatments, the Buyer Investment Treatment, Supplier Investment
Treatment, Centralized Treatment, and Negotiation Treatment, each of which simulated different
business scenarios.

The buyer acted first in both the Buyer and the Supplier Investment Treatment. Then the
supplier followed after observing the buyer’s decision. In contrast, in the Centralized Treatment,
a single decision maker determined the quality improvement cost. Finally, the Centralized
Treatment served as a benchmark.

In the Negotiation Treatment, both the supplier and matched buyer in each round
negotiated the total investment cost spent to improve the quality. The total investment cost was
shared in the same way as the cost because the cost of the defective products was shared.
Specifically, the buyer shared 30% of the investment cost, as well as 30% of the cost attributable
to the defective products. At the same time, the supplier shared the remaining 70% of the
investment cost, as well as 70% of the cost attributable to the defective products. As shown in
Section 3.3.3, both the supplier and buyer made various offers to each other, until one of them
accepted one of the partner’s offers. Then, the investment was made, production was implemented,
and the profit was realized.

Each of the four treatments above had 4 sessions, with a different number of subjects.
Sessions in the Centralized Treatment each had 4 subjects who were centralized decision makers.
By contrast, the other sessions in the remaining 3 treatments each included 8 subjects, among

which 4 were suppliers and 4 were buyers.
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To simulate the one-shot game repeatedly, all players were matched randomly and re-
matched each round. There were 50 rounds for each subject.

Candidate subjects were recruited and maintained through the ORSEE system. Most of the
candidates are undergraduate or graduate students in the Dallas area. Candidates in the subject
pool were informed of the potential range of US dollars they could earn as incentives. Invitation
emails were sent out to the candidates several days before the experiment. Then, subjects were
selected on a first-come-first-served basis when they accepted the invitation. Selected students also
received reminder emails about the expected payment, time, and location of the experiments.

The experiments were conducted in a computer laboratory in the University that is
dedicated to behavioral experiments. Before the experiment began, instructions were distributed,
and then the researcher read them to the subjects aloud to ensure that they all received the same
information. Questions from the subjects were encouraged and answered.

Thereafter, the experiments began, and the zTree program simulated a real business
environment to allow candidates to make decisions. Details of the zZTree program are provided in
section 3.3.3.

After the experiments concluded, subjects were paid in cash proportional to the
experimental currency units (ECU) they earned during the experiments.

3.3.2 Parameter values

Equation (3.3) shows that the value of threshold A* is determined exclusively by A, B, s,

and X. A was set = B, and therefore, A* = % =0.5.
Moreover, D=100, s=3, p=6, w=4, and c=2. A=B=40. X = 80 were set. Last, A = 0.7 for

the Buyer Investment Treatment and A = 0.3 for the Supplier Investment Treatment. As a matter
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of convenience, the total count of the product is 100 units, so that each 1 unit improvement is
equivalent to 1 percent reduction of non-conforming product proportion.

The Buyer Investment Treatment: The buyer should invest in quality improvement, but the
supplier should not. In this treatment, A = 0.7.

Table 3.4. Summary of the objective functions and optimal target.

Objective function Optimal target
Buyer max D(p —w)—Asx —Blnkx/X .. B
x X = —
As
Supplier max Dw —c)—(1—A)sx . A
x X' =
1-Ms
Al *
n ()
Centralized max D(p —c) — sx , _ min{4,B}
X'=—
* s
X
—min{A,B} In (;)

The Supplier Investment Treatment: The supplier should invest in quality improvement,
but the buyer should not. In this treatment, A = 0.3.

The target proportion of defective products is each party’s decision variable, and is an
integer. The buyer chooses a number less than 80, and the supplier chooses a number no larger

than that the buyer chose.
Table 3.2 summarizes the theoretical predictions with their parameters, while Table 3.3

shows the theoretical predictions when all the parameters have values assigned to them.
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3.3.3 Experiments Implementation

The experiments were implemented in zTree (Fischbacher 2007), and then conducted in
the computer laboratory mentioned above.

The work flow, as well as selected screenshots for decision makers during the Buyer
Investment Treatment are shown below.

At the very beginning of the experiments, decision makers viewed a welcome screen with
the profile information as well as financial data. At the same time, on the right-hand side of the
screen, a quiz was provided that asked the candidates to analyze a hypothetical scenario and
calculate the outcome of the quality improvement, including each decision maker’s investment
cost as well as the profit.

Subjects were unable to proceed until they answered all the questions correctly to ensure
that they understood the instructions well. Access to a calculator also was provided during the quiz
(the calculator icon on the right). This screen is shown in Figure 3.2.

Each round began with the buyer’s decision screen. As shown in Figure 3.3, the two
blocks on the left show relevant information, while a simulator on the right-hand side calculates
the outcome for both matched players based on the buyer’s input about both players’
hypothetical decisions. The box at the bottom allowed the buyer to enter and submit his/her
decision.

After the buyer submitted a decision, the supplier (aka, the Seller in the screenshot) was
able to observe the decision, and then make his/her own decision. Figure 3.4 shows the supplier’s
decision screen, which is very similar to the buyer’s. One difference is that the supplier observed

one more piece of information about the decision the buyer had made already. The second
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Table 3.5 Theoretical predictions when x = 80.

Metrics Buyer Investing | Supplier Investing Treatment

Treatment

Buyer Supplier | Buyer Supplier
Target remaining | Individual 190 44 4 44 4 19.0
non-conforming System 19.0 19.0
products Centralized

13.3 13.3
(Units) supply chain
Realized Improvement | Individual 61.0 0 0 61.0
Quantity System 61.0 61.0
(Units) Centralized

66.7 66.7

supply chain

Realized  Investment | Individual 57 0 0 57
Cost System 57 57
(ECU) Centralized

72 72

supply chain
Revenue 200 200 200 200
Loss due to nonconforming products 40 17 17 40
Investment cost 57 0 0 57
Profit 103 183 183 103
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difference is that the Calculator on the right simulated only the scenarios based on the buyer’s

decision.
Aquiz
You may use the calculator by clicking the button on the right hand side.
Welcome!
Following the instructions, assume that buyer reduces the number of defective units by 35, and
Your role Seller seller further reduces the number by 5, answer the following questions

Demand (units) 100 Buyers target E
Buyer's revenue 200 Sellers target

Seller's revenue 200
Buyer's investment ‘I’

Each defective product costs you 0.9

i 47

Each defective product costs your partner 21 e -
Please wait until the experiment continues. Seller's profit

Figure 3.2 Screenshot showing welcome screen and quiz at the beginning of the experiment, in
Buyer Investing Treatment.

Please make your decision now.

Calculator
Try your target number of defective products
Try your partner's target
Your role Buyer
Each defective product costs you 21
Demand (units) 100 Calculat. N "
Each defective product costs your partner 09 Ca-steiyouriiavestmen’
Buyer's revenue 200
Initial number of defective products 80 Your target |Your partner's Your Your partner's | Your profit |Your partner's

Seller's revenue 200 target i i profit
55 50 15.0 38 80.0 151.2
45 40 230 47 93.0 159.3
43 40 248 29 91.2 161.1

Your target number of defective products should be a positive integer and no larger than the initial number.

Please choose your target number of defective products l:l

Figure 3.3 Buyer’s decision screen, in Buyer Investing Treatment.
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Calculator

Try a target number of defective products
Each defective product costs you 21
Your role Seller
Each defective product costs your partner 0.9
Demand (units) 100 B
Initial number of defective products 80
Buyer's revenue 200
Current number of defective products has been reduced by Buyer to 45 Your target Your investment | Your partner's Your profit Your partner's
Seller's revenue 200 number i profit
Buyer's investment cost of improvement 230 20 a7 23.0 1593 93.0
38 6.8 23.0 159.0 97.2

Your target number of defective products should be a positive integer and no larger than current number.

Please choose your target number of defective products l:l

Figure 3.4 Supplier’s decision screen, after observing the matched Buyer’s decision, in Buyer
Investing Treatment.

The Negotiation Treatment employed a different decision process. Figure 3.5 shows the
buyer’s decision screen, where information is provided on the left, the calculator between, and the
offer is proposed on the right. Further, decision makers could review and accept offers from the
partner on the right side of the screen. The past performance from previous rounds also was shown
at the bottom. The supplier observed a similar screen. At the end of the period, each player

observed the output, as shown in Figure 3.6.

Calculator
Offers
Your target number of defective products should be a positive integer and no larger than the initial number.
Propose an offer of the system target number of defective products l:l
Your share of investment cost 0%
‘The other player's share of investment cost 70%
Please try your arget number of defective products \Il propose |
My offers of system target of defective units left
Your role Buyer Calculate
Demand (ns) 100 System target Your investment The other player's Your profit “The other player's profit
Buyer's revenue 200 estaien
Sellers revenue 200 33 106 248 1507 1059
34 103 240 159.1 1045
Each defective product costs you 09
i " 3 99 21 1586 1034
Each defective product costs the other player 21
The other players offers
Initial number of defective products 20
The other player's offers. Please select one and click Accept.
32
Period [ The [ Your Investment | The other player's Investment [ Your Earnings [ The other player's Earnings
1 | 30 | 18 | 275 | 1612 |

Figure 3.5 Buyer’s decision screen, in Negotiation Treatment.
At the end of the period, each player observes the output, as shown in Figure 3.6.
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Your role Supplier
Your share of investment 70%
The other player's share of investment 30%
The target number of defective units left 22
Your investment 36.1
The other player's investment 155
Your Earnings from this period 177
The other player's Eamnings from this period 164.7

Figure 3.6 The final screen at the end of each round, for the Supplier, in Negotiation Treatment.

3.4 Results

Section 3.4.1 presented an executive summary to illustrate the major findings. Thereafter,
section 3.4.2 provided the details from the statistical report. Section 3.4.3 illustrated each subject’s
decisions over time, while section 3.4.4 presented the heterogeneity among different decision
makers.
3.4.1 Summary

The experimental data supported several outcomes from theory: First, the players
penalized more heavily did invest (buyers in the Buyer Investment Treatment and suppliers in the
Supplier Investment Treatment). Second, the two players’ improvements were statistically
independent in the Supplier Investment Treatment. Third, process quality improvement was
underinvested in the decentralized system. Fourth, negotiation improved the decentralized system
to the level of the centralized system.

However, based on the laboratory evidence, some deviations from theory also were found:
First, the players penalized more heavily invested less than the optimum. Second, the players
penalized less invested, rather than free rode. Third, the two player’s improvements were related

statistically in the Buyer Investment Treatment.
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Finally, several highlights learned from dynamics and heterogeneity are presented below:

There was evidence of a learning curve during the first several rounds, and decision makers
reached equilibrium very quickly.

There was evidence that subjects with the same role may employ different decisions over
time or across subjects, indicating a potential mixed equilibrium.
3.4.2 Statistics and Hypothesis Testing

Table 3.6 reports each player’s improvement in quality, the deviation from optimal
improvement, as well as his/her corresponding investment cost and profit. Standard errors are
reported in parentheses, and the session mean was used as the unit of analysis. Recall that each
treatment included 4 sessions, except the Centralized Treatment, which included 16 independent
subjects. Therefore, the Centralized Treatment had 16 independent observations, while all the other
treatments each had 4.

Hypothesis 1: Free riding

Hypothesis 1(a). If 1 < 4%, i.e., in the Supplier Investment Treatment:

i.) The supplier will invest.
ii.) The supplier will reduce the proportion of defective products to
A
a-ns’
iii.) The buyer will not invest.

The data from the Supplier Investment Treatment supported i, but both ii and iii in
Hypothesis 1(a) were rejected.
First, the supplier’s investment was significantly greater than 0, measured in ECU (#=27.64,

p<0.0001). Second, the supplier invested less than the optimal amount. The deviation from the
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supplier’s optimal improvement was -4.82, indicating suboptimal investment (=2.53, p=0.0231).
Third, the buyer’s investment also was significantly greater than 0 (#=68.04, p<0.0001 for the
buyer).
As a consequence, it is natural that both the supplier and buyer reduced defective units to
a number greater than 0 (#=30.78, p<0.0001 for the supplier and =57.5, p<0.0001 for the buyer).
Hypothesis 3.1(b): If A > A*, i.e. in the Buyer Investment Treatment:

i.) The buyer will invest.
ii.) The buyer will reduce the proportion of defective products to %.

iii.)  The supplier will not invest.

The data from the Buyer Investment Treatment supported i, but rejected both ii and iii in
Hypothesis 3.1(b).

First, the supplier’s investment was significantly greater than 0, measured in ECU (#=37.31,
p<0.0001). Second, the buyer invested less than the optimal amount. The deviation from the
buyer’s optimal improvement was -14.92, indicating suboptimal investment (= 2.82, p=0.0377).
Third, the buyer’s investment also was significantly great than 0 (r=21.67, p<0.0001 for the buyer).

As a consequence, it is natural that both the supplier and buyer reduced the defective units
by a number greater than 0 (=43.39, p<0.0001 for the supplier, and 1=21.78, p<0.0001 for the
buyer).

Hypothesis 3.2: Statistical Independence. The supplier’s target proportion of defective

products is statistically independent of the buyer’s.
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Table 3.6 Summary statistics.

Items Treatment
Supp l%er Buyer‘ Centralized Negotiation
Investing Investing
Improvement Buyer 17.93 36.05 N .
Quantity (sd=4.14) (5.50)
Supplier 38.25 10.03 B B
(4.72) (2.81)
System 56.18 46.08 61.09 66.02
(2.53) (2.82) (1.98) (0.14)
Deviation from Buyer 10.99 -14.92 N N
Optimal (3.00) (2.82)
Improvement Supplier -4.82 -0.44 N N
Quantity * PP (2.53) (0.47)
System -4.82 -14.92 -5.61 -0.68
(2.53) (2.82) (1.98) (0.14)
Investment Cost Buyer 11.82 30.17 N 49.26
(3.00) (5.46) (0.17)
Supplier 39.90 8.58 B 21.11
(3.69) (1.90) (0.07)
System 51.72 38.76 62.71 70.38
(2.32) (3.67) (3.09) (0.24)
Earnings Buyer 166.74 98.59 N 121.37
(3.62) (0.65) (0.14)
Supplier 110.07 160.89 B 166.30
(4.45) (4.41) (0.06)
System 276.81 25948 280.55 287.67
(5.27) (4.92) (2.94) (0.20)

Note: Session is used as a unit of analysis.

Each treatment incudes 4 sessions, except the

Centralized Treatment, which has 16 sessions. Standard errors are in parenthesis.

Note *: the optimal decision of the Buyer is assumed to be based on the expected behavior of the

Supplier. We assume such expectation is consistent with the ex post observation.
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Table 3.7 Hypothesis testing.

Treatment
Hypothesis Summary Supplier Buyer
Investing Investing
Hypothesis 3.1.1 Heavier penalized player invests True True
Hypothesis 3.1.i1 | Heavier penalized player invests to
False False
optimal level
Hypothesis 3.1.ii1 | Less penalized player free rides False False
Hypothesis 3.2 Two  players’  investments  are
True False
statistically independent
Hypothesis 3.3 Decentralized system underinvests True True
Hypothesis 3.4 Negotiation improves decentralized
True
system to centralized

Data from the Supplier Investment Treatment showed that the relation between the

supplier’s and buyer’s improvement was not significant (Pearson Correlation coefficient= -0.84,

p=0.16).

In contrast, data from the Buyer Investment Treatment showed that there was a strong and

significantly negative relation between the supplier’s and buyer’s improvement (Pearson

Correlation coefficient=-0.98, p=0.02).

It is interesting to observe these two treatments’ different results. Recall that the buyer acts

first, while the supplier is the follower. In the Supplier Investment Treatment, the supplier was

under greater pressure to improve system quality, and often, s/he improved more than did the buyer
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(refer to Table 3.3 for details). Therefore, concerns for fairness motivated the supplier not merely
to make up the remaining investment to achieve an optimal system, but also led him/her to try to
be consistent with what the buyer contributed. In contrast, in the Buyer Investment Treatment, the
supplier contributed much less than did the buyer (Table 3.3), and thus, had no concerns for
fairness to perform consistently with the buyer.

Hypothesis 3.3: Underinvestment. Process quality improvement is underinvested in the
decentralized system.

The data supported Hypothesis 3.3. Interestingly, process quality improvement was not
only less than the centralized supply chain optimal value, but also was less than the theoretical
prediction for the decentralized supply chain (#=10.45, p<0.0001). The centralized optimal value
is 13.3, while the decentralized optimal value is 19.0. This observation may be explained by
concerns for fairness.

Hypothesis 3.4: Negotiation and Centralization

The data supported Hypothesis 3.4. In particular, the improvement in the Centralized
Treatment did not differ significantly from that in the Negotiation Treatment (Pearson Correlation
coefficient=0.31, p=0.68).

3.4.3 Dynamics

Figures 3.7-3.10 present each player’s performance, and show the way each evolved over
time. To focus on the trend, 50 periods of data were aggregated into 10 five-period blocks. To
facilitate easy comparison, the figures on the left are derived from theory, while those on the right

show performance from the data.
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Improvement quantity is measured by the number of units improved, while investment cost
is measured by ECU, although both measure system performance. Moreover, investment cost is a
monotonic function of improvement quantity. However, because the cost is a log function of the
quantity, their relation is non-linear. Therefore, to provide a comprehensive description of
performance, performance measured by quantity and cost are illustrated separately. For each
treatment, the top two figures are measured as improvement quantity, while the lower two are
measured as investment cost.

Figure 3.7 shows the Buyer Investment Treatment dynamics. They were very stable, in that
the supplier improved approximately 10 units, and there was almost no learning curve. This pattern
is intuitive, because the supplier acts as a follower after observing the buyer’s performance.

However, the buyer invested less at the beginning, and then the performance stabilized
beginning from block 4 (periods 15-20). Apparently, the buyer had higher expectations of the
supplier at the beginning of the game, and lower expectations for him/herself compared with
theoretical predictions. Over time, the buyer learned from the interactions with the supplier, and

stabilized at approximately 35 units.
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Figure 3.7 Dynamics in Buyer Investing Treatment.

It also is worth noting that there was no significant difference in the patterns when the
measures were units or cost.

Figure 3.8 illustrates the performance in the Supplier Investment Treatments. The pattern
virtually mirrors that in Figure 3.7 (Buyer Investment Treatment). One major exception is that the
system improvement overall was lower in the Buyer Investment Treatment (stabilized at
approximately 50 improved units, or 40 ECU of investment cost). By contrast, the system
improvement overall was higher in the Supplier Investment Treatment (stabilized at approximately
60 units in improved quantity, or approximately 50 ECU of investment cost).

Figure 3.9 illustrates the performance in the Centralized Treatments. To keep the layout
consistent with Figures 3.7 and 3.8, the theoretical prediction is shown on the left and the

laboratory observations on the right.
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The performance during the first block (periods 1-5) was lower, indicating that there was

a learning curve. However, the learning process was short and the centralized decision maker

reached a stable status quickly.

Figure 3.10 shows the dynamics of the Negotiation Treatment. Similar to the Centralized

Treatment, the system became stable very rapidly, and unlike the Centralized Treatment, there was

no evidence of a learning curve. Further, the system improvement was greater in this Treatment.

The observations indicated that group decision making allowed the system to reach a stable status

more quickly, and negotiation facilitated the learning process. Moreover, group decision making

also promoted system performance compared to the centralized decision maker.
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Figure 3.8 Dynamics in Supplier Investing Treatment.
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3.4.4 Heterogeneity

While section 3.4.2 showed the aggregate performance and section 3.4.3 the aggregate
dynamics, individual performance has not been examined yet. In what way do individuals interact
with each other, and in what way are their performances distributed? These questions are addressed
below in a discussion of heterogeneity.

Figure 3.11 illustrates the heterogeneity in the Supplier Investment Treatment. As
expected, a large percentage of buyers invested minimally or not at all (on nearly 40% of occasions,
they improved fewer than 5 units). This is consistent with the theory, because the buyers act first
and are supposed to invest less than the suppliers need. Therefore, the buyer could take advantage
of this and free ride.
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Figure 3.11 Heterogeneity in Supplier Investing Treatment.
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With respect to the supplier’s performance, the density function was more nearly a uniform
distribution, with slightly more emphasis on heavy investment.

At the system level, although the probability is high that the buyer will invest minimally,
it is unlikely that the system will improve little. The results showed that when the buyer invested
little, the matched supplier compensated and invested a greater amount.

Figure 3.12 illustrates the heterogeneity in the Buyer Investment Treatment. As expected,
a large percentage of suppliers invested minimally, if at all (on more than 60% of occasions, they
improved fewer than 5 units). This is consistent with the theory because the buyers act first and
are supposed to invest more than the suppliers need. Therefore, the suppliers may free ride. At the
same time, a small number of suppliers invested larger amounts.

With respect to the buyer’s performance, the density function was more similar to a convex
function, as on most occasions, buyers either invested minimally, or approximately optimally
(optimal system improvement units = 61, or equivalently to the optimal system investment cost =

57). Therefore, the buyers used mixed strategies.
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Figure 3.12 Heterogeneity in Buyer Investing Treatment.

At the system level, although the likelihood is high that either the buyer or the supplier will
invest minimally, the probability is low that the system will improve little. Apparently, when the
buyer invested minimally, the matched supplier compensated and invested a larger amount.

It also is interesting to note that the distribution of the system performance had two peaks,
unlike the Supplier Investment Treatment. When measured by system improvement quantity, one
peak was located at approximately 35 units, while the other was located at approximately 60 units.
As a comparison, Table 3.3 shows that the optimal number of units required for system
improvement is 36 for the supplier and 61 for the buyer. Therefore, in a relatively large number of

periods, the supplier, as the follower, was rational. If the buyer invested irrationally, and improved
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fewer units than the supplier expected, then the supplier responded rationally, and compensated

for the amount up to the level optimal for the supplier.
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Figure 3.13 Heterogeneity in Centralized Treatment.

Figure 3.13 illustrates the heterogeneity in the Centralized Treatment. Clearly, at the
system level, the performance was concentrated highly at a nearly optimum level. Thus, the
centralized decision maker was able to make rational decisions.

Figure 3.14 illustrates the heterogeneity in the Negotiation Treatment, in which the system
level performance was similar to that in the Centralized Treatment because the investment was
concentrated highly. At the same time, it was rare to see investments that were less than optimal,
indicating that negotiation facilitated more consistent decisions. Moreover, investments made with
negotiation were concentrated even closer to the system optimum, indicating that negotiation
facilitated more rational decisions.

3.5 Conclusion

This study developed a parsimonious model that captured the essence of Zhu et al.’s (2007)
quality improvement model. The theoretical predictions the study was designed to challenge were

that one of the two players will take full responsibility to improve the system quality, while the
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other will be a free rider. Specifically, when the buyer’s share of the loss is sufficiently large, it
should be his full responsibility to improve the process quality optimally. By contrast, when the
buyer’s share of the loss is low, it should be the supplier’s full responsibility to improve the process
quality to the optimal level.

These predictions were tested in the laboratory and the results revealed systematic
deviations, in which the following behavioral irregularities were observed. First, in contrast to the
theoretical predictions, neither the buyer nor supplier was a free rider because of their concerns for
fairness. Second, compared to the decentralized system, the centralized system performed better,
as the laboratory data verified.

The dynamics were also examined. In general, they demonstrated that it does matter
whether the decision maker who is penalized more acts first or not. A comparison of the dynamics
between the Negotiation and Centralized Treatment also was interesting. Although both became
stable very rapidly, there was no evidence of a learning curve in the Negotiation Treatment.
Further, the system improved more in the Negotiation Treatment. In conclusion, group decision
making promotes system performance to a greater extent than does the centralized decision maker.

Finally, the heterogeneity was analyzed, and an interesting observation emerged in the
Buyer Investment Treatment. With respect to the buyer’s performance, the density function was
more similar to a convex function, as on most occasions, the investment either was minimal, or
approximately optimal. Therefore, the buyers engaged in mixed strategies of investing and nearly
not investing. Meanwhile, another observation was that, at the system level, although the
likelihood is high that either the buyer or the supplier will invest minimally, the probability is low

that the system will improve little. When the buyer invested little, the matched supplier
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compensated and invested a larger amount. With respect to the Centralized Treatment, the
investment was concentrated highly, and it was rare to see investments that were much smaller
than optimal, indicating that negotiation facilitates more consistent decisions.

Although this research proposed an experimental framework to test the theory, and
observed irregularities in the laboratory data that deviated from theory, there is still room for
further exploration. For example, a new behavioral model could be proposed to explain these
behavioral regularities. Moreover, such a model could be used to explain the data collected in the
laboratory, which confirmed that the traditional fairness model cannot explain the deviations. A
viable model could combine the fairness factor with mental accounting to explain the difference.
Another direction is to explore the way competition affects the equilibrium. For example, Apple
may select at least two vendors to assemble its iPhone, and the competition may affect the quality
problem. The third possible future direction could be an analysis of an alternative supply chain in
which the supplier acts first to manufacture, and then the buyer acts second to produce the final

product using the components the supplier provides.
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Figure 3.14 Heterogeneity in Negotiation Treatment.
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CHAPTER 4

REMANUFACTURING PROBLEM

The full title of this chapter is Strategic Remanufacturing under Competition
This chapter is a working paper co-authored by Zhongwen Ma,” Ashutosh Prasad and Suresh P.
Sethi. Zhongwen Ma and Suresh P. Sethi are from The University of Texas at Dallas, and Ashutosh
Prasad is from University of California, Riverside.
4.1 Model

Consider two firms, 1 and 2, competing for sales. For both firms, the production costs of a
new product and a remanufactured produce are c, and c, respectively, where ¢, > ¢,.. Firm i €
{1,2} sets the quantity g,,; (or alternatively and equivalently, the price p,,;) of its new product, and
q,; of its remanufactured product, if the latter is offered. Note that while both firms of course offer
their new product, it is possible for either firm to also offer or not offer a remanufactured product.
We denote firm i’s optimal profit under a specific remanufacturing strategy as m;(x,y), where x €
{n,r} and y € {n,r} denote the strategies of the firm and its rival, where n denotes that a firm is
providing only the new product and r denotes that it is providing both new and remanufactured
products.

The sequence of events is as follows: Firms invest in their remanufacturing capability.

Next, firms move concurrently on pricing decisions for their new products and, if offered, their

7 Corresponding author. Zhongwen “Owen” Ma (owenma@utdallas.edu) is a Doctoral Candidate in Operations
Management; Ashutosh Prasad (ashutosh.prasad@ucr.edu) is Professor of Marketing; and Suresh P. Sethi
(sethi@utdallas.edu) is Eugene McDermott Professor of Operations Management. The authors thank seminar
participants at the 2012 INFORMS International Conference in Beijing for helpful comments.
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remanufactured products. Thereafter, the prices of the new and remanufactured products for each
firm are realized and profits obtained.

Following Singh and Vives (1984), we derive product demand curves from the utility
maximization behavior of a representative consumer. Their paper considers two competing firms,
each producing one product, whereas we allow for two products, one new and the other
remanufactured, produced by each firm. Singh and Vives assume a sector of two firms producing
substitutable products, and there is a numeraire good. The representative consumer’s direct utility
function is separable in the utility of consumption of the goods and the numeraire good. The quasi-
linear utility function removes income effects, so that partial equilibrium analysis can be done.

In the Singh and Vives (1984) model, the representative consumer maximizes

2
u(q1,q2) — _leiqi’
=
(4.1)

where q; and p; are the quantity and price of the product from firm i. The utility function u(q, q,)

is quadratic and strictly concave, given by

_ B193+2Yq1q2+B295
u(q1,q2) = a1q1 + axq; — 5 . 4.2)
In our model, the representative consumer maximizes

2

U(qn1, 9n2> Q1 9r2) — o=t PniGni — 2 Pridri- (4.3)

i=1
The utility function U(qn1, Gn2, 41, 4r2) Which we propose is an extension of the Singh-

Vives utility function to include four products. That is,
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U(inJ dn2, 9r1 QTZ)
1 2 2 2
= p1qn1 T An2qn2 + Ap1Gr1 T A2 Gy — E (ﬁnIin + anqnz + ﬂrlqu

+ Brzqu + 2Yn129n19n2 + 2Vr129r19r2 + 2Vn1r19n1971 + 2Yn1r29n19r2

+ 2yn2r1qn2qr1 + 2yn2r2qn2qr2)-

However, this function has a large number of parameters to deal with, resulting in lengthy
expressions which obscure the main insights. Thus, we will make some simplifying assumptions
to focus on the key aspects of the study. We will begin by assuming that the two players are
symmetric. An example of this kind of symmetric duopoly is the competition between Verizon
and AT&T, where their products, market share, as well as service are very similar. Therefore we
have:

Any = dnz = Ano,
Ar1 = Apy = Apo,
Bn1 = Bnz £ Bn,
Br1 = Br2 £ Brs
Ynir1 = Vn2r2 = Yo-
Because the two players are symmetric, the substitutability between new and remanufactured
products are symmetric, to the extent that the impact of the remanufactured product has identical
impact to the consumer’s utility regardless of which remanufacturer it comes from. An illustrative

example would be remanufactured iPhone that is either sold through Verizon or AT&T.

—_— A
Ynir1 = Vn1r2 = Yo»

—_— A
Yn2r1 = Vn2r2 = Yo-
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With these simplifications, we get the utility function:

U(inJ dn2, 91 QTZ)

= ano(Gn1 + qn2) + ao(qr1 + qr2)

1 .
- E(ﬁnqrzll + ﬂnqrzlz + ﬁrqgl + ﬁrqu + 2Yn129n19n2 + 28r12Gr19r2

+ 2Y00n19r1 T 2Y0qn1r2 t 2Y0n2qr1 + 2Y0qn2Gr2)-

Upon maximization by the representative consumer, the first order conditions will produce

the following four price functions (or inverse demand functions):

Pn1 = Uno — Bnln1 — Yn12qn2 — Yo(@r1 + dr2),
Pr1 = Qo — qurl —Vr129r2 — yO(qnl + an)’
Pnz = Uno — Bnlnz — Yn124n1 — Yo(@r1 + dr2),

Pr2 = Qpo — qurz —Yr124r1 — yO(qnl + an)'

In subsequent analysis, we will focus on a particular case where the following two additional
conditions are met:
Condition 4.1) The price functions have the same slope with respect to the underlying product,i.e.,

Br = Bn = Bo,
Condition 4.2) The price functions have the same slope with respect to the competing product from
same category. By product category, it is either new or remanufactured, i.e.,
Yniz = Vr12 = V12;

The motivation is that when the linear demand functions are describing products close to each
other, their demand will also be alike.

Now the utility function is:

80

www.manaraa.com



U(qn1, 9n2, 9r1, Gr2)
= Uno(qn1 + Gn2) + Ao (Gr1 + Gr2) — %(qrzu +qrz + G4 + q72)
+Y12(Gn19n2 + 9r19r2) + Y0(@n19r1 + Gn1Gr2 + Gn2qr1 + qnaqra)-
There are two sets of interaction terms in this utility function. The coefficient y;, measures the
competitive intensity or substitutability within the same category of products (product category is
either new or both remanufacture). In contrast, y, measures competitive intensity or
substitutability across different product category. Finally, it should be the case that a,,y > a,,1.€.,
a brand new product will give more utility ceteris paribus than a remanufactured product. This is
clear from the lower market prices charged for used, refurbished, certified pre-owned and other
forms of remanufactured products compared to new products.
To focus on the effects of substitutability from competing products, we normalize the

utility function with respect to 5y, and have:

1
U(inf dn2, 9r1, CIrz) = an(qnl + qnz) + ar(qu + QTZ) - E (q1211 + qrle + qgl + qu)

—B(@n1n2 + 4r19r2) — Y (@n19r1 + Gn1Gr2 + Gn2qr1 + Gn2qr2)- (4.4)
where we define:
B £ v12/Bo
Yo/Bo

>

14
an = anO/ IBO
ar = aro/Bo
Let us consider what these coefficients represent. The coefficient f measures competitive

intensity or substitutability within the same category of products (product category is either new
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or both remanufacture). Therefore f is same-category-products-substitutability-parameter. In
contrast, y measures competitive intensity or substitutability across different product category.
Therefore y is different-category-products-substitutability-parameter. Finally, a, > «,., since as
mentioned a new product gives more utility ceteris paribus than a remanufactured product.

Next, to determine the conditions for the utility function to be concave with respect to
n1> 9r1) Qn2, 9r2» We check whether its Hessian matrix is negative definite. It is straightforward to
confirm that all of principal minors of the Hessian meet the requirements for the Hessian matrix
to be negative definite if the following conditions hold:

1-8>0, 1+p>2y% 1+p>2y.
Furthermore, these conditions for the utility function to be concave are all satisfied if,
1>8>y>0,

which we will assume henceforth. The requirement that § > y is reasonable because substitution
effects from the same category of the products should always be larger than the competition from
different product category. Because f £ y;,/P, and y £ y,/B, , therefore 1 > fand1 > y
indicate that the slope of a product price is higher to the underlying product quantity, compared
with completion product. Moreover, § > 0 and y > 0 indicate that the slope of price is negative:
the more the quantity, the less the price.

Upon taking the first-order condition of the representative consumer’s utility maximization
problem with respect to quantity choices, we obtain a linear demand structure which can be

arranged into the following price (or inverse demand) functions:
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Pn1 Un qn1 n2 r1 + qr2

Pri | _ [ r dr1 _ﬁ dr2 qn1+Qn2 (4 5)

Pn2 | | Qn qn2 qn1 Y qr1 + 92

Dr2 ar dr2 qr1 An1 + qn2
Since the margins for the products p,, — ¢,, and p,. — ¢, should be positive, we require that

a, > ¢, and a, > c,. We next invert the inverse demand equations to obtain the demand

functions:
an1 an a
@+pr-a| | =a+plg |-2r| o |+
Ar2 r ®n
_ o2 2_p2
(14;3_32)/ ) y [3+pi_32y y
R~ [
2_92 (14 B—2v2
ﬁ-lf—ﬁzy 4 (1+1B—B2y ) Y 5:22
S A

(4.6)

Finally, we impose conditions to ensure that the demand functions behave in a typical
manner to price changes, i.e., that they are downwards sloping with respect to own price and
increasing in the prices of competing products. This condition is given in Lemma 1 and thus we

assume that the required condition (1 + f)a, > 2ya, holds henceforth.

Lemma 4.1 If and only if (1 + ), > 2ya,, then positive demand is possible for each product

and the demand functions will behave typically to price changes. (Proofs: See appendix.)
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4.2 Analysis
In the previous section, we developed the demand functions which are functions of the
prices of new and refurbished products on the market. We stated assumptions needed to ensure
that the utility, demand and profit functions have reasonable properties. We may now proceed with
the analysis of firms’ behavior. We first analyze a centralized market where a monopoly controls
both firms and thus all four products. Thereafter we will analyze the duopoly equilibrium behavior
when the two firms are independent.
4.2.1 Monopoly
As a benchmark, we consider a monopoly and begin by deriving the results when
remanufactured products are not provided. This is the Singh-Vives model of two products, but

with a single firm selling both products. The firm’s profit function is,

m(n,n) = m%X (Pn1 — ) qn1 + (Pnz — Cn)n2>

dn1.9n2

i.e., the sum of the profits from the two new products. The firm maximizes its objective with
respect to quantities because prices are inverse demand functions that depend on quantities as
discussed in the previous section. The prices can be obtained by modifying equation (4.5) so that
the quantities of the remanufactured products sold are zero. In other words, the inverse demand
functions are:
Pn1 = Qn = qn1 = Bqnz and ppy; = @n — Gz — Bqn1-

Substituting these into the objective function and performing the optimization, we find that the
optimal quantities are q,; = qn, = (@, — ¢,,)/2(1 + B). Inserting back into the profit expression

yields,
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(an_cn)z _ m721

201+8)  2(1+PB)

n(n,n) = 4.7)

as the optimal profit where we defined,

This m notation is useful and occurs often. It is related to the profit margin of a product, as
it is the highest feasible price minus the marginal cost of the product.
Next, we proceed to solve the monopolist’s profit maximization problem when

remanufactured products are also provided. In this case, the objective of the firm is given by,

TT(T, T‘) = max (pnl - Cn)in + (Pnz - Cn)qnz + (prl - Cr)er + (Prz - Cr)Qrz —F,

dn1,9n2,9r1,9r2

where F is the investment in remanufacturing capability. The inverse demand functions derived
earlier in equation (4.5) are substituted into this objective function and it is maximized with respect
to the quantity decisions. The optimal quantities are obtained and inserted back into the objective

function to yield the firm’s optimal profit, which is obtained to be

_ (1+B)(mn2+mr2)_4ymnmr
m(rr) = 2(1+B)? 877

(4.8)
where m, = a, — ¢,,and m, = a, — ¢,.
It is now possible to compare the optimal monopoly profits from providing remanufactured
product or not from equations (4.7) and (4.8). The difference is given by,

(ymp—(1+B)m;)? _
2(1+B)*-8(1+p)y? k. 4.9)

n(r,r) —n(n,n) =

Theorem 4.1 Under a monopoly, when F=0, the manufacturer prefers remanufacturing to no

remanufacturing. This preference is strict if 2ym,, — (1 + )m, # 0.
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The insights of Theorem 4.1 are reasonable given that in a single decision-maker scenario,
offering an additional option (of remanufactured products) will at least dominate not having that
option, because the quantity of remanufactured products can be set to zero. In that case, the firm
will achieve the same profit as the case without remanufactured goods, and possibly it can achieve
more. Indeed, when 2ym, — (1 + f)m, # 0, the firm is strictly better off from providing
remanufactured products due to capturing more market share which outweighs the disadvantage
of cannibalization of new product sales.

4.2.2 Competition without remanufacturing

We now consider the case of competing independent manufacturers. For comparison
purposes, we begin again with the scenario where the firms do not provide remanufactured
products. Each firm i € {1,2} maximizes its objective function, which is (p,; — ¢,)qni - The
inverse demand functions when only the two new products compete have already been mentioned
in equation (4.5). We substitute these into the objective functions and then differentiate with
respect to the quantity decision to get the reaction function for each firm. Due to symmetry, the

equilibrium values are
Gn1 = Gnz = 3,5 (4.10)

The equilibrium profit for each firm is denoted as w(n, n) (because of symmetry, the subscript i is

dropped) given by,
mi
n(n,n) = iR 4.11)

Remark 4.1 The equilibrium profit function is decreasing and convex in the products-

substitutability-parameter 3.
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The basic intuition for Remark 4.1 is that more substitutable products have a greater
downward effect on profit of competing products. Each individual firm’s profits and the sum of
their profits are less than that of the monopolist in the corresponding scenario.

4.2.3 Competition with remanufacturing

When both firms provide remanufactured products, the inverse demand functions are given

by equation (4.5). Each firm maximizes its profit function, which for firm i is given by the

expression

T (r,7) = max (Pn; — Cn)qni + Ori — ¢ )G — F.

AniQ9ri

After making the appropriate substitutions, the necessary conditions for maxima yield the optimal

demand decisions

_ _ mu(2+B)-3myy _ _ my(2+4B)-3myy
In1 = Gn2 =~ g2 g2 » I =42 =" 5002 (4.12)

The following conditions are required. Assumptions (4.A)~(4.C) we have discussed earlier.
Assumption 4.A: (1 + B)a, > 2ya,, together with,
Assumption 4.B: a,, > a,, implies:

antanB-2a,y art+arf-2a,y
gz > 0y > 0

Assumption4.C: 1> >y > 1.

Assumption 4.D: m,(2+ ) — 3m,y > 0; m.(2+ B) — 3m,y > 0 . This assumption
ensures that demand for the corresponding product is nonnegative. Given that the profit
function is concave, the optimal demand will be zero rather than negative, which is equivalent

to not offering that product at all.
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The optimal profits when both firms choose remanufacturing are denoted as m(r,7) for
each firm due to symmetry. This is given by

2(B—-4)(2+B)y+18y3
((2+B)2-9y?)?

(2+B)2-3(1+2B)y?
ﬂ'-(rJ r) = ((2+/3)2—9Y2)2 (m‘l’lz + m‘rz) +

(mnmr) —F.

Rearranging terms, we have:

(ma+2ympme+m?2)[(2+B) -3y 12+6(2+p)y (1-y)(myp-m,)?
((2+B)%2-9y?)? )

n(r,r) = —F +

which is positive when F = 0 since 0 <y < 1.
4.2 4 Equilibrium in the Supergame

So far we have considered scenarios where the available remanufacturing strategies of the
firms, specifically whether remanufacturing is allowed or not, is exogenous. In this section, we
consider the equilibrium in the super-game when the firms make the decision of whether or not to
offer a remanufactured product.

Assume that firm 1 decides to invest in the capability to remanufacture while firm 2 does
not. (The case that firm 1 decides not to have the capability to remanufacture while firm 2 does

will have the same conclusion with an appropriate change of notation.) We have the linear inverse

demand functions from a modification of equation (5):
Pn1 = n = Qn1 — BGnz — Yqr1>
Pnz = An = Bn1 — qnz — Yqr1>

Pri = Qr — (qr1 — )/(qnl + qnz)'

Denote the profit of the firm which does not provide a remanufactured product, given that

its rival does provide it, as m(n,r), and the profit of the firm which provides a remanufactured
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product, given the rival does not provide it, as (7, n). Therefore, the profit functions of firm 1

and firm 2 subject to the above inverse demand functions are, respectively,

(r,n) = qrri«'éxl(pm = Cn)qn1 + (Pr1 — €r)qr1, and

m(n,7) = max (Pnz = Cn)qnz-
Thus, m;(x,y) where i € {1,2} and x,y € {n,r} is player i’s maximum profit given its
remanufacturing strategy x and the rival’s strategy y . After inserting the inverse demand

functions, the first-order conditions for a maximum of the firms’ problems yield the following

equilibrium demand functions:

In1 ) vita-26 yB-9
(q”) T 8-2p2-10y2+4By? —3y2-p) 4-p (mr)
> 4—2p-2y* —2y(1-p)

Substituting these into the profit functions of each firm, we get the optimal profit for each

firm. Then Table 4.1 provides the profit for each subgame.

Remark 4.2 From Table 4.1, if Vi, m;(n,n) > m;(r,n), then both firms not remanufacturing is a
pure strategy Nash Equilibrium. If Vi, ;(r,7) > m;(n,7), then both firms remanufacturing is a

pure strategy Nash Equilibrium.

To assess whether (n,n) is an equilibrium, we examine the incentive of each firm to
deviate from this strategy. If my(r,n) — m;(n,n) (and by symmetry m,(r,n) —m,(n,n)) is
negative, then (n,n) is a pure strategy Nash Equilibrium. To assess whether (r,7) is an

equilibrium, we examine the incentive of each firm to deviate from this strategy. If m,(n,7) —
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m,(r,7) (and by symmetry m,(n,r) — m,(r,7)) is negative, then (r,7) is a pure strategy Nash

Equilibrium.

4.2.5 Numerical Analysis

Because of the complexity of the profit expressions, it is difficult to give an explicit solution
of the super-game. Therefore, we resort to numerical analysis to shed some light on the
characteristics of the equilibrium. Consider ¢,, = 0.1, ¢, = 0.05,a, = 1,a,, = 0.7,and F = 0.

Table 4.1 Matrix of subgame equilibrium payoffs

Firm 2 does not remanufacture (n) Firm 2 remanufactures (r)

(m,(2-B-y*)—(1-B)my)*

mOD T G s+ 2By
Firm | does not N 1
remanufacture m(n,n) = —2— vi € {1,2}. m(rn) =—-F+ 44— B -5y + 2By7) *

- @+ (((68 = 11)y"* + 4(8 — 2)* —y* (B — 2)(38 — 2))m,*
+((B? - 4)? +y?(16 + B2(28 — 9)))m,?
+(48 + B(4B — 34))y* — 2(24 — 168 + B*)y)m,m, ).

1

) == a5y 2py <

P+2 22 -3y )?
et | (@811 448 -2~y @ -G8 -29m,e | mlnr) = TEE TR - [;yz;f) a
remanufactures +((B? —4)* +y* (16 + B7 (28 — 9))m,* 6(2+ By (1 —y)(m, —m,)?
” +(48 + (48 — 34))y* — 2(24 — 168 + B¥)y)m,m, }. @+ B -9y
—B—y')—(1— vie (1,2}
7, (n,r) = (m.(2-g-y*)-(1 B)mrr)’.

(4= 7 =577 + 28y°)?
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Figure 4.1 is a phase diagram that shows the parameter values for which different equilibria

occur. (The white areas in Figure 4.1 are ruled out due to Assumption 4.A~4.D. The remaining

areas meet those assumptions.)

From Figure 4.1, we observe that when £ is small, firms reduce their profits by unilaterally

deviating from (n,n) where neither is remanufacturing.® This indicates that both firms

remanufacturing will be an equilibrium for small 8. From Figure 4.1, we also observe that both

firms doing remanufacturing can be an equilibrium.

LOF

0.8}

0.6

04+t

0.0t

Per Remark 1,
ruled out because
y<pis required

Per Lemma 4.1, ruled out because

T 1+ Ba, — 2ya, > 0 is required

Both remanufacturing

- ()

0.0

B

0.8

1.0

Figure 4.1 Phase Diagram for Equilibrium Strategies

Figure 4.2 compares the firms’ profits when both firms remanufacture versus when neither

remanufacture.

¥ We also verified Fig 4.1 using a grid of 8 and y values and the game theory software “Gambit” to ensure that all possible equilibria,
including mixed strategy equilibria were numerically obtained.
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From Figures 4.1 and 4.2, we observe that when y is large, although in equilibrium both
firms remanufacture, they can be worse off compared with the scenario that neither of them
remanufacture. This prisoner’s dilemma arises because of competition. It is shown in the region
of Fig. 4.2 where m(n,n) > n(r,r).

In the next section, we add further theoretical analysis of the problem to shed light on the

observations from the numerical analysis.

_ Per Remark 1, / Per Lemma 4.1, ruled out because
08+  ruled out because / - (14 pB)a, — 2ya, > 0 is required
y<pis required

r(n,n) > n(r,r).
Equilibrium is (7, r).
Prisoner’s Dilemma

Figure 4.2 Comparison between 7 (r,r) and 7(n,n)

4.3 Analysis when competition is present
We showed numerically that both firms remanufacturing is an equilibrium for small f
while neither firm remanufacturing is an equilibrium for large . Furthermore, it is possible for

some values of § that remanufacturing occurs because of the Prisoner’s dilemma argument. It is
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worthwhile to compare the profits under each scenario to get better bounds on the [’s that delineate

these outcomes. We look at the profit difference m(r,r) — m(n, n) and attempt to sign it.

Theorem 4.2 Compared with not remanufacturing, remanufacturing may benefit or hurt firms

3ymp

according to the following rule. If m,, <m, orym, >m,forf < f; £ — 2 but f not too

small, firms will be better off, while for § > f; but  not too large, firms will be worse off. By
contrast, if ym,, < m, < m,, for f < f3;, but B not too small, firms will be worse off, while for

S > 1 but 3 not too large, firms will be better off.

The parameters m,, = a, — ¢, or m,, = a, — ¢, measures the profitability margin of a
product. Compared with new products, remanufactured products that have intermediate
profitability (but less than that of new products) will hurt firms in fierce competition, but may
benefit firms in moderate competition. The reason is that with comparable but less profitability
compared with new products, remanufactured products will intensify competition. Therefore,
when there is more competition, the disadvantage of competition increases, which more than
offsets the benefit of product differentiation.

By contrast, if the profitability of remanufactured product is small or large, the conclusion
is reversed. The reason is that significant difference of profitability will hurt the new products with
less competition, because fierce competition in remanufactured product will enhance
cannibalization effects. However, when competition between new products is strong,

cannibalization effects will be alleviated.
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4.4 Comparison between monopoly and duopoly
Under duopoly, when prisoner’s dilemma is present, decision makers will have one of
following two cases in equilibrium:
e both firms choose not to offering remanufactured products, but could have been better off
by offering remanufactured products.
e both firms choose to offer remanufactured products, but could have been better off by not
offering remanufactured products.
Either of the above two cases, the total optimal profits are no better than the scenario of no
remanufacturing in equilibrium.

Note that under duopoly, the total optimal profits of the two players without

m#

2(1+8) °

2m3

2+p)%’

remanufacturing are while the optimal profit for the monopoly is The former is

smaller than the later given the fact that 0 < § < 1. We thus have the following theorem.

Theorem 4.3 Under prisoner’s dilemma, monopoly’s profit is greater than the sum of the duopoly

profits.

Thus, in terms of total profits, monopoly will be better than monopoly without
remanufacturing, which is in turn better than duopoly without remanufacturing, which is in turn
no worse than any case when prisoner’s dilemma occurs.

4.4 Conclusions

In this paper, we have studied the impact of remanufacturing on the sales of new product

under competition. On one hand, the cannibalization effect from remanufactured products hurt the

firm. On the other, remanufacturing can provide advantages and be an effective marketing strategy
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to offer products that satisfy different preferences and gain competitive advantage. In this paper,
we analyzed the tradeoff with a utility based model. We derived the demand functions from
maximization of a direct utility function of a representative consumer to capture preferences on
new products and remanufactured products. We provided an extensive evaluation from the
perspective of competing firms as to how the strategy of remanufacturing will be affected by
different exogenous factors, such as market parameters, competition, substitutability, production
cost as well as remanufacturing cost.
In summary, we have following managerial insights:
e Remanufacturing option does not hurt but helps a monopoly manufacturer as long as the
costs of providing the remanufactured version are sufficiently low.
e Two competing manufacturers may be worse off by adopting remanufacturing options.
e Due to competition, the equilibrium can be for both firms to offer remanufactured versions
even though the situation where neither are remanufacturing is more profitable.
One path for future research direction is to consider asymmetric firms. Other possible
directions that are worth exploring include models considering uncertain demand, capacity

constraints, as well as the impact of a decentralized supply chain.
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APPENDIX

Appendix for Chapter 2: Hold-up problem
A2.1 Proof of Proposition 2.3

To find P;_;(py|qy), buyer i solves the optimization problem:

Pi(glfﬁ)éy) IE[“B (Pi (PH|QH))]

We assume that seller does not reject offers when it is dominated to do so in the dynamic setting.
Therefore, rejections do not depend on A or on P;(py|qy)). Rewriting the objective function for

the optimization problem above and setting its decision variable P;(py|qy) = x gives

{ e[Y+Z((1—}\)P_i(pH|qH)+xx)]r

eest + e[Y+Z(<1—A)P_i(pH|qH)+xx)]r} [((vy —p)x + (vy —p )X —x)(1 = 6) + C6

— (vy —pu)xd —egl + 1, (A1)
where C, Y and Z are constants that we define to simplify the expressions:
Y:PL_C_a((1—5)(VH—VL)+(VL —2p, +C)),
Z=py—p,—aly—2py+c)* +alvy —2p, +0),
and C = P(p,, A)(v, —p,) + P(p, R)(w,) = (v, — p).

The first order condition (FOC) of expression (A1) with respect to decision variable x is

{ (y = pi) = (g — pp)) el +2A-DP-ibulai e (1 — 5) }
+eSTAZ(CS —eg)T— (vy —p)(A—6)A—Z(A —x)TA) + (vy —pr)(1 — 6)(A + ZxTA)]

2
oY +2(A-DP_pulam+xd)]x (ereg n e(Y+Z((1—A)P_i(m1|qH)+xh))f)

=0.

Because the denominator is strictly positive, we restrict attention to the numerator denoted as F (*).
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x__fasy

According to the implicit function theorem, x is increasing in A, iff 1= 7
X

We show that F, is negative while F; is positive for x < P_;(py|qy), where

F, = (eves 4 o7 (r+20AP-inian)-2r-onia))) 7(1 — §)22(p, — py) ,

F, = ZTer(Y+Z(xA+P_i(pHIqH)—AP_i(PHICIH))) ((PL —py) (1 — 5)(x — P—i(pHIqH)))

+ Z1e®™{6C + x(1 = 8)(vy —pu) + (1 —x)(1 — 8)(vy — pL) — e}

F, is negative because Z > 0,p, < py and (1 — &) > 0.

Since p;, — py < 0 for x < P_;(pylqy), the F,is positive if 6C + x(1 —8)(vy —py) + (1 —

x)(1 = 8)(vy —pL) —eg > 0. Because - (1 — x)(1 — §) < 0, therefore

—6C+x(—1+8)wy—py) + (-1 +x+35—x5)(vy —p.) +ep

<=6C+x(=1+8)wy—py) +(—1+x+85—x5)(vy —py) +ep
=—6C+ (—1+8)(vy —py) +ep

=—=6(, —p)+(-1+8)(vy —pu) tep

The above expression is negative, which follows from the assumption that §(v, —p.) +

(1 —8)(vy — py) > ep in Section 2.1. We also checked the second order condition of (Al) to

verify that the solution of the optimization problem is a maximum by showing that implicit

function theorem when x < P_;(py|qy) is sufficient for the global maximum.
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A2.2 Individual Heterogeneity
We calculated average P(py|qy) and P(py|q,) for the buyers, as well as average production and
rejection rates for the sellers. Figure Al shows the distributions of average P(pylqy) and

P(pylq.) for individual buyers.

16 16 16
14 14 14
12 12 12
10 10 10
8 W iow Quanity | g B low Quanity | 8 M Low Quanity
6 O High Quality 6 OHigh Quality | O High Quality
4 4 4
2 2 2
o 70 AP 13 WIS Y YT
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
(a) Impunity Treatment (b) Reciprocity Treatment  (c) Reputation Treatment

Figure A1 Distributions of average P(py|qy) and P(pylqy).

Figure A2 shows the distribution of average production rates for individual sellers.

S

N

5 5 5
4 4
3 3 3
2 2
| I 1 II III
LI I 1l 1in.
0 05 0.25 05

0 0
0.25 0.75 1 0 0.25 0.5 0.75 1 0 0.75 1

(a) Impunity Treatment (b) Reciprocity Treatment  (c) Reputation Treatment

Figure A2 Distributions of average production rates.
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Figure A3 shows the distribution of average rejection rates for individual sellers.

8 8 8

7 7 7

6 6 6

5 5 5

4 4 4

3 3 3

2 2 2

h ki

, : i . ||| -

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

(a) Impunity Treatment (b) Reciprocity Treatment  (c)Reputation Treatment

Figure A3 Distributions of average rejection rates.
A2.3 On-line Appendix, Experimental Instructions (reputation treatment)
This is an experiment in strategic decision making. If you read these instructions carefully and
make good decisions, you may earn a considerable amount of money. The amount of money you

make will depend on your decisions as well as the decisions of other participants.

How your role will be determined
At the beginning of the session you will be randomly assigned to one of two roles: Seller or Buyer.

Your role will remain the same for the duration of the session.

How you will be matched with other participants
At the beginning of each round you will be randomly matched with another participant in the room
with a different role. You will be matched with a different person in each round. The session will

last 100 rounds.
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How you earn money
All earnings will be measured in units of experimental currency (ECU), which will be converted

to US dollars at the end of the session.

This experiment involves the potential production and transfer of a virtual product. In each round,
the Seller has to decide whether or not to produce the product. If the Seller chooses Not Produce,

the round ends with both players earning 2 ECU.

Reputation
Before making production decision, the Seller will know the current Buyer’s reputation. This is

the proportion of time that the Buyer offered a high price in the past.

Production

If the Seller chooses Produce, the Buyer determines whether the quality of the product is high or
low. There is an 80% chance of high quality and 20% chance of low quality. A high quality
product is worth more to the Buyer than does the low quality. Note that only the Buyer knows the

product quality; the Seller does not.

After observing the product quality, the Buyer decides whether to offer the Seller a high price or

a low price.
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After observing the Buyer’s price but not the product quality, the Seller decides whether to accept
or reject the offer. If the Seller accepts the offer, the earnings depend on the price the Buyer offered

and the quality of the product:

If the price is high and the quality is high, both players earn 5 ECU.
If the price is high and quality is low, Buyer earns -2 ECU and Seller earns 5 ECU.
If the price is low and the quality is high, Buyer earns 8.5 ECU and Seller earns 1.5 ECU.

If the price is low and the quality is low, both players earn 1.5 ECU.

If the Seller rejects the offer, the earnings depend on the quality of the product:
If the quality is high, Buyer earns 9 ECU and Seller earns 1 ECU

If the quality is low, Buyer earns 2 ECU and Seller earns 1 ECU.

Information you will see at the end of each round

At the end of each round the Buyer and Seller will see:
Current Period

Buyer’s proportion of high price in the past

Seller’s production decision (Produce or Not Produce)
Product quality (Only observed by Buyer)

Buyer’s payment decision (High or Low price)
Seller’s accept/reject decision

Earning’s of this period
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It is important to note that the Buyer will see product quality (High or Low). The Seller will not
see the product quality. However, the Seller will see the Buyer’s reputation, which is the proportion

of time that the Buyer offered a high price in the past.

How you will be paid
At the end of the session the actual earnings from the game will be converted to US dollars at the
rate of 20 ECU for $1 US dollar. These profits will be added to your $5 show-up fee, displayed on

your screen, and paid to you in cash at the end of the session.

Appendix for Chapter 3: Quality problem

Instructions for Supplier Investing Treatment

Instructions

This is an experiment in economic decision making. If you read these instructions carefully and
make good decisions, you may earn a considerable amount of money. The amount of money you

earn will depend on your decisions as well as the decisions of other participants.

How your role will be determined
At the beginning of the session you will be randomly assigned one of two roles: The Supplier or
the Buyer. Your role will remain the same for the duration of the session.

How you will be matched with other participants
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At the beginning of each round you will be randomly matched with another participant in the room
with a different role. You will be matched with a different person in each round. The session will

last 50 rounds.

How you earn money
All earnings will be measured in experimental currency units (ECU), which will be converted to
US dollars at the end of the session. This experiment involves investment on system quality to

reduce the number of defective units.

Production

In each period, the Buyer order 100 units from the Supplier at a unit price of 4 ECU. The Buyer
will sell the product at the unit retail price 6 ECU. The Supplier’s production cost for each unit is
2 ECU.

Some of those products are defective. Of the 100 units, the initial number of defective units is 80.
Each defective unit costs the Supplier 2.1 ECU and the Buyer 0.9 ECU.

Both the Supplier and the Buyer can reduce the number of defective units by making an

investment.

The investment cost of reducing the number of defective units
The lower the number of defective units, the more expensive it is to decrease the number of
defective units further. The Buyer decides the target number of defective units first. The Supplier

will observe the Buyer’s selected target, and then decides whether to reduce the defects further. At
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the end of these instructions, we provided tables that calculate the investment cost of improvement
for various target numbers, for both the Buyer and the Supplier. A calculator that calculates your

exact investment cost of improvement is also provided on your computer screen.

Decision sequence

The Buyer moves first and decides his target number of defective units. Then, observing the
Buyer’s decision, the Supplier decides the target number of defective units of the system.

Lastly, the number of defective units is realized according to the level the Supplier chose and both
players see their earnings from the period. The profit for each player is:

Profit = Revenue — Cost due to defective products

- Investment cost of reducing the number of defective units

Example

For example, if the Buyer reduced the number of defective units from 80 to 44, the cost to the
Buyer is 59.8 ECU. If the Supplier further reduces the number of defective units from 44 to 33,
the cost to the Supplier 28.8 ECU.

Buyer Profit = 200-33*%0.9-18.8=70.9

Supplier Profit = 200-33%2.1-21.8=141.5
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How you will be paid

At the end of the session the actual earnings from the game will be converted to US dollars at the
rate of 400 ECU for $1 US dollar. These profits will be added to your $5 show-up fee, displayed
on your screen, and paid to you in cash at the end of the session.

Table A1 Buyer’s investment cost of improvement
Buyer's target 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5

Buyer's cost 00 2.6 53 83 115150 18.823.027.733.1 39.246.555.567.0 8321109

Table A2 Supplier’s investment cost of improvement
Supplier's target
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
80 00 26 53 83 11.5 150 18.8 23.0 27.7 33.1 39.2 46.5 555 670 83.2 110.9

75 — 00 28 5.7 89 124 162 204 25.1 305 36.7 439 52.9 64.4 80.6 1083
70 — -— 00 30 62 96 135 17.7 224 27.7 339 412 50.1 61.6 77.8 105.6
65 —— - -—— 00 32 6.7 105 14.7 194 248 309 382 47.1 58.7 749 1026
60 - - - - 00 35 73 115162216277 350 439 555 71.7 994
55 - -—- -- -—- -— 00 38 80 127 18.1 242 31.5 40.5 52.0 682 959
§ 50 — — — - —- —- 00 42 89 143204277 367 482 644 2.1
§ 745 - - - - = = - 00 47 10.1 162 235 324 439 602 87.9
§ 40 -— - - - - -— -— -— 00 53 115 18.8 27.7 392 555 832
2 35 - - - - - - = = 200 62 135224339501 778
30 - — - - - — - — - — 00 73 162277439 717
25 —— - - - - - - — - — - 00 89 204367 644
20 - - - - - o - - = = —— - 00 115277 555
15 — - - - - - - m - - — - —— 00 162 439
10 — - - - - o - o - - — — 00 277
s - . - . . - - - T T T T T/ o0
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Appendix for Chapter 4: Remanufacturing problem
Proof of Lemma 4.1

Examining each of the demand functions, the first term in each demand function when the
prices are all zero (i.e., market potentials) are positive if and only if,

antapf-2a,y art+arf-2any
gm0 Ay

> 0.
This occurs if and only if @,-(1 + ) > 2a,y. This gives the condition in Lemma 1 because the
other conditions are implied.

The demands are decreasing in own price, and increasing in the rival product price if and

only if,

(1+B-2y?) (B+p2-2y?) %
papan > O asparpan > O G > 0

Simplifying these, we have the requirements
B+ p*—2y*>0,a,(1+B) —2a,y >0,and 1 + g — 2y > 0.
The last inequality is always satisfied since 1 > f# > y. The first inequality is implied from the
third. Finally, the middle inequality holds because a, > «,.
|
Proof of Theorem 4.1
Because 1 > 8 >y, we can show that 2(1 + )3 — 8(1 + B)y? = 0. Furthermore, in

(Zy(an_cn)_(1+ﬁ)(ar_cr))2
2(1+8)3-8(1+B)y?

n(r,r) —n(n,n) = , the numerator is a square and hence nonnegative.

Thus, the entire expression is nonnegative. Moreover, (7, ) = m(n, n) if the numerator is zero,
ie.,if 2y(a, —¢c,) = (1 + B)(a, —c;).

106

www.manaraa.com



Proof of Theorem 4.2
Firms are indifferent between adopting remanufacturing strategy and not adopting it iff

n(r,r)(B) — m(n,n)(B) = 0. Therefore, we have,

0= ( —2¢, + 20, + 3¢,y — 3any> a, —C,
=\F s @+ B =92 + PrD)?

(2 + ﬁ)z(zﬁ - 5)}/(0!,1 - Cn) + (2 + :B)S(ar - Cr)
_3(2 + .3)(1 + Zﬁ)yz(ar - Cr) + 27y3(an - Cn) .

—2Cr+2ar 3V =3V The second term IS
Cr—ar ’ ((2+B)3-9(2+B)y?)?

The first term yields the root 5; =

is always positive. The third term yields all the other possible roots of 3. Substituting root f; into
the third term, we have,

54’)’3 (an—cn)(@n—cn+ar—cy)

(ar—cy)?

((an = cp) = (ar =) (¥ (an — ) — (ar = ¢7)).

The above term is positive if a, — ¢, < a, — ¢, or y(a,, — ¢,) > a, — ¢,.. Therefore, for f < B4,
firms will be better off, while for § > f; and £ not too large, firms will be worse off. By contrast,
if we have y(a, — ¢,,) < a, — ¢, < @, — ¢y, then for f < f;, firms will be worse off, while for
p > B, with § not too large, firms will be better off.
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