London
Business

School

LBS Research Online

N Jain, S Hasija and S Netessine
Supply chains and antitrust governance

Article

This version is available in the LBS Research Online repository: https://1lbsresearch.london.edu/
id/eprint/1493/

Jain, N, Hasija, S and Netessine, S
(2021)
Supply chains and antitrust governance.

Management Science, 67 (11). pp. 6822-6838. ISSN 0025-1909
DOI: https://doi.org/10.1287/mnsc.2020.3833

INFORMS (Institute for Operations Research and Management Sciences)
https://pubsonline.informs.org/doi/10.1287/mnsc.20...

Users may download and/or print one copy of any article(s) in LBS Research Online for purposes of
research and/or private study. Further distribution of the material, or use for any commercial gain, is
not permitted.


https://lbsresearch.london.edu/view/lbs_authors/2268533.html
https://lbsresearch.london.edu/id/eprint/1493/
https://lbsresearch.london.edu/id/eprint/1493/
https://lbsresearch.london.edu/view/lbs_authors/2268533.html
https://doi.org/10.1287/mnsc.2020.3833
https://pubsonline.informs.org/doi/10.1287/mnsc.2020.3833

Online Appendix: Supply Chains and Antitrust
Governance

Nitish Jain
Management Science and Operations, LBS, Regent’s Park, NW14SA, UK, njain@london.edu.

Sameer Hasija
Technology and Operations Management, INSEAD, 1 Ayer Rajah Avenue, 138676 Singapore, sameer.hasija@insead.edu.

Serguei Netessine
Operations, Information and Decisions, The Wharton School, Philadelphia, PA 19104, USA, netessin@wharton.upenn.edu.




e-companion to Author: Online Appendiz: Supply Chains and Antitrust Governance ecl

Appendix A: Proofs

PROOF OF PROPOSITION 1. The proof consists of two parts. In the first part we show that, for each con-
tract T, the manufacturers’ strategies for choosing payment terms {v_;,v;} = {v“,v“} is a Nash equilibrium

(Claim EC.1). In the second part, we show that {v®,v®} is a unique equilibrium (Claim EC.5).

Cram EC.1. For all T, there exists no v/ #v° such that IL;([v_;,v;] = [v9,v']) > I;([v_;,v;] = [v¥,v“]);

—7 —7J

here v; denotes manufacturer j’s payment terms.

PrOOF: We first establish the two retailers’ equilibrium choices of payment terms when the manufactur-
ers payment strategy is {v®,v'}. For each contract T, we show that the retailers’ equilibrium choices are
{v_i,v;} ={v, v}, where v; denotes retailer ’s choice of payment terms. This implies that §;; + go; =0
and so II;([v®,v']) # II;[vC,v®]. Here we work with the extended contract structure T'(w, f,a,&) = f +
wq + aR(q) — £/2q¢%, where R(q) denotes the revenue generated by the purchased quantity g. Note that
T encompasses the wholesale price (WP), revenue-sharing (RS), quantity discount (QD), and wholesale
price plus fixed fee (WPFF) contract structures: WP = T(w,0,0,0), RS = T(w, 0, a,0), QD = T(w,0,0,¢),
and WPFF = T(w, f,0,0). Note also that, similar to Cachon and Kok (2010), we need to only include the
quadratic part of the QD contract; the reason is that, if the retailer orders ¢ > (w — ¢)/€, then the manu-
facturer can increase w so that ¢ = (w — ¢)/€ — that is, increase its profit by raising w without affecting the
retailer’s decision. The rest of this proof proceeds in three steps. First we show that, given T, the payment
strategy {v_;,v;} ={v/,v'} is not an equilibrium outcome for the retailers because retailer i can profitably
deviate from v’ to v¥; formally, m;([v_;,v;] = [v/,v']) < m([v_;, vi] = [v/,v“]) (Claim EC.2). Next, we show
that {v_;,v;} = {v°,v“} is an equilibrium outcome because retailer i would earn less profit by deviating from
v9 to v m([vos, vi] = [v9,v]) < mi([v_s, vi] = [v©,vC]); this is Claim EC.3. The combination of Claim EC.2
and Claim EC.3 establishes that, for each retailer, v is an equilibrium choice under 7. Finally, we prove

the same result for the minimum order quantity (MOQ) contract structure (Claim EC.4).
Cramv EC.2. Under T, we have 7;([v_;,v;| = [v',v']) < m;([v_;, vi] = [v/,vE]).

PrOOF: We first characterize the optimal purchase order quantities §;and §-; under T, after which we
complete the proof by showing that G([v,v']) =1L, [v/,v'] + 7, ([v/,v']) — mi—; ([v/, vC]) < 0. Note that the
inequality G([v®,v']) <0 implies 7, ([v/,v]) < m;([v’,v®]) because, by definition, IT; > 0. Here on wards, we
use ¥(q;,q-;,v), to denote the retailers’ profit as a function of quantities ¢ and contract payment terms v.

Under {v_;,v;} = {v/,v'}, the profit functions and G([v®,v’]) can be written as follows:

Vo =—f+(1-a)a=blgi+¢))a-i —wg-i + 50, (EC.1)
\Ih-=—f+(1—a)(a—b(q-ﬂrqi))qi—wqi+§qf, (EC.2)
II; = f+ala—b(g-i + ) qi=j +wqi—; — §Qi2=j — C4i=j, (EC.3)

2
G:(a_c_b(d—z‘+in))in_7Ti:j([V/,VcD- (EC.4)
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It follows from equations (EC.1) and (EC.2) that 92 W_; =02 W, =2b(—1+ a4 £/2b) <0 for each of the
four focal contracts: WP (a=0, £ =0), RS (« €10,1), £=0), QD (a=0, £ €[0,2b)), and WPFF (a =0,
& =0). Solving the retailer’s first-order conditions for a symmetric solution yields

a—w
in = 9 EC.5
TE= S

where v’ =w/(1 — «) and & =¢/(b— ba). Since the retailer’s selection of payment terms is endogenous, it
follows that a necessary condition for {v_;,v;} = {v/,v'} to be an equilibrium switch from the status quo
{voi,v;} = {v9, v} is that m;([v/,v]) > n([v9,v°]). Satisfying that condition requires the manufacturer j
to set v/ such that Q[v',v'] > Q[v®,v®], where Q denotes the combined manufacturers and retailers profit
(equivalently, the supply-chain profit) under the given payment terms. Note that if Q[v',v'] ¥ Q[v®,v®] then
both m;([v/,v']) > m;([v¢,v]) and II,[v/,v'] > II,;[v°,v°] = 0 cannot jointly hold together. For the payment
terms {v_;,v;} = {v®,v°}, we obtain §; = (a —¢)/3b (using EC.5) and the total supply-chain quantity as Q¢ =
Q([v9,v°]) = 2¢; = 2(a — ¢)/3b. Observe that Q° > Q* = (a — ¢)/2b, where Q* is the supply chain’s profit-
maximizing quantity (i.e., @* = argmax(a — bQ)Q — ¢Q). This implies a necessary condition for Q([v/,v']) >
Q[ve,v)) is Q([v/,v']) < Q([v7,v7]) because 2(Q) is concave in Q and Q([v9,v]) > Q*. Therefore,
a—w' a—c
ME=) = B
3a—3w <3a—3c—¢(a—c),

3(w' —¢)—¢&'(a—c) >0. (EC.6)

Next we solve for retailer i’s profit by deviating from v’ to v©. The retailer’s profit functions and corre-

sponding first-order conditions are then

§b—ba) ,

U, =—f+(1-a)(a—b(g-i+¢))g-i —w' (1 —a)g; + 5 a4, (EC.7)
0. Y-y = (1—a)(a—w' —b2—E)g_; —bg;), (EC.8)
U, = (a—0(¢-i + ¢:))a — <, (EC.9)
0,V; = a—c—2bg; —bg.;. (EC.10)
Solving 9,,¥; = 0 gives ¢; = (a — ¢ —bg_,)/2b. Substituting ¢; into 9, ¥ _; =0, we have
a—2w'+c
P i EC.11
= a2 (EC.11)
Now substituting ¢-; back into 9,,¥; =0, we derive ¢; and Q([v®,v']) as follows:
a—2c+w —(a—c)f
;= EC.12
4 b3 — 28" , (EC.12)
— —2c+w —(a—c)f a—2w+c
T c :a’
20 —c—w' — (a—c)&
- EC.13
b(3—2¢) ( )
Using equations (EC.4), (EC.5), (EC.12), and (EC.13), we can write G(v“,v’) as
_ Iy ’ o _9enN2 (. I (e N2 (a _ ¢n\2
G:(a 3c+2w —(a—c)f) (a—w')(3—2¢) —(a—2c+w —(a—c)¢')" (3—¢) ' (EC.14)

b(3—¢)*(3—-2¢)?
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Next we show that G < 0 for all ¢’ € [0,3(w’ —¢)/(a—c)] (cf. equation (EC.6)). We start by putting G(¢') =
D(&)N(¢'), where D(£') is equal to 1/b(3 —£)2(3 —2¢")2 and N(&') is the numerator in equation (EC.14).
Since D(£') >0 for all £, it is sufficient to show N(£') < 0. We establish this inequality by demonstrating
that N is increasing in & (which follows from [“)?,N <0, ¢ Nl|er—o >0, and 9 N|er=3(w/—c)/(a—e) > 0) and
that N (¢’ =3(w’ —c¢)/(a—c¢)) =0. We now solve for 9 N({'):

g]g\{ =3(a—¢)® +30(w' —c)*+27(w' —c)(a—c)

— & 4(a—c)*+&7 (12(a—)* +18(a—c) (v’ —¢))

— ¢ (12(a—¢)* + 18(w' — ¢)* +44(a— ¢) (v’ —¢)), (EC.15)
22;2[ =—126%(a—¢)*+2¢ (12(a—c)* +18(a — ¢) (v’ — ¢))

—12(a—c)? —18(w’ — ¢)? — 44(a — ¢)(w' —¢)
=—12(a—2c+w' —¢&(a—c))*—10(2— &) (a—c)(w' —c)
—2(w' =) B(w' —¢) = ¢ (a—<))
<0
by equation (EC.6) and & < 3/2 (by equation EC.12) . Equation (EC.15) now yields 9. N (& =0) >0 and

ON

e =3(a—¢)*+30(w —c)* +27(w’ —¢)(a—c)

&/=3(w'~c)/(a—c)
—&%4(a—c)* + €% (12(a —¢)* +18(a — ¢)(w' —¢))
—¢& (12(a—¢)* +18(w' — ¢)* +44(a —¢)(w' —¢))
=46%(a—c)3(w' —c) = &' (a—c))
+10(w’ = )(3(w' —¢) = &'(a—0))
+&2%(12(a— ) +6(a—c)(w' —¢)) +3(a—c)?
—€'(3(a—¢)* +18(w' — ¢)? +34(a — ¢)(w' —¢))
=3(a—w')(a—2w +c)
>0,

since a — 2w’ + ¢ > 0 by equation (EC.12). Finally,

N (=) 0 ser o~ (0= 0F) (0= )2 - 0= 2ok’ - (0= ) G-
=9(a—w')*(a—2w +c)* —9(a—2w +c)*(a —w')?
=0.
Cram EC.3. Under T, we have 7;([v_;,v;] = [v9,v']) < m;([v_s,v:] = [vF,vE]).
PRrOOF: Following the steps used to prove Claim EC.2, we can show that H([v,v']) = IL;([v/,v°]) +
iz ([v/,vC]) = miz; ([v€, v€]) < 0. From equations (EC.11), (EC.13), and (EC.5) for {v_;,v;} = {v°,v°}, we

obtain

9(a—2c+w —(a—c)¢)(a—2w' +c)— (a—c)?(3— 25’)2) . (EC.16)

()= ( et
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Because the denominator of H is greater than zero, it is sufficient to show that the numerator of H (= N)
is less than zero for all ¢’ € [0,3(w’ — ¢)/(a — c)]. For this purpose, we establish that 9o N >0 and N(¢ =
3(w—c)/(a—c))=0. From equation (EC.16) it follows that

ON
96~ —9(a—c)(a—2w +c)+4(a—c)*(3—2¢)

—(a—¢)(3(a—2u' +¢) +8(B(w — )~ €'(a—0))

>0,

by equation (EC.6) and equation (EC.12). Finally, it is easy to verify that N(¢ = 3(w’ —¢)/(a — ¢)) =
9(a—2w'+¢)* —9(a—2uw —c)2=0.

Cram EC.4. For the MOQ contract structure, {v®,v°} is an equilibrium payment strategy.

PrOOF: Under any deviation, retailer 4 either chooses the optimal purchase quantity based on the offered
w or is constrained to select a higher quantity ¢um;, that, in turn, results in higher Q. In the former case,
Claim EC.2 results apply as it is. In the latter case, a higher @ results in a lower supply chain profit (see
the discussion in the proof of Claim EC.2); hence either the manufacturer or the retailers will incur a loss,
thus making deviation unprofitable. As this result is true for all values of quin, We set ¢min = ¢* similar to

channel coordinating MOQ contract terms (Tuncel et al. 2019).

Cramm EC.5. For each contract T, {v©,v®} is an unique equilibrium.

PROOF: Because this setting exhibits symmetry, no asymmetric equilibrium will exist for the manufac-
turers’ decisions about payment terms. Now suppose there exists a payment term vector {v',v'} # {v°, v}
that constitutes an equilibrium strategy for the manufacturers. For contracts WP, RS, and MOQ), the exis-
tence of that vector implies that II;—1 2y ([v’,v']) > 0 because |{v|II([v,v]) =0}| =1, where |S| denotes the
cardinality of set S. The implication is that manufacturer j can profitably deviate from v’ to v/~ a strategy
that passes a share ¢ (0 < e < m;([v/,v'])) of II([v/,v]) to retailer ¢ and, in turn, secures orders from both the
retailers. The combined orders from the two retailers compensate for the loss of € and yield the inequality
IL;([v/,v'~]) > I;([v/,v']). Under QD and WPFF, if the manufacturers choose v’ such that II;—; o ([v/,v']) >
0 then — by the foregoing arguments — it is profitable for manufacturer j to deviate. Finally, we note that
{v | II([v,v]) = 0}| > 1 for the QD and WPFF contract structures; hence {v’,v’} under these contracts
may represent an equilibrium strategy with zero-profit outcome but with w’ > ¢. By Claim EC.2 we have
mi([v,v']) < ([v/,v¢]), where v¢ = {c,0}. Since retailer i’s individual profit function 7, is continuous in w,
the preceding inequality implies the existence of a ¢ < w” < w’ such that m;([v/,v']) < m;([v/,v"]) < m([v/,v7]).
Hence the payment vector v’/ = {w”,O} amounts to a profitable deviation for manufacturer j from {v’,v'};

that is, IL; ([v/,v"]) > IL;([v/,v']). W

PROOF OF PROPOSITION 2. This proof has two parts. First we show that collusion can occur only if the
retailers’ combined order quantity under collusion Q# is lower than that in the competitive scenario Q¢
(Claim EC.6). We shall refer to this requirement as condition C4. Second, we analyze the joint maximization
problem under collusion, along with the necessary conditions C1, C2, and C4, to establish the result for each

contract structure separately.
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CraM EC.6. Collusion can occur only if Q4 < Q€.

PRrROOF: Note that conditions C1 and C2 (see Section 3.2) imply that a collusion can occur only if the total
supply chain profit under collusion is higher than that under competition. Optimizing the supply chain’s profit
(2(Q) = (a—bQ)Q — cQ), we derive the optimal quantity Q* as (a —¢)/2b. Note that Q* < QY =2(a—c)/3b,
which implies that Q(Q) > Q(Q) only if Q € [Q*, Q) — that is, because 2 is concave in @ (since 950 = —2b)

Next, in Claim EC.7 we give results for WP, RS, and QD contracts using the extended contract structure
T(w,0,a,&) (see proof of Proposition 1 for the definition of T'). We conclude the proof by establishing results
separately for the WPFF (Claim EC.8) and MOQ (Claim EC.9) contract structures.

Cram EC.7. For T(w,0,«,§), there exist no £ that satisfy conditions C1, C2, and C4.

PROOF: Suppose there is a {w,a, &} # {c,0,0} such that C4 and C2 both hold. We can then use equa-
tion (EC.5) to evaluate C2 as follows:

(1—a)(a—2b4)§ —wi+2q° >
2

(1-a) (1 — gl) 2?3__“5’,)2 > (a gbC)2’

(-9 (5 =
~ ()= (59 oo (-9)
:

m (=4(v9)) as£€0,2b) and a €[0,1);

DNy

thus, by C4 we have a contradiction.
CramMm EC.8. The manufacturers can collude using the WPFF contract structure.

PROOF: We rewrite the manufacturers collusion problem using the Lagrange multiplier for C2 and expres-

sion for ¢ under WPFF as

2(w —¢)(a—w) (a —w)? (a—c)?
LI?%>§2F+ 3 + A 9 F 9% , (EC.17)
s.t. 4 >0,

since II¢ =0 for ¢ = 1,2. We denote the modified objective function by G(v, ). Solving for the first-order
conditions yields

0G (6 —2\1)a—w(12—2)\)+6¢

— = EC.18
ow 9b ’ ( )
oG
—=2-\ EC.19
oF ( )
We can now use equations (EC.18) and (EC.19) to obtain A =2 and w* = 2£2¢. Given the wholesale
price w*, each retailer would order ¢ = W = “5¢. Furthermore, the profit of each manufacturer is
II=f+ (al_ﬁ.cb)Q and that of each retailer is 7 = % — f. Finally, the conditions C1 (II* > 1, where I1¢ = 0)

and C2 (7 > 7%, where ¢ = (a — ¢)?/9b) imply that f € (— (a1_62)2 ,— 7(f;1';)2].
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Cramm EC.9. For the MOQ contract, there exist no v’ that satisfy conditions C1, C2, and C4.

PRrROOF: Under collusion, (a) the manufacturers jointly decide on the values of w and g, and (b) the
retailers’ § is equal to max{qmin, (a —w)/3b}. As a consequence, if w is set such that ¢ui, < (a —w)/3b, then
the retailers’ quantity equals the quantity under a WP contract and the manufacturers’ profit maximization
problem therefore reduces to the problem under a WP contract. For such w, collusion cannot occur (by
Claim EC.7). So for collusion to occur, there must exist a w < a and a gmin € [0, a/2b] such that: (i) ¢min >
(@ —w)/3b; (i1) ¥(Gmin,dmin,w) > 7 (C2); and (i) ¢min < §° (C4). Suppose there does exist such a pair

W, ¢min }; then solving for ¥ (gmin, min, W) — 7€ gives
{w, gmin}; g Gmin, Gmin, g

\I/(Qmirn Qmin, ’LU) - 7TC :(CL - 2quin)Qmin — W(Ymin — (CL - 6)2/9ba

=(a —w — 2bGmin)Gumin — b4(v9)? since §(v°) = (a —¢)/3b,
<(3bGmin — 20Gmin)gmin — b4(vE)?  since a — w < 3bgumin by (i),
<b(q1?mn - q(vc)2)7

<0 by C4,

Thus C2 fails to hold — a contradiction. W

PROOF OF PROPOSITION 3. That the WPFF contract structure facilitates collusion through slotting fees
(f <0), follows directly from Claim EC.8. Further, we can use ¢¢ (derived from equation (EC.5) with w = ¢,
£=0,and a=0) and ¢* (from Claim EC.8) to obtain the consumer surplus CS and the total surplus TS
under competition and collusion. Thus, we have CS = 2(a — ¢)?/9b, CS* = (a — ¢)?/8b, TS =4(a — c)?/9b,
and TS* =3(a—c)?/8b. W

PROOF OF PROPOSITION 4. In the absence of the IB ruling scenario, the manufacturers have to satisfy
conditions C1, C2, and C3 (see Section 3.2). In addition, for collusion to be beneficial, the manufacturers
have to also satisfy condition C4 (Claim EC.6). Following claims 7 and 9, we know that contracts WP, RS,
QD, and MOQ cannot satisfy the conditions C1, C2 and C4 simultaneously. Though the WPFF contract
satisfy these conditions, from Proposition 3 we know it fail to satisfy the condition C3 as consumer surplus

under collusive decision making is lower compared to that under the competitive scenario. W

PRrROOF OF PROPOSITION 5. Following the same steps as in the proof of Claim EC.8, we can show that
the two manufacturers will set a w* such that the combined retailers’ quantity is equal to the expected
profit-maximizing quantity of the centralized supply chain. The manufacturers will compensate for any
loss in expected profits via the slotting fees mechanism. Using equations (EC.25) and (EC.29) from the
proof of Proposition 6 to follow, we have w* = fngA {a — %QAb} f(a)da; here Q* is defined by the implicit
function (EC.29). MW

PROOF OF PROPOSITION 6. (a) Optimal Order Quantity under Competition. Solving for ¢ using the

Stage 3 (see Figure 1) order quantity—constrained revenue maximization problem, we have §(g) =
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min(a/3b, ). Substituting this equality into the retailer’s Stage 2 expected profit maximization problem now

yields
G; = argmax E, [{a — b (min(a/3b,q) + min(a/3b,4_;)) } min(a/3b,q)] — cq, (EC.20)
q
1 3bq a2 oo
= arg max §/ ?f(a) da + {a=b(q+q¢_i)}qf(a)da— cq, (EC.21)
q —o0 3bq

Applying the Leibniz integral rule (Flanders 1973) to the expanded expected profit function, equa-

tion (EC.21), we obtain the first- and second-order derivatives as follows:

aaiq = %%bq £(3bq)3b+ /3: {a—b(2¢+¢-:)} f(a)da—{3bg—b(q+G-:)} af (3bg)3b—c
=3b%q(—q+q-:) f(3ba)+ | {a—b(2q+G-:)} fla)da—c, (EC.22)
3bg
aa;pg =30% (—q+q-:) f(3bg) — 3b°qf(3bg) + 3b°q (—q +G:) f'(3bq)3b
— / "o f(a)da—{3bg—b(29+G_,)} f(3bq)3b (EC.23)
3bq
= —9b%qf(3bq) +6b%G_. f(3bq) + 3b°q (—q +G_:) f'(3bq)3b—2b[1 — F(3bq)] (EC.24)

< 0;
under the symmetric outcome of the retailers’ purchase quantity decisions, §; = ¢_;. Thus, the optimal order
quantity under competition, ¢¢ = ¢ = ¢, is characterized by the first order condition % =0:

/°° {af?)qcb} f(a)da—c=0,

bg
e 3
/ {a— ch} fla)da—c=0, (EC.25)
poe L 2
where Q¢ =24 is the combined order quantity placed by the two retailers under the competitive scenario.

Optimal Order Quantity under Collusion. Proposition 2 implies that, to maximize their collusion benefit,

the manufacturers set payment terms such that the retailers’ combined order quantity Q* equals that of a
centralized firm. By following the preceding proof steps for the competition scenario, we obtain the centralized
firm’s Stage 3 order quantity as ¢(¢) = min(a/2b,Q). Substituting this inequality into the retailers’ Stage 2

problem, equation (6), gives

Q= arg(gnax E,[(a —bmin(a/2b,Q))min(a/2b,Q)] — cQ

1 2bQ a2 [e%)
:arg;naxi/_ ?f(a) da+/2bQ {a=bQ}Qf(a)da—cQ. (EC.26)

oo

Applying the Leibniz integral rule (Flanders 1973) to the expanded expected profit function ¥4, equa-

tion (EC.26), we obtain the first- and second-order derivatives as

oA 1 ,Q? =
G T Q)2+ / | {a= 20} fla)do — (260~ Q) Q7 (20Q)20 ¢
= h {a=2bQ} f(a)da —c, (EC.27)
26Q
62\I/A [eS]
TQQ e /2bQ —2bf(a) da=—2b [1 — F(QbQ)] <0. (EC.28)
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. A .
Solving % =0 to characterize Q*, we have

/2:;A {a—20Q"} f(a)da—c=0. (EC.29)

(b) Comparing equations (EC.25) and (EC.29), we can see that using Q* = 3/4Q¢ in the latter reduces
it to the former.

(c) We use our results from part (a) to solve for the retailers’ expected price p = E, [{a — b (§;(a) + G_i(a))}]
under the competition and collusion scenarios. Using the Stage 3 revenue maximization problem, we compute

the difference in expected price under the collusion and competition scenario as

= B, [{a—bmin(a/25,Q")}] ~ B, [{a—2b (min(a/3b,4)) }]

= E, [2b (min(a/3b,q°)) — bmin(a/2b,Q")],

= E, [bmin(2a/3b, Q) — bmin(a/2b,3/4Q%)] since Q°=2¢° and Q* =3/4Q°,

=E, [1/4bmin(2a/3b,Q)] . (EC.30)

PROOF OF PROPOSITION 7. Following our steps in the proof of Proposition 2, we write the two manufac-

turers’ joint objective in a market with IV retailers as

G = NP+ Y (“(’]\7 fi‘)‘b_ )4 ( b((‘;v_+w1))2 o 7r0<N>) , (EC.31)

where 7¢(Y) denotes each retailer’s profit in this market under the competitive scenario. Irrespective of

the number of retailers, in the competitive case the manufacturers will set the WPFF contract’s payment

term vector as v¢ = {w = ¢, f = 0}. Solving the retailer’s quantity maximization problem for v° gives
g = iy from which it follows that the retailer earns the profit 7O = bg‘;VJ:I)Q Substituting 7¢®™)

into equation (EC.31) and then solving for the first-order conditions, we obtain

0G _ N(N+1)(a—2w+c)—2XMa—w)

Jw N b ! (EC.32)
G
E=N-X (EC.33)

Together, equations (EC.33) and (EC.32) yield A = N and w* = w Given the wholesale

A(N) — a—((N=1)a+(N+1)c)/2N _ a—c

price w*, each retailer orders the quantity ¢ = 2=¢_Furthermore, the profit of

(N+1)b 2Nb*
each manufacturer is Il = W + % f while each retailer’s profit is m = <“N§>b — f. The conditions C1
and C2 together determine the range of f € (— (N_L)\,(;b_c)z ,— (“72;(212’1;1)1(;'2]\;+1)]. [ |

PrROOF OF PROPOSITION 8. Following the steps used to prove Proposition 7, we can derive the each

manufacturer’s profit, based on the collective order of the N/M retailers, and the fixed-payment term as

I = %@# +&fforj=1,2and fe (— (Nfi])v(fljc)g ,— (“_Z);(legi)l(;’gzﬂ)}. Substituting f, we get IT# =

% (1 - (?\f\f{;z) which is decreasing in M. W

ProrosiTioN EC.1. When the competing manufacturers offer differentiated products, the equilibrium pay-

ment terms are as follows:
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a. wholesale price, v¢ = {w = W};
2

. — 2 4e —
b. revenue sharing, v° {w* 2(O00=0)*/(B=7")+c) Ja= 3021 )},

(2—7) 3—~2
c. quantity discount, v¢ = {w 36(142y- i]_l);/:gﬁhﬂoﬁ),f =2(1- 7)};

_ 0(1—m)+3c f= (0—c)?(1— 7)}

~ c_
d. wholesale price plus fixed fee, v¢ = {w ) T

e. minimum order quantity, v¢ = {w = g(7v), qmin = ﬁ};
where v € [0,1) captures the degree of partial differentiation between the offered products, and g(v) is an

implicit function of .

Proor orF PropPOSITION EC.1. When the competing manufacturers offer differentiated products, they
need to meet the retailers’ innate reservation value for carrying a product in their respective assortment.
As a result, following Cachon and Kok (2010), we modify the competing manufacturers’ problem, in the

deterministic demand scenario, to

v- =argmaxIl;(v) = Z (T(v;,d:5,T45) — ¢qij) » (EC.34)

Vi
7 i=1,2

s.t. i (v) > 75 (T), mo;(v) > 75 (T);

where 79 (T") denotes the retailers’ reservation value for product j under the contract 7'. For a given payment
terms v under T, 75 (T) is defined as the profit a retailer can earn by carrying only the product -j in its
assortment (Cachon and Kok 2010). Henceforth, we use © to denote reservation value related functions and
variables. Likewise, we define the retailers’ profit function as:
U (Gijs Gimjs G-ij G5, V) = Z (0= (@55 + G-i5) = V(Gimj + @-i=3)) 055 — T(vj, @iz, 755). (EC.35)
j=1,2

where 7;; = (0 — (¢ij + ¢-i;) — ¥(qi-j; + @-i-j))@i;- Below, we analyze each of the five contracts separately.

WP: The Hessian matrix H of function ¥ is negative definite (with 0,,, ¥ = —2, and 0,,,0,,, ¥ — 04,,04,, ¥ =
4(1—~?) >0 since v € (0,1). Thus, using the first-order conditions (9,,,¥ =0, d,,, ¥ =0), we characterize

q11 q12

the optimal order quantities as

01 —7) —w; +wyy

G = EC.36
Substituting §;; in equation (EC.34), we get
1 =960 =) ~w, ) -

’ 3(1-72)
Note that II is concave in w (92I1=—4/3(1 —~?) <0). By solving 9,,II =0, we get the interior solution w*
as

0(1—~)+c
I — E
w 5 . (EC.38)
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Next, we compute 75 (T' = WP) by deriving max ¥(0, g;-;,0, ¢--;, v = [0, w']). Solving the first-order condition
to obtain the optimal quantity and substituting it back in ¥ gives

o 0—c
4-; = 6-37’ (EC.39)
(6 — o)
°(T =WP) = ) ECA4
7TJ( W ) 9(277)2 ( C 0)
Finally, using (EC.35), (EC.36), and (EC.38) we get
(v = [wh wi]) = Z (0= (dij + d-ig) = Y(Gimj + G-i-3)) Gij — w5
j=1,2
_ 9_2(0—0)(1—7)_9(1—7)—&—0 2(60—c¢)
- 6+ 3y — 372 2—x 6+ 3y — 372’

92—7)2(1+7)

Comparing (EC.41) and (EC.40), we get 7;(v = [w*, w]) — 75 (T =WP) = % > 0. Thus, w° = wt.

RS: The Hessian matrix H of function ¥ under the RS contract is negative definite under symmetry (with
03, ¥ = —2(1 — ) <0 since o €[0,1), and 0y,, g, ¥ — 0,00, ¥ = 37, 5 4(1 — )?(1 —~?) > 0 since v €

(0,1). Thus, using the first-order conditions we characterize the optimal order quantities as
3(1— o) (01 — o) —wy) — (0(1 — o) —w-;) (3 — 20 — Ol—j)W.
91 —ar)(1—az)(1-7%) =27 (a1 — a2)?

Next, we substitute ¢;; in the manufacturers’ profit functions to compute the internal solution for the payment

Gi; = (EC.42)

vector v; = {wt, ot} as

Wi 2ea —v();i(j)— 1) +e) (EC.43)
ot = 3(31__;2) (EC.44)
2(3—+?)

The H for the manufacturers profit function at {w*,a*} is semi-negative definite with 9211 1 o+ = —

and 0,,,0,,,11 —9,,,0,

9114922 q21

31 (1—77)

II| ot = 0. Next, following the steps described in the WP contract analysis, we

compute

o _ (0=0°B—=9%)

4-; = 92 —72(1+7)’ (EC.45)
73(T =RS) = (6 *168) (27_(3)2 7). (EC.46)
(v = [{ut, o}, {wh oty = T BT, (EC.47)

92 =721 +7)
Comparing (EC.47) and (EC.46), we get 7,(v = [{w*,a*}, {w!, a'}]) — 73 (T =RS) = (0= B A1) 5

9(2-7)%(1+~)
Thus, {w® =w* a® =at}.

QD: Analogous to the £ € [0,2b) condition in the undifferentiated products setting, we obtain £ € [0,2(1 —
7)) condition for the differentiated products setting. These conditions ensure a positive order quantity,
determined by the FOC, in the equivalent centralized supply chain setting. Hence, for the subsequent analysis

in this proposition, we use £ € [0,2(1 —~)). The Hessian matrix H of ¥ under the QD contract is negative
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definite under symmetry (with 9,,, ¥ = —(2—¢) <0 and 0y,, 04, ¥ — 04,04, ¥ =37 5(2(1 =) — ) (2(1 +
v)—&) > 0)V¢ €[0,2(1 —v) and v € (0,1). Solving for the first-order conditions, we get
0(3(1—7) — &) —w;(3—&;) + 3wy

91 —=72) =3(& + &) +6&

Next, we substitute ¢,; in the manufacturers’ profit functions to compute the internal solution for the

Gij = (EC.48)

parameter w

;0B —E+37%) —cB-9(E-3(1+7))

EC.49
v £33+ +92+7-77) (BC49)
By substituting w* in 911, we get
9 _2\2 _ 2
Oell| = (6—c(3-¢) (EC.50)

(€2 =3B+ +92+7v—7%)*
Equation (EC.50) implies 9,II|,: >0 V¢ € [0,2(1 —7)). Thus, & =2(1 — 7). Substituting & =2(1 — ) in
equation (EC.49) gives
. 30(14+2y—3") +c(1+77+107°)
wr =
4413y + 2

Note that 9211|,: = —% < 0. Next, following the steps described in the WP contract analysis, we

. (EC.51)

compute
p=G-ditiy (EC.52)

(T =QD) = (0(4_ ﬁf;éi?ig , (EC.53)

(v = [wh, €, wh, €6]}) = 4‘&‘331 ﬁ:f)? | (EC.54)

Comparing (EC.54) and (EC.53), we get 7;(v = [{w*, &'}, {w*,&*}]) — 75 (T = QD) = 2M0429-59%) - 5 Thus,

(44+13~+~2)?
{w® =w*, ¢ = at}.

MOQ: Given a MOQ contract v = {w, gmin }, the retailers’ are bound to select gui, if the w-induced optimal
purchase quantity, §(w), is lower than gmin. If G(w) > gmin the MOQ contract effectively reduces to the WP

contract and the above analysis for the WP contract will apply as it is. Following the literature, we set

C _ 0—c
Imin = 2(14+)

that G(w) > ¢S, if v €[2/3,1) (Case I). Thus, for these v values, we have {w* = 2d-Fe o . —

2—y

to the channel coordinating quantity in the case of differentiated products. Below, we first show
i) we
conclude the proof by extending analysis to v € (0,2/3) case (Case II).

CaAse I (y€[2/3,1)): Under the WP contract, using (EC.36) and (EC.38) we get the retailers combined

quantity as

Q]C =dq1j + q2;,
_2(0-¢)
643y 392
Next, using the centralized supply chain profit function (Q = (6 —q; —vq-;)q; + (0 —q-; —v4q;)q-5 — c(q; + ¢-5)),

(EC.55)

we get the channel coordinating optimal Q* by solving for the first-order condition (ngQ =-2<0)

.  B—c
Q= 0T (EC.56)
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Comparing (EC.55) and (EC.56), we get

c . 2(0 —c) _ 0—c
_(0-c9)Br=2)
S 62-)(1+7) (HC.58)

thus, Q§ > Q7 (= q(w) > qS;,) for v>2/3.

min

CasE II (v € (0,2/3)): In this case since §(w*), where w?* is defined in (EC.38), is lower than ¢<;, the retailers
set §i; = q5;,- Accordingly, the manufacturers set w to maximize their profits from the retailers subject to the
reservation constraint, and the w-induced quantity to be lower than ¢, as otherwise the retailers deviate
to the order quantity §(w). Using the Lagrange multiplier for the retailers’ reservation constraint, we define
the manufacturers’ new problem as

’U}]C —argmax E
vj .
i=1,2

((wj — €)¢min (EC.59)

_Az(\ll(ov (ji—j (w'j)7 0; d;—j (w'j)7 V= [07 w-j]) - \I/(Qmin; Qmin; 9mins @min, V = [wj7 w‘]]))) )
st i (w;) < g > Go5(W5) < G-

where §(w) denote the competing retailers optimal order quantity when offered the wholesale price w and
¢°(w) denotes the optimal order quantity when computing the reservation value. We denote the manufacturers
modified objective function by G(w;, A). Using (EC.59), we get
(1-M)(a—0)
4(1+7)

Thus, we get A\; =1 from 9,,,G = 0 which implies the manufacturers set w* such that it binds the reservation

8, G = (EC.60)

constraint. We get

wh— (3—\/5—4’)/)(9\/5—4’}/4-36). (BC.61)
4(1+7)
, . . (0—c)(2—v—/5—47)
Using (EC.61) and (EC.36), we get (w) — ¢S, = W <0 for v €(0,2/3).
Thus, based on the Case I and Case II, the MOQ payment vector equals {w® = g(7), Gumin = 4(01%2)} where

(83—4/5—47)(04/5—4~v+3c) 0(1—~)+c
9(7) =Ie0.2/3) \/74(1+'v) Ty ) 252

WPEFF Under the WPFF contract, the retailers’ order quantities as a function of w equals that under the
WP contract because 0;0,m =0. Using a Lagrangian multiplier for the retailers’ reservation constraint, and

expression for ¢;; (EC.36) we rewrite the manufacturer j’s objective function in (EC.34 for a WPFF contract

v, ={w;, f;} as

Gj(v) = Z fi+(w;—c)

i=1,2

(9(1 —7) —w; + w7y

3(1—2) ) + (i (v) — w7 [T). (EC.62)

The first-order conditions are

0G;  2(3(yw-; +c—2w;) + (A + Ay)(w; —w-;) +a(l —7)B -, — Ay)
o, = S : (EC.63)

aG,
=2—X;— A EC.64
57 A=A (EC.64)
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Solving for the first-order conditions, we get A\; = Ay =1 and w® = %. As )'s#0, we obtain value of f

by binding the reservation constraint (;;(v) =75[T]). Solving for max ¥(0, ¢;-;,0, ¢-i-;, v = [{0,0}, {w®, f}])

gives
o 0—c
q-; = 4 — ,.Y7 (EC65)
60— 2
7T;> [T = WPFF] = _f + ((4:/))2 (ECGG)

. ° . —e)2(1—
Using (EC.35), (EC.36), and (EC.66), we solve for m;;(v) = n$[T] and obtain f¢ = H‘%. [ |

PROOF OF PROPOSITION 9. We structure the proof in two parts. First, we show that the manufacturers
cannot collude using the WP (Claim EC.10), RS (Claim EC.11), QD (Claim EC.12), and MOQ contract
structures (Claim EC.13). Next, in (Claim EC.14) we characterize the WPFF terms that can facilitate

collusion.

CrAaM EC.10. For the WP contract, there exists no v’ such that conditions C1 and C2 holds simultane-

ously.

Proof: Consider there exists a v/ such that II(v') +n(v') > II(vY) + 7(vY) (necessary condition for C1 and
C2 to hold jointly). Using (EC.36), (EC.38), and (EC.56), we get
- 0—c)(3y—2
QC|WP_Q*:( )(fy )7
32-7)(1+7)
By (EC.67) we get Q| > Q for v € [2/3,1). For these values TI(v') + m(v’) > TI(v®) + m(vE) holds only

if Q4 < QC since the supply chain profit function is concave in Q and attains maximum at Q*. Using the

(EC.67)

equilibrium payment terms specified in Proposition EC.1, we evaluate condition C2 as
2(0 —w)? S 2(0 —¢)?
I(L+7y) ~92-7)*(1+7)
0—w\>/32-71+7))\" 0—c 2
<3+37> < 6+ 3y — 372 ) - (6-1—37—372) ’

—q* >, (EC.68)

V

which contradicts Q* < Q. Next, for v € (0, 2/3), II(v') + 7(v') > II(v®) + 7(v®) holds only if Q* > Q°,
which evaluates to
(0 —w) (0—c)
(3+3y) " 6+3y—3y2’
0 —w - 3(1+7)

0—c = 6+3y—3y% (EC.69)
Next, using the equilibrium payment terms, we evaluate C1 as
20 —w)(w—rc) _ 2(0—c)*(1—7)
31+7) 312
0—w 0—w 1—7
(=0) (- (50) e
m(z) >0, (EC.70)

where m(z,v) =z(1—2x)— (217%)2 Note, m(z,7) is decreasing in x for z > 1/2 as 9,m = 1 —2z. Thus, (EC.70)

contradicts (EC.69) since (i) g(v) = (3(1 +7)/(6 + 3y — 37?) is increasing in v as 0,9 =1/(2 —z)?, (ii) g(0)
— 12, (iii) m(g(r),) =0. W
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CrAaM EC.11. For the RS contractual structure, there exists no v’ such that conditions C1 and C2 holds

simultaneously.

ProOF: Consider there exists a v/ such that II(v') +7(v') > (v9) + 7(v) (necessary condition for C1 and
C2 to hold jointly). Using (EC.42), (EC.43), and (EC.56), we get

A 0—c))y(3—2
By (EC.71) we get Q€ |ss > Q* for v € (0,1). Thus, for these cases II(v') +7(v’) > II(v) 4+ 7(v®) holds only
if @* < Q€. Using the equilibrium payment terms specified in Proposition EC.1 and where w’ =w/(1 — ),
we evaluate (i) condition C2
2(0 —w')?(1 —«)

S 0= (3-77)

9(L+7) 92-7)2(1+7) "’
O—w)_ _7*B=77)
@07 Z 2027 o)
(ii) ¢* <q°
(O-w) _(0-¢)B=7)
3(1+7) 62—7)(1+7)’
(0—w) (B-9%
T=a <2@=7)" (EC.73)
and (iii) condition C1
20 —w)Bw' —¢) tala—w)) (0-*B-1)(1-7)
9(1+7) 32-7)2(1+7)
0—w) ., Ly s 207877
0= B(w" —¢)+ (b ))>—2(2_7)2 ,
30—w) o O-w)? 3(1-%)B-7)
00 O G T -
(6 —w)” 3377 (EC.74)

(0—cp = 22-7PG-a)
by (EC.73). Note that (EC.74), contradicts (EC.72) since v € (0,1) and o € (0,1). W

Cramm EC.12. For the QD contract, there exists no v' such that conditions C1 and C2 holds simultane-

ously.

PrOOF Consider there exists a v/ = {w, £} such that II(v') + w(v’') > T(v°) 4+ m(v°) (necessary condition for
C1 and C2 to hold jointly). Using (EC.48), (EC.51), and (EC.56), we get

(0 =Ty =1)
(1+7)(v? + 13y +4

By (EC.75) we get Q| > Q* for v € [1/7,1). For these values TI(v’) + 7 (v’') > II(v®) + w(vC) holds only if

chaD - Q* = )7 (EC~75)

Q* < Q°. Using the equilibrium payment terms specified in Proposition EC.1, we evaluate (i) condition C2
(0 —w)?@CA+7) =8 _ 40 —c)*y(1+29)°
B+)-¢)?2 — (PP+13y+4)2 7
(60— w)? 431 +7) — (1 +27)°
>h 5 = 5
@—cp =" T R - 007+ 13 47

(EC.76)
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(i) ¢* <q“
0—w - (0 —c)(1+27)
3(1+7) =€ (PP +13y+4)>
0w _(01+7)-¢§(1+29)

0—c (V2 +13y+4)2 (BC.TT)
and (iii) C1
(0 —w)((6(1+7) —&(w—c)—€(0—c)) _2(0 —c)*(2+97y+37* — 147°)
(€=3(1+9))? (72 + 137 +4)? ’
(0 —w) (€ =3(147))22(2+ 97 + 372 — 1493)
(9_6)2((6(1+7)—§)(w—c)—5(0—0))> (’Y2+13’Y+4)2 ;
(0 —w)? _2(149° =392 =Ty + (€ -3(1 +7))?
2T A CERS ¥ eyl (77 ey e R
by (EC.80). Comparing (EC.78) and (EC.76), we get
B C2(1427)(3(1+7) — €)% (24 247+ 3272 4+ 1073 — £(1+~(7— 37))
M&a) o) = (7 + 3y + 9260 +7) ~ O 21 7] - ’
= K(&,7)(2+ 247+ 3292 +107% — £(1 +~(7 - 37)) > 0, (EC.79)

since k(&,v) >0 for v € (1/7,1), £ € (0,2(1 — ) and I(§,7) =2+ 24y 4+ 3292 + 107 — (1 +~(7 — 37) >
0 as 9:h=—(1+~(7—37)) <0 for v € (0,1) and h(2(1 —7),7) = 4y(7* + 13y + 3) > 0. Thus, (EC.76)
contradicts (EC.79).
Next, for v € (0,1/7) the necessary condition II(v’) + 7(v’) > II(v®) + m(v®) will hold only if Q* > Q¢
since Q¢ < Q*. Thus, we have (i) ¢* > ¢°
6—w (0 —c)(1+27)
B(14+9) -8 (¥ +13y+4)>
0-w B+ -§l+2y)
0—c (v2 + 13y +4)2

: (EC.80)

and (ii) C1

0 —w (B(1+7) —€)22(24 97+ 3y — 14+3)
(070)2«6(1""_7)_6)(w_c)_€(9_c))> (72+137+4)2

(522) (604 -20- (522 6149 -9 ) » QLD =IBO LI LI 1),

6—c (72 + 13y +4)?
(B(1+7) —€)%2(2+ 97+ 37% — 1443)
(V2 +13y+4)2

where h(x,&,v) =z (6(1+~v—28) —x(6(1+7) —&)) is concave in = (as 92h = —2(6(1+~)—&) <0Vy € (0,1/7))
3(1+v)—¢

)

h(z,&,7) — >0, (EC.81)

with maximum at z* = e This gives
Bzt €,7) — B(1+9) =622+ 97+ 37> — 147%)
'Sy (72+13’Y+4)2

_ (B(L+7)—¢)? B i e ,
- (v2+13v+4)4(6(1+v)6)(8(2%377) 169(1+7)* — (55— 518)(1+7)

+ 614y (1+7)2 =31(1+7)2 +39(1 +~) — 10) ,

=k(&,7)*n(&,7), (EC.82)
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2
where k(¢,7) = — s =g < 0 for v € (0,1/7) and € € (0,2(1—7))- Also, n(&,7) > 0VE € (0, 2(1 -
7)) as it is decreasing in & (with 9en = —(1+7)%(62 —28v) +78(1+~) —20 < 0), and n(0,7) = 8(29 + 377) —
169(1+v)* — (55 —518)(1+v)% > 0V~ € (0,1/7). Thus, (EC.82) contradicts (EC.81).

CrAamM EC.13. For the MOQ contract, there exists no v' such that conditions C1 and C2 holds simulta-

neously.

PROOF In the proof of Proposition EC.1, we show that for v € [2/3,1) the MOQ contract is effectively reduced
to the WP contract. Thus, for these values, Claim EC.10 analysis apply as it is. Further, for v € (0,2/3)

9—1
4(1+~)

thus, we have II¢ + 7 = Q*. As a result, for any v’ # v either condition C1 or C2 will be violated because

Iv)+7(v)<Q =M ) +7(v°). N

each retailer orders §¢ = gmin = so the retailers combined quantity under competition equals Q*;

CrAamM EC.14. For the WPFF contract, there exists a v' such that conditions C1 and C2 holds simulta-

neously.

PROOF Following the steps of Claim EC.8, one can show that the manufacturers under collusion sets w*

such that the Q4 = Q*. Using EC.36 and EC.56, we get

0 — wA _ 0—c
3(1+v) 4(1+7)’
0
wh = 236. (EC.83)

Next using the competition payment terms specified in the Proposition EC.1, (EC.35 and (EC.83, we obtain
lower-bound on f# by binding the condition C2

0-c2—16"(1+7)  2(0-0)*y

8(1+7) (4=7)2(1+~)’
—a (0—0)%(16 — 24y +~?)

= =T ) (EC84)
Finally, the lower-bound on f# is obtained by binding the condition C1
(0—c)?+16f"(1+7)  4(8—c)>(1—7)
8(1+7) (4=7)2(1+7)’
o (0=0Ps-21 -7 e85

16(4 —7)?(1+7)

L )2(16—24r—~2 _)2(16— 2 . .
Thus, v* = {wA = %,f“ € ((9 1624(7&’3)2%1117; ) @ 16)(495)22(;11:;’ )} } It is easy to verify that under v# the
reservation constraint is also satisfied. Finally, note that Q* — Q¢ =2(0 — ¢)?(2 — 7)/(4 —7)*(1 + ) is

increasing in vy with 9, (Q* — Q) = (0 — ¢)?>y(v* + 4y +8)/(2(4 —v)*(1+7)*>0. N

PROOF OF PROPOSITION 10. Consider that the manufacturer j offers an extended contract T (for definition
see the proof of Proposition 1) with terms v, = {w;, f;, @;, &}. Let T(v-;) capture the manufacturer -5’s
best response to T'(v;). Note that v_; encapsulates -j’s response through the WP, RS, QD, and WPFF con-

tractual structures. Below, we show that the manufacturer -j can emulate the retailers’ order quantities, and
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associated profit outcomes, under its best response with the WP, RS, and QD contracts by using a WPFF
contract. Thus, II_;(T = WPFF) > II_;(T € {WP,WPRS,QD}). We conclude the proof by covering the MOQ con-
tract. Note that the retailers, when faced with [v;,v_;] payment terms, may either opt to accept the payment
term of the respective manufacturer (i.e., i = j) or accept the payment term of -j** manufacturer. The proof
steps below analyse the former case. Repeating the analysis with both the retailers accepting payment terms
v_; provides analysis for the latter case. Under v = [v;,v_,;], by solving the first-order conditions (9,,7; =0
and 9, m; =0), we get

a(l—=¢&5)—(2—-&)w, +wl,

A e e T T T B (EC.86)
= (2= &)z + (EC.87)

where w =w; /(1 —a;), and &} =¢&;/b(1 — a;). For brevity, in the remaining part of the proof we use ¢, to
denote ¢;—; and ¢, to denote §;—_;. Next, we characterize the optimal order quantities when the manufacturer
-j respond using a WPFF contract {w°, f°}:

a+w° — 2w}

Gjlvi {w®, [} = B _2¢) (EC.88)

1—-€)—(2—&)uw° +w
e Y (BC59)
=—(2-¢&)g + a_—bwﬂ (EC.90)

Equation (EC.88) imply that, for a given T}, the §;[v;, {w®, f°}] is a one-to-one function of w°. Further,
equations (EC.87) and (EC.90) imply that §-;[v;, {w®, f°}] can be expressed as a function of the optimal
g; and contract parameters of the manufacturer j (v; = [{w;,a;,&;}]). Taken together, the manufacturer
-j can emulate the retailers’ optimal order-quantities under [v;,v-;] by setting w® such that ¢;[v;,v-;] =
G;[vj, {w®, f°}]. Furthermore, using the flexibility of parameter f° the manufacturer -j can replicate the
profit outcomes obtained under [v;,v-;]. Equating eqs (EC.86) and (EC.88), we get
. aE(€,— 1)~ (28, ~ B} — g,
J 3-2¢, —&5(2-¢) '
In the case of MOQ, say the manufacturer -j responds to the manufacturer j’s T using the following MOQ

(EC.91)

contract: {w', ¢! . }. Note that if the ¢_; > ¢! ;, then the above analysis applies as it is since the MOQ contract
effectively reduces to the WP contract. When ¢-; = gmin, we have 9, 7-;[v;, {wT,qLin}]h@j@_J_:qmm} <0). In
this case, by setting w® such that 0, m-i[vi, {w®, f*}|(4; 4., =gt = 0, the manufacturer -j’s optimal order-
quantity will be qjmn. Setting such a w° is feasible since, for a given T}, the ¢_; is a one-to-one function of
w® (see equation EC.89). Now, substituting ¢! ; in equation (EC.90) and re-arranging the terms, we get
a—w;—b(2—E)q§; + bg! ., =0 which is equivalent to the first-order condition of the manufacturer j when
q-; = q! ;.. Finally, say the manufacturer -j responds to the manufacturer j’s MOQ contract that results in
d4; = ¢l for j =1,2. In this case, we have 9,,7; = a — 2bq’,, —w; — bg,2;, < 0. Note that for a given ¢, ., 0,7,
is a one-to-one function of w;. Thus, the manufacturer -j can emulate the MOQ contracts induced minimum

order quantities by setting w® such that 9,_ 7[v, {w®, f°}] 0. N

| P L
{45 =10 9-j =10 }
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PROOF OF PROPOSITION 11. We present the proof in three parts. First, we show that if the manufacturers’
can collude for a ¢ (say, ¢') value then they can also collude for all ¢ < ¢’ (Claim EC.15). Next, we characterize
the maximum ¢ (= ¢) for which the manufacturers’ can collude using the WP, RS, QD, and MOQ. It
follows from Claim EC.6 that collusion is only sustainable if @Q“ < Q€. This, in turn, implies that the MOQ
contract effectively reduces to the WP contract under the collusive decision making scenario. Based on this
observation, we analyze the aforementioned contracts collectively using the extended contract structure T

(see the proof of Proposition 1). Finally, we conclude this proof by extending the analysis to cover the WPFF

contract.

CrAamm EC.15. The manufacturers can collude Vo < ¢’ if they can collude for ¢ =¢'.

PROOF. Note that 9,11 < 0 and 9,II¢ = 0. Thus, the optimal solution v# that enables the manufacturers’ to
collude for ¢ = ¢’ is a feasible point for Vo < ¢’. 1
Under the contract T the manufacturers’ first-order conditions, after substituting the optimal order quan-

tity §=(a—w')/3(b—¢’) (see EC.5), for the modified collusion problem (8) are:
o 2(cB3=¢)+aB-a-¢)(1-¢)—(2-¢)¢) —w (6+2a(¢p—1) =20+ (1 - ) (¢ —1)))

ow’ b(3 —¢')2 )
(EC.92)
M _ (a—w)(2cB-¢)+aB-a—-¢(a(¢—-1)—¢—-1)—¢(1l-a))—wO—at(1-a)(¢-&(¢—1))))
o¢ bE— &) |
(EC.93)
o1l _ (5/_2)(0‘_11}/)2((;5_1). (ECQ4)

da b(3—¢)?
Using the equation (EC.92), we solve for the FOC under the WP contract (o =0, ¢ =0) to get w' =
Aerd=2e0 and M(wi) = (a—c)*(3 —2¢)?/18b(3 — ¢). Note that condition C1 is satisfied for ¢ < 3 as I1¢ =0,
Also, the individual retailer profit equals 7(w*) = (a — ¢)?/4b(3 — ¢)? > 0 V¢ < 3. Further, for these values of
¢, the second-order derivative is negative (with 92,11 =4(¢ — 3)/9b)). So, under the WP contract collusion
is feasible for all ¢ < ¢, = 3, with w? = W+*. Next, solving for the RS contract (¢ =0), note that d,II < 0 for

¢ > 1. This implies for ¢ > 1, the manufacturers’ set « = 0, thus the RS contract also mimics the WP contract

in this region and enables collusion for ¢ < 3. For the QD contract (o =0), using eq (EC.92) the FOC w.r.t

—(a—c)*(¢—1)
b(6+¢ (p—1)—29)2"

note that 0/ 11 <0 for ¢ > 1 which implies over this region the manufacturers’ set £’ = 0; effectively reducing

&' can be re-written, by substituting for the optimal w’ from eq (EC.93), as 0./ II = Again,

the QD contract to WP. Finally, under the WPFF contract, the manufacturers can collude for all values of ¢
(i-e., @ypps = 00). This is a direct outcome of the Claim EC.8 which shows that using the slotting fee feature

the colluding manufacturers can ensure 74 =7¢. W
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