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Appendix A: Exogenous Service Rate

This appendix assumes that the service rate (w;) is exogenous. This corresponds to the case in
Lemma 2 where the manufacturer decides the optimal solution given the 3PL’s service rate.

As Lemma 2 shows, if all firms’ opportunity costs are the same, neither P nor T' can strictly
outperform the other. Compared with results in Section 3, this observation indicates that fixing
the 3PL’s service rate minimizes the 3PL’s capability to facilitate a mutually beneficial outcome
for all firms in P.

With different cash opportunity costs, we find that P can reemerge as a preferred choice for all
firms. From Lemma 2, we have ¢}/ = % < 0. Define A(¢,) = (M wy)gp + [(w; — )by +

1+Zrlll -
Cm (1+éoam)(ég _Zs)
1+(lo—Lg)am

l¢p'. Comparing firms’ profits between 7' and P yields the following property.

Corollary 1 Suppose w; is exogenous and the firms have different cash opportunity costs. Let

(= (Hiﬁafgfﬁz)—&) and £ be the solution to mr(q5) = mp(gh, Ly).

1 Ifap > O g TEGE) 0 then § < 0, and T < P for all £, € [[,1];

2. If dﬂ%}gq;”) <0, then T < P when £, < min[/, £].

Thus, the qualitative findings with endogenous w; and different cash opportunity costs still hold
for exogenous wj.

Appendix B

Proof of Lemma 1: Taking first derivative of Eq. (3) with respect to (w.r.t.) gp;, the first-order-
condition (FOC) yields

. 1 wmi(l—l—foa);-w”(l—l—fra) Cifi=T,
Qi (Wi, Wini) = -1 w) , ifi=P.

We have ¢ (wpm,0) = wip(wm,0) = ¢ (wy) = F~(wy,/P). If w; # 0 and a # 0, we have
Wi (1 4+ Loa) + wip (1 + £ra) > Wy, and then ¢y (wm, wp) < g (wm).

Let wy,r = Wmp = Wy, and wyp = wyp = wy. Since £, > £,., we have wy, 7 (1+l,a)+w;p(14+4.a) >
(Wmp + wip)(1 4 £pa), and then obtain ¢;p(wm, w;) > gjp(wm, w;). Q.E.D.
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Proof of Lemma 2: We first prove that m,,;(wy,;) is unimodal w.r.t. w,,; > 0. The first derivative

i Ammi (Wimi mi d >ki mi
Of T (Wini) W.r.b. Wy 18 =5 dw(;ui ) = %7222 du[ffm ggm, and we have,
1+€oa * C7n(1+€oa) _ wmz_(l—i-ﬁoa) Lo
dmi (W) _ ph((q;i) [I;H (ap;) + F(‘(Iﬁi) ) ngbi) ( | ifi="1T,
d . 1+(lo—4g)a % 1+loa)(A+bra) cp Wi 1+4ra e
Wi i |PH (qbz) T Rt Far) F(q,) if i = P.

It is straightforward that pH (g;;) and ( ) decrease with w,,; since ddql” < 0. And =™ increases
Ay,

) F(q;;)
F mi(1+L4r mi (Wmi
} _ Ha) 2 *( +oa) o . Hence, dmmi(Wmi) qocreases with Wpi- Then, if
F(qp;) F2(qy;)
dﬂmz (w'nm) d7rmi (wmi)

dWm;
W = 0, we have g > 0; if Wy —>ex, s g < 0. Therefore, m,; (W) is unimodal w.r.t.

dﬂmz (wmi)

with w,,; since [—w"”

Wyy;. Solving the first order condition = 0 results in

dWpmi
w (g = | ot IR S n ) i = T,
mi i) — * e * * .
NmCm + quP(wlP’wmlilfé(rqabP(wlP7me))7 if i = P,
_ 1+40a :
where 7, = [ER(AArE Given ¢, > 0, we get 1, > 1.

For a fixed w; = wyr = wyp, from Lemma 1, we have, pF(gjiy) = wmr(1 + loa) + wi(1 + £ra)
and pF(gip) = (wmp + w;)(1 + lra). Submlttmg wy . into these two equations, we can obtain the
optimal order quantities gy;(w},;,w;) solving the following equations

pF(qyr) — payrf (@gr) —wi(l+ ) = cm(l +Loa),
'R % * * 1 + fo(l
pF(qyp) — paypf(ayp) —wi(l+4ra) = cn P

Note that qf(q) = H(q)F(q) increases with ¢, since [H(q)F(q)]' = F(q)[h(¢)[1—H(q)]+qh'(¢q)] > 0.
Then, we have pF'(q) — pqf(q) decreases in q. Let £, = £, we have gip(wh,pwi) = ¢ip(wh p,wp),
since n; = 1. Since 7, > 1 and ¢, > £,, we have w; , > w; . If {; < £s, we have 1 > 1 and
Gy (Whyps wi) < gyp(wy, p, wy); otherwise, gp(wyp, wi) = gyp(wy,p, wr). QE.D.

Proof of Lemma 3: From Eq. (10),

dmyi (g (wis)) { PF(aip)[(1 = H(gjr))* = g H'(g57)) = em(1 + boa) —a(1+ bra),
da; (wi;) pF(g5p) [(1 = H(gzp)) (1 — mH (g5p)) — mazpH (g5p)] — em(1 + Loa) — (1 + £ra).
Define G(p, qii, 1) = pF(ai)[(1 — H(qu))* — quH (le)] > 0. Since H(q;) and q;H'(q;) increase

with ¢;;, and F(q;;) decreases with ¢;, G(p, qi;, 1) decreases with g;;. Similarly, define G(p, q;,m) =
pF(q)[(1 — H(qu))(1 — mH(qi)) — maquH'(q:)], which decreases with ¢;;. In addition, we have
%‘qu—o =p—cm(l+Lloa) —c(1+4a) > 0, and quq“ lgioc = —em(1+Loa) — (1 +£ra) < 0.
Thus, 7;(q;;) is unimodal in g;; > 0. Solving the FOC leads to the result in Lemma 3. Q.E.D.
Proof of Proposition 1: Part (i): From Lemma 3, we get G(p,q/p,m) = G, qp,1) <
G(p, qip,m) since £y > £, and m; < 1. Since G(p, q,m) decreases in ¢, we obtain ¢, < ¢}p.
Part (ii): Based on the proof of Part (iv), we have wjr(1+£,a) = pF(gi7)[1 — H(g}7)] — cm(1+4oa)
and wip(1 + lra) = pF(qfp)[1 — H(q}p)] — cm(HZ"a) Since F(q)[1 — H(q)] decreases with q and
4Gy < qfp, we have pF(q/p)[1 — H(q/p) < pF(qlT)[ — H(qjy)]. And since £, > £, we have
Cm(lﬁitg‘ﬂ) > (1 + £oa). Thus, we obtain w]p < wjp.
Part (iii): According to Lemma 3, ¢/ (i-e., ¢j) solves the following equation.
G(p, Q}g’ 771) = Cm(l + an) + Cl(l + Era)'

It is easy to see that the left hand side (LHS) of the above equation increases with ¢4, but decreases
with ¢. Since the value of LHS decreases with ¢, we should increase g to make the equation satisfied
when /, increases. Thus, given that the right hand side is fixed, we have ¢;p increases with /.

We can rewrite the buyer’s profit as 7} = pE[D Agjp] — ¢F(g]p)]. Taking first order and second

vp(q]p)

order derivatives with respect to ¢/, we have dwdT = pF(q/p)H(gjp) > 0 and dL(qQ”D) =
qp




pF(qip)[h(gfp)(1 — H(gjp)) + q/ph (¢jp)] > 0. Therefore, myp(gjp) convexly increases with ¢jp.
Since ¢;p increases with £, m,p(q/p) convexly increases with L.
The profit of 3PL is: mp(q/p) = [pF(ql*P) (1 —mH(qp)) —cm(1+4,) — (1 + Era)] q/p- We

dm [ a_  x T(,% * d*x i a Tk * *
then have lgé(;]lp) = e pt (4p)H(gjp) > 0 and e — 2 (aip) [H (q7p) (1= H(q]p)) +

dtg?
qpH' (ql*P)]dqlP > 0. Thus we can show that m;p(qjp) convexly increases with £.
Part (iv): Given qj;, we have

I e = o I KBy
Wiy = qupf(q;pﬁc;élﬂow/ o ifi=P,
and H{(qi7)] = em(1 + £o0)
—em(1+4oa iti =T
(1+¢, QIT Gir)] = em 7y ifi— P
wr;( @) { F(gp)[l — H(g/p)] — em (1 + Loa) /my,  if i = P.
Submitting wj;(qj;) and w;;;(gj;) into Eq. (3) we have
p E[D A gj7] — qu Elgp), ifi=T,
mn(qh) { p E[D A gjp] — qpF(qp), ifi=P.

. dmy; * o
Since % = q;;f(¢j;) = 0, we have myr(gj) < mop(g]p) because g < gjp conditional on £y > £

according to Proposition 1. Similarly, we have mr(qjy) < mp(q)p)-
Since the buyer and the 3PL’s profits in P increase with /4, but those in 7" are independent of
{4, the buyer and the 3PL firm’s preference of P to T' grows stronger as {, increases. Q.E.D.

dmmp (47p-to)

Proof of Proposition 2 Part (i): Note that TmpP(qp,lg) = p"’]lql*pF(QikP)H(QikP)' — df, =
P (i) [H () (1 = H(gip)) + aipH' (61p)) G2 — prsadipF (6ip) H (gjp). And
dgfjp @ H(qjp) — H*(qjp) + afpH'(qjp) >0
7(aip) et : <
dly — 1+tea % + H'(qjp) +m[2H'(q/p) (1 — H(q[p)) + a;pH" (q]p)]

According to Lemma 3, ¢fp solves the following equation pF(g/p)[(1 — H(q}p))(1 —mH (g]p)) —
ma;pH' (¢/p)] = ¢, + ¢}, where 7c;n = cm(l +4oa) and ¢ = ¢(1 + ya). )
Furthermore, we have, pnit'(q;p)[H (¢/p)(1 — H(q]p)) + ajpH'(4/p)] = pF(qjp)(1 — H(q]p)) —

¢, — ¢;. Then, we have,

i o) g 0 ) ) [ TG (qlp)qg;f)gqf)% o+ G
Define M1(¢,) = (qu((qlrp ZI’:’; ;:)(;Zi )in—CE' As {, increases, q({,) increases, pF(qp)qpH (q]p) in-
creases, but pF(qf P)( H(q}p)) — ¢, — ¢, decreases. Thus, M1(¢,) increases with £,.

Let M2((y) = S

Case I: dM2( ) >

Therefore, both M1(¢,) and M2(¢,) are monotonic increasing with £.
If we can show that M2(¢,) — M1({4) > 0 when /, is a very small quantity making ¢,p — 0.
M2(ly) — M1(¢4) < 0 when ¢, is a very large value making ¢/ — ¢, which solves pF'(1 — H(q)) =

/ / * dmmp (47p.ly _ a [PF(a}p) =i =<
¢, + ¢ Let ¢p(£y) — 0, we have Tbm%) = Gt Fay) et > 0.
pF(q)p)

~ d m ; 76 n u
Let ¢/p(€g) — ¢, we have, %;Pg)bfp(fg):q = —p7apt(ap)H(qip) < 0. Let ¢ solves
ﬂ-mP(Q;Pvz )

pF‘(q;*P)(l—H(ql*P))—c;%—c; =0, we get T”qi};(%)—ﬁ < 0. Thus, mmp(gp(¢y)) is a unimodal
)

satisfying M =0.

function £,, and g/p(¢;
Case IT: 7% < ¢

%ﬁgf’”” [ F(qip)(1—H(gjp)) — by — ) [=M1(Ly) + M2(£,)]. According to Case I, we show



that M1({,) increases with £y, and —M1({y) + M2({,) decreases with ¢,. Thus, %@”’Zg) de-

creases in £4. As shown in Case I, %ﬁ?m‘qip@g):o > 0 and %ﬁ?gm‘qip(%):d < 0. Therefore,
TmpP(qp;lg) is a unimodal function in /.

Part (ii): Part (ii) is a direct result of Part (i). Since m,,p(¢/p({y)) is a unimodal function in £,
there must exist a unique ¢ > ¢, — ¢, such that m,,p(¢/p({y)) = Tmr(qir(ly)) and m,p(gp(ly)) <

Tmr(qip(£y)) if €4 > 0. Q.E.D.

Proof of Corollary 1: Part (i): We have G(p, g/p, ) = cm(1+Lloa) +c;(1 4 £ra) = pF(¢¢ (a)) >
G(p,q©(a),n) since n; < 1 and £, > ls. Since G(p, q, m) decreases with ¢, we have qlP < q%(a).

Part (ii): We have 77 (QIT) § Ly (QlP) < 73 ( “a)) = 7TP (¢°(a)) because of ar < qp <
¢%(a). Similarly, we can show that g > q/p and 7TT (qlT) > 7TP (qlp) when ¢/, < /5. Q.E.D.

Proof of Proposition 3: We now prove that, when the manufacturer is the Stackelberg leader,
TmpP(@yp) = TmT(@,r)s TiP(@yp) = mir(dy,r), and mop(q,,p) = mr(q),p). We solve the game
backward. Given the manufacturer and the 3PL’s decisions, the buyer problem is the same
as in Lemma 1 where the 3PL is the Stackelberg leadership. From Lemma 1, we have w;p =
pF(qu) Wit (1+4oa) pF(qu) me(l'i‘éTa)

TTa ,and w;p = T Submitting wy;(g;;) into Eq. (5), rewriting the
3PL firm’s problem and taking the first order derlvatlve w.r.t. g, we have,
dmi(ai) _ [ pF(qr)[l — H(qr)] — wmr (1 + La) — (14 £a), ife="T,
dqi; pF(qp)l — H(qgp)] — wmp(1 + (bp — 4g)a) — (1 + Lpa), ifi=P.
Denoting g;; that solves %(Z“) = 0, we then obtain
( *) { pF(ql*T)[I_Ii_(fg:r}_cl(l'i'gra)’ ifi=T
Wini (4 PR 1-H (g o) —c(14+bra) .y .
- 1+(zol—P£g)al , ifi=P

Submitting w(q);) into Eq. (4), we can rewrite the manufacturer’s profit function as below:

X F(qmr)[1 — H(gm7)] — c1(1 + £ra) — (1 + £oa))gmr, ifi=T,
soitonsi) = mertens) = { G ) 0T ol L Hi2R

Brmplmp) — (0 As a result, Tmp(qt p) = T (@)
The buyer’s profit is: m;(¢),;) = PE[DAq} ;] —p q;*mF(q;;”) Since ¢, = ¢, p, we have myr(q), ) =
mpp (¢, p). Similarly, we can show that mr (¢, ) = mp(q),p). Q.E.D.

Therefore, we have ¢’ = ¢ p, which solves

Proof of Proposition 4: The buyer, the manufacturer, and the 3PL’s profit functions under
Case T and Case B can be written as follows.

v _ ) PE[D A qui] — [wmi (1 + Loap) + wii (1 + Lrap)]qp, ifi =T,
i (Gbi) = PE[D A qvi] — wmi(1 4+ (bo — Lg)ap)qri — wiiqri(1 + Crap), if i = B, (1)
. N (wmi - Cm)(l + eoam Qbis if 1 = T,
i (Wi ) = { (i (1 + (Lo — £g)am) — Cm (1 + Lotm)] gy if i = B. (2)
oy — ) (wg —a)(X+lrag)qui, if i =T,
7'('12(’[1)12) o { (wli — (1 + Eral)qbi, ifi = B. (3)

Case one: the 3PL leadership. We solve the game backward. First, we solve the optimal order-
ing level ¢;; and ¢}, and get wp,r (g5, wir) and wy,B(¢ 5, WiB); Next submitting wp,r (g}, wir)
and wy,5(q; 5, wip) into manufacturer’s profit function, we change ﬂmT(me) and 7, 5(w,p) into
me(qu,wlT) and 7,B(¢gmB, W), solve the optimal problems of ¢, and ¢ 5 instead of w} ;-
and w5, and obtain w;r(¢’,) and w;p(q), 5); Finally, submitting wir(q}, ;) and w;p(¢f,z) into
3PL’s profit functions, we change the optimal problems of m;7(w;7) and m;g(w;g) into mr(gr) and
mB(qB), and obtain ql*T(i.e., ¢y) and g/ (ie., ¢) solving the following equations, respectively.

{ G(pv Q’j'[kU 1) - Cl(l + E?‘ab) - Cm(l + anb) =0,

* ZO_Z olm __
G(p. g5 1) — ci(1+ Lrap) — cm(1 + Coap) fj&o_é;;;fl Ltlotm g,

As a result, the firms’ profits can be written as: -
{ mor(¢7) = PEID A 7] — pF(a7)ar
moi(a5) = PE[D A qp] — pF(q5)ap-



{ Tt (a7) = P qr F(qr) H(ar),

* 1+(lo—2 mok Tk *
T (4) = P e duF (a5 H (gh)-

* * r (% * 1+4o 1+4, * *
{ mir(ar) = par e F(ap) [ — Hgp)) — Sttt e, gr — (14 La)agy,

* * brap 1o/, % * 14+-loam ) (1+0r 14-(Lo—4 * *
71'lB(qB) = P4g %_tgrgi F(qB)[l - H(QB)] _ (ﬁ.z)r(ab)(1il()g(o_g(g)am)g)ab)Cqu - (1 + Eral)cqu-

With the same cash opportunity cost, we have ¢ = ¢}, and then obtain that myr(¢}) = mp(g};),
Tmr(97) = Tmp(dh), and mr(ar) = mp(ay)-
Case two: the manufacturer leadership. The profit functions of players are the same as those

in Case one. Similar to Case one, we have ¢} = ¢} if the cash opportunity cost is equal, and get
mor(ar) = mp(dp), mr(er) = ms(¢p), and mmr(er) = Tmp(p). QE.D.

Proof of Lemma 4: We solve the game in its general form backward. For the buyer, solving
%(ZZ“) = 0in Eq. (3), we have the buyer’s optimal ordering solution ¢;;. Since g;; monotonically
decreases with w;,;, there exists a one-by-one mapping between g;; and wy,;, that is,

pF(q},)—wis (14+-Lrap) .
*\ 1+loay ? 1= T’
Wi ()

pF(qf;)—wii (1+4rap) i=P

1+Zrllb ?
Submitting wy,(g;;) into the manufacturer’s profit function, and solving %@m

have

= 0, we then

PF(Q,*m')[1_H(Q:ni)]_cm(1+€oab) i=T

( * ) B 1+4ray ’ !
Wii\mi PRan ) 0=H(a5 )] em(tboan) ; _ p
1+lrap T I+ (lo—Lg)am’ L=

M)

p (q:LP)H(q:nP) + Cm(1+£oam)

1+4rayp 1+(lo—Lg)am *

For P, submitting w;p(q},;) into wm,p(q),;), we have, wy,p(q',p) =

Then, submitting wy,(q},;) and w,p(g},;) into 3PL’s profit function, we have
a ‘, ‘, ,
o () P Qi iiﬁ:séF(Qli)[l — H(q)] — %Wcm% — (1 + lray)qy, i=T,
1ilq) = s 14 (bo—t 1+-Loam)[14(Co—t .
o P Qi iiﬁT;’;F(qH)[l - %TMZMH(%)] - 0 1‘1(2_2)% ol g —a(l+ boay)qu, i=P.
1+ (0o —t ; . -
Define 7, = H&Jf%, nm = ﬂngl)a’ and n, = %ﬁ;. Taking the first derivative of m;(q;)
w.r.t. g, and letting ChrgT(l‘f_”) = 0, we can solve the 3PL’s optimal solution gj,(i.e., ¢}-) and ¢;p (i.e.,
qp) by the following equations.
G(pa qak“a 1) - Cl(l + Erab) - Cm(l + anb) =0, (4)
G(p:qp,m) — a(l + Lrap) — (1 + Loap)nmmmy = 0.
Q.E.D.

Proof of Proposition 5: We first show that, if a,, > a;, 7,7 increases in £, and vise versa. We

; dnmm 1+Lloam _ ; dnmmn
obtain that a, = a1t b )an]? (am — a). Therefore, if a,, > a;, we have dl; > 0, and

vise versa.

Part (i): First: mp > mp iff ap > ap,. Given £y = lo—Lr, = 1. In Eq. (4), we observe n,m, < 1
when ay > a;,,, which suggests g5 > ¢4 because pF(q)[(1 — H(q))? — qH'(q)] decreases with q.
Consequently,

(@) = pay TEl F(gy)[1 — Hi(gy)] — WUt oo — (1 4+ Loar)augh, 5)
mip(a5) = pap e F(ap)[1 — H(qp)] — HtelCrete, g — (1 + fa)ag.
Since ap > a.,, we have (IMTﬁ’_)Z(::; Co) > (IMTICLJ’F)Z(:;f "“’”), then we show m7(q}) < mp(qy).
Second: Tpp = Tpr if ap > Q.
Submitting ¢;» and ¢/» into the manufacture’s profit, we have,
Tt (47) = prspardr F (ar) H(at), ©)

Tmp(qp) = PEF gL F(qp) H(gp).
Following our proof in Proposition 1, in which we show that F(q)H(q) increases in ¢, we have

e F(g)H (g < ¢pF(qp)H (¢p) since ¢i < ¢p. Because ap > ay, and £, > £,, we have %ﬁ <



1 Z'r m 3
JTT“%. Consequently, if a, > an,, Tmr(g5) < Tmp(gp).

Third: TP > TyT if ap > Ay, -
Similarly, the buyer’s profit can be rewritten as

{ mr(ay) = PE[D A g7] = pF(a7)af, 7
mop(qp) = PE[D A qp] — pF(ap)ap-
We can show dﬂ;z(lf”) = pF(q};)H(qj;) > 0. Therefore, myr(gi) < mpp(gp) given ¢ < g if ap > ap,.

Based on the above analysis, we can infer that ¢, = ¢/p if ay = ap, regardless of the value of
a;. Thus, all firms are indifferent of P and T if a; = a,,. For tie-breaking, our analysis assumes P
is taken when firms are indifferent of both cases.
Part (ii):

If ¢, > {5, we have 1 < 1. Furthermore, when a; > a,, n,n decreases in £;,. As we show
in Part (i), £y = s, Ny < 1 if ap > ay,. Then, we can show that if a, < a,ap, Ny < 1,
we have g5 > ¢5. In Eq. (5) and (6), if aj > a,, and ¢p > ¢, we have mp(qp) > mr(g;) and
TmpP(qp) > mmr(q}). In Eq. (7), if gp > ¢}, we have myp(qp) > mur(q). As a result, the proof of
Part (ii) is well done.
Part (iii):

Since a,, > a;, we have 7,7, increases in ¢,. If £, < {4, we have 7,,7; < 1. And we already have
np, < 1. Then, we obtain n,mny < 1.

According to Eq. (4), we have ¢} and ¢p, further ¢} decreases in n;. If £, < £, we obtain
increases in a;. Let d; solve ¢}.(a;) = gp(a;). Then, we have g > ¢ if a; < a;.

Similar to the proof in Part (ii), we can show that all firms prefer P to T if a;, > a,, > a; and
even ay > dy({y). Q.E.D.

pF(Q)_w77LT (1+£0ab)

Proof of Lemma 5: Solving Eq. (3), we have w;p = A ,and wyp = pF(Q)_lw—:Zfa(;-i-grab)'
Submitting w;z and w;p into Eqﬁ (5), we have w7 = pF(q)[l_I{ngl;;l(H&'“b) and
_pF(g[1 — H(9] + bray) L+ Lea

fmp = (1 +Lrap)[1 + (bo — Lg)ay] - 1+ (4 — Eg)al.

Submitting w7 and wy,p into Eq. (4), we can solve ¢’ and ¢’ p as described in Lemma 5.
Q.E.D.

Proof of Proposition 6: Part (i): From Lemma 5, we know ¢’ , (i.e., ¢}) and ¢’ p (i-e., ¢p)
solving the following equations, respectively,
G(p,qp,1) — (1 4+ lrap) — ¢ (1 +Loap) =0 (8)
G(p,ap,1) — a(l + rap) — nmmmpem (1 + Loap) = 0.
As we know, G(p, q,1) decreases with g. Thus, if n,mn, < 1, we immediately have ¢ > ¢F..
Part (ii): We first prove that myr(q}) < mp(¢p), mr(er) < mp(gp), and Tmr(gr) < Tmp(dh),
when g7 < ¢p. Similar to the proof of Lemma 5, we submit wir(q7), wmr(ar), wip(qp), and
wrp(¢p) into all firms’ profit functions. And we obtain myr(¢)) = pE[D A ¢} — pF(¢y)g; and
mr(ap) = PEIDAGH—pF (qp)aps mr(ar) = piigacF(ar) H(a7)gr and mp(ap) = prigras F(ap) H(g5) a5
Tt () = F22 [pF(q7) (1 — H(gp) — a1+ £rap)] — (1 + Loam)g; and
1+/4ea; 1+ (&, — Eg)am _
= F(gp)(1—H(¢p)) —q(l+¢ — (144 .
1t Cray 1+ 6y — Ug)ay [pE(gp)( (ap)) — a(l + rap)] — cmap(1 + Loam)
We can show that dﬂi’l—i(q) > 0 and d”él—z(q) > 0. Therefore, myr (¢, ) < mpp(q),p) and mr(q),) <
mp(qy,p) when ¢ < g, p-
Consider the manufacturer. The inequality of 1 + f,ap

WmP(Q}kD)

> (tboam)(Atbrap) [1+(bo—Ly)ai]
= (I4Lray)[14(lo—Lg)am]

Therefore, for any given ¢, we have

(i.e.,
14+loam 1+Z7‘al 1+(ZO_£9)am
= 1+loay, — 1+lrap 14+(lo—Lg)a; *
Tmp(q) > Tmr(q). Let ¢ = ¢, we obtain mp,p(g) > mmr(gr). Given npmm, < 1, we also
have ¢p > ¢p. Since ¢p is the optimal solution for the manufacturer in P, we must have

Dy < 1) is equivalent to



TmpP(qp) > Tmp(q;). Therefore, the manufacturer is better off as long as n,mmn, < 1, because
Tmp(qp) = Tmp(a7) = Tmr(a7).-

If np > “’"5 and a; > ap, we can rewrite n,mny < 1 as £, > (t+loam)(a—ap)(bo—tr)

(A+Lloam)(a;—ap)+(1+4rar)(ap—am)
T +B = &l,. Therefore, all firms prefer P to T, as long as ¢, € [{ls,(,]. Here, without loss of
generality, we assume P is preferred if there is a tie between P and T.
Zo m Zo_gr
Otherwise if np < “’"5 and a; < ap, we can rewrite n,mm, < 1asfl; < (1+Zolem+)(aab zl(l’)lz_(fjr)éral)(azn_al)

1J1FB€ =&ls. Ly < Els. That is, all firms prefer P to T, as long as ¢, € [0,&(5]. Q.E.D.

Proof of Corollary 2: Corollary 2 is a special case of Proposition 6 and can be obtained imme-

diately by plugging the corresponding conditions. Thus, due to limited space, the proof is omitted.
Q.E.D.

Proof of Proposition 7: The proof can be obtained from comparing Eq. (4) with Eq. (8), then
thus omitted because of limited space. Q.E.D.

Proof of Proposition 8: Part (1): When the buyer borrows capital from the bank, we have

() = PE[D A qui] — [wimi(1 + Loap) + wii(1 + brap)lqei(1 +1y), ifi=T, )
R PE[D A qpi] — [(wimi +wii) (1 + rap)]qui (1 +7¢), ifi=P.

. .. . F(q)— 1+-Lrap)(1+ pF 14-Lrap)(1+
Taking derivative of g; in Eq.(9), we have w,,p = £ (q)(filzToib) (14?:3:() ") and Wmp = = )(ﬁlng)(lfi;g .
Submitting w,,7 and w,,p into manufacturer’s profit function, and taking derivative of g¢,,;, we
. i P@—H (@) =em (14 oam) i *ﬁf‘;mﬂ 1= H(q)|—cm(1+Loam)

ave wyp = i , wip = TFlo=t;)am , and wy,p =
pF(q)H(q) em(1+€oam)

T Ot tray) T THlo—to)am Let a; = a, where i = b, m,l. Then, we submit w;p, w;p and w,,p into

3PL’s profit function, and rewrite it as the following. mr = %F ()1 — H(qr)gr — em(1 +

loa)qr — ai(1 + Lra)qr, and mp = ﬁF(QzP)[l - %H(QUD)]QUJ —em(1+ Loa)qip — (1 +

lra)qp. Solving ‘Cil’”T =0 and = 0 results in Proposition 8.
Part (2): For any given 7y, ql solves the following equations:
G(ﬁ, 1) =cm(1+4loa) + (1 + Lra), ifi=T,
G(%, q\m) =cm(1+Loa) + (14 4pa), ifi=P.

The RHS in the above equations is fixed for any given /s and /,. The LHSs decrease with ¢;. If 7

dﬂ'lP _

increases, 12— + decreases. To keep the equations hold, both G(1 vy ,qf,1) and G(ﬁ, qf,m) must
increase. Consequently g1 and ¢p must decrease with 7.
Next, we prove that M <0, dﬂ”“( D < 0, and dm”i(f) < 0. The buyer’s profit is m;(¢f) =

p[E[D A ¢f] — F(q})q})- S1nce dij(fl) > 0 and % < 0, we have % < 0. The manufacturer’s

profit functions are m,r(¢}) = Hi_';rfq}ﬁ’(q})H(q}) and m,p(¢p) = ﬁmq}ﬁ(q})H(q}), in T
and P, respectively We have ¢F ( )H (q) increases with ¢, and then ¢ F(q)H (q]) decreases with

T, —f decreases with r¢, both mp,7(¢}) and 7, p(qp) decrease with

dmii(g;) _ Omu(qf) dg} omi(qf) _ Omala;) dmr(ar)

ry. For the 3PL we have &y = O oy = o, We then obtain &, =
dr . 1+(Lo—0  \]

(1+r B F(qT)[l H(qy)lap < 0 and lP(fqP) = —(1+I,)1f)2 F(qP)[l—ﬂTM")GH(qP)]qP <0.Q.E.D.

Proof of Proposition 9: Part (i): Similar to the proof in Lemma 3, the first order conditions
of Eq. (19) in T" and P, respectively, give us

EF(qm)[(1 = Hla))(n = H(air)) = arH (@) = ¢ + . (10)

p _
;F(QlP)[(l —mH (qp))(n — H(qp)) — mapH' (qp)] = ¢ + ¢, (11)
For a fixed ¢, as n increases, (p — —H (qr)) and —%qlTH '(qur) increases, and then F(q7)[(1 —



H(qr))(p — 2H(qir)) — 2qirH'(qi7)] increases. Given that the right hand sides are constant, as
n increases, ¢;; must increase to satisfy the first equation. The same logic applies to the second
equation. Then, we can show that %L;Lr > 0 and aaq—f > 0.

The proof is similar to that of Proposition 1. Given any n, the firms’ preference is independent
of n but hinges on the values of ¢, and ¢,. We have ¢;p > q;p iff {4, > £; otherwise ¢;p < ¢jp-

Part (ii): We use the contradiction approach to prove this. Assume that 6qP < %ZT itly > (s Let

Gl(n) = LF(qr)[(1 — H(ar))(n — H(ar)) — arH'(@r)] in Eq. (10), and G2(n) = ZF(QIP)[(l -
mH(qlp))( — H(qip)) — mapH' (qp)] in Eq. (11). And G1(n) and G2(n) increase in n. Since

;7’; < %ﬁ, we should find an n equal to 7 satisfying ¢.(7) > ¢p(n). If €4 > £y, we have n; < 1.
Then for any given n, we have G1(n) < G2(n). Consequently, from Eq. (10) and (11), we have

q7 < qp, which contradicts the previous result. Therefore, we have {g]—rf > %L;f. Q.E.D.

Proof of Proposition 10: For limited space, we focus only on the 3PL leadership game.
The result is the same for manufacturer leadership. According to Lemma 3, the following FOC

conditions must hold.
G(p, ¢, 1) = cm(1 4+ Loa) + ¢(1 + 4,a),
{ G(p, Q}B,m) = Cm(l + an) + Cl(l + Era)'
As proved in Lemma 3, for any given /,, LHS decreases with ¢ in the above equations. Note
that ¢, = Ly + £,. When Lg; increases, RHS increases in both Models 7" and P. To keep the

equations hold, LHS must increase and, therefore, ¢ must decrease with L,;. Meanwhile, for the

buyer, its profit is my;(¢}) = p[E[D A ¢f] — ¢/ F(g})]. It can be proved that dﬂg;%q;) > 0. Since

qui < 0, we have %(Z;) < 0. For the 3PL, its profit in Model T is mr(qr) = pF(qr)[1 —

dm, ol on ) dgk on
H(qr)lar — em(1 + Loa)gr — (1 + £.)qr. ;EST) — gqng) qujT + ’T(qT).

we have aﬂgqu) = 0, and dﬂéf(qT) = 87325?) = —cmgra < 0. The 3PL’s profit in Model P is

From Lemma 3,

dmr(qp)

mp(gp) = pF(qp)[1 — mH(gr)lap — cm(1 + Loa)gp — (1 + £:)gp. Similarly, we have =g"F> =
5= apF(ap)H(gp) — emgpa < 0.

Because both Il; and II;;, ¢ = T, P, decrease with Lg;, the Nash bargaining product for any
given 0, € [0, 1] decreases with Lg;. Therefore, the optimal Nash bargaining solution is achieved at
the lower bound LI, = ¢,, v =T, P. Q.E.D.

Proof of Proposition 11: The proof is provided conceptually right after the proposition.
Q.E.D.

Proof of Corollary 3: Let § = ({Hloama)lo=te) ,hq j golve mr(gr) = mp(gh, by). I b, < 1,

am(l‘i‘éoab)
1+(£o—zg)am 1+4,a : * *
we have e 2 THlas: From Lemma 2, we obtain ¢p > ¢7. To prove T' < P, we need

to prove myr(gr) < mp(¢h), Tmr(@)) < Tmp(gp), and mr(gy) < mp(qj)). Submitting ¢} and
qp into buyer’s profit function, we have myr(¢p) = pmin[D A q7] — pF(qp)qr and mp(qp) =
pmin[D A gp| — pF(qp)gp. Then we have myr(gr) < mp(qp) if ¢ < ¢p or £, < L. Similarly,
Tm1(¢7) < Tmp(qp) when £y < L.
. d * o £)dgh | 0 . d . F
Since MA(E) — OMPU) Ui 4 ONEGE) o have SEUR) = ((BEUE) _ yy)gh, + [(u; — )y +

Cm(l"l‘éoam)(ég Z ]
1+(lo—Lg)am

em(1+Loam ) (Lg—Ls)
a)lr + =2t am

function of a;. If a; < %, mp(qp) decreases in ¢,. Then ¢/, < e, ~], T < P. Otherwise,

d *
a4 (w — a)ap Where gy = FE < 0. Let A(ly) = (PR )i, 4 [(wr —

lgp', we get M = A(ly)a; + (w; — ¢)q3p’, then dmgg(gq;) is a linear

mp(gp) increases in (. If { < 0, we have T < P. Q.E.D.



