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Derivations of bidding equilibrium under mechanisms FS and FSR
Under pooling, all suppliers are ex ante symmetric at the time of bidding, and their closed-form
equilibrium bidding function under FS/FSR can be readily derived (e.g., Chapter 2.3 of Krishna
2002). Under diversifying, the suppliers have different regional costs, and hence are ex ante asym-
metric at the time of bidding. For such a case, it is well-known that there is generally no closed-form
solution to the equilibrium functions under FS/FSR; see Chapter 4.3 of Krishna (2002). We provide
a general formulation of the bidding equilibrium for the diversifying scenario, in which suppliers 1
to ny; > 1 are in region 1 and suppliers n; +1 to N are in region 2, and describe the approach we
use to numerically solve the bidding strategies and evaluate the buyer’s expected total cost.
Without loss of generality, we assume a; < ay and so s =ay — ap; namely, region 1 has lower
regional cost. We assume there exists a symmetric pure-strategy equilibrium, in which suppliers
in the same region use the same bidding strategy and each supplier ¢’s bid increases in his cost
x;. Under mechanisms F'S and FSR, the buyer compares b; 4+ a; with b; + a;, which implies that
the effect of @ on the suppliers’ bidding strategies is subsumed by the effect of the regional cost
difference. For notational simplicity, let 5(,)(z) denote the bidding strategy of suppliers in region
r=1,2. Let ¢« be the inverse function of 3y, and let ¢,y be the inverse function of B,y + s. By

definition, () maximizes the expected profit of each suppler in region r, so

Ba)(z) =arg max { (z— x)?nl_l (o1 (z:))FN_n1 (D2 (z))} , and (OS-1a)
Be(z) +s=arg Inax { (z—s— ﬂf)FNinlil(ﬁb(z) (Z))Fnl (D) (Z))} ) (OS-1b)
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where F'=1—F. Let z,, = $1)(0), 2(5) = B2)(0) + s, and Z1) = f1)(1). Thus, we have boundary
conditions:

0=00)(z1)) =02 (22); 20)Ew)=1; b@)(Za) =Zq) — s (0S-2)

The last equation follows because no supplier from region 2 with x > Z;) — s can win the auction, as
all suppliers in region 1 bid no more than z(;). When n; =1, we must have Z(1) = Z(2) in equilibrium.
When n; > 2, it is reasonable to assume that z(;) < z(,), since region 2 has the higher regional cost.

Applying FOCs to equations (OS-1a)-(OS-1b) and using the definitions of ¢(1) and ¢(s), we have:

dF(¢1)(2)) F(ou(2))

= , when ny > 2 and z € (2,4, 2/ ); 0S-3
7l s F ) 1 0y 2m) (05-3)
and for z € [2(4),Z(1)] We have
N—nq N—nj—1

dF(¢(1)(Z)) - ny(N—nj)—(n1—1)(N—n1—1) ny(N—nj)—(n;—1)(N—n1—1)
— F z 1 1 1 1 _ 1 1 1 1 ; OS_4
dz (¢(1)( )) Z—¢(2)(Z)—S Z—¢(1)(2) ( )

dF(¢e)(2))  —+ T =T | M == D =m=T)
-F P 1 1 1 1 ! 1 1 1 ) 0S-5

The ODE set (equations (0S-2)-(0S-5)) applies to both FS and FSR, and the two mechanisms
differ solely in Z(;y. In particular, we must have Z) =1 under FSR due to the reserve price, while
under FS we have Z(;y =1 only when n; > 2. This implies that when low-cost region 1 has more
than one supplier, the supplier competition makes FS and FSR outcome-equivalent. In contrast,
under FS when n,; =1, the highest cost-type supplier 1 can choose an optimal bid above 1 such
that %) = argmax.{(z — DF " (¢(z)(2))}.

Given ¢y and ¢() we can derive the buyer’s expected total procurement cost. Note that the
buyer’s total cost exceeds a; + z if and only if b; > 2z for each supplier ¢ in region 1 and b; +s > 2
for each supplier ¢ in region 2. This implies that the tail distribution of the buyer’s total cost is

Fnl(¢(1)(z))fN_”1(¢(2)(z)), so the buyer’s expected total cost equals

mtzat [ F G G0 () (05-)
2(1)

ODE set (0S-2)-(08-5) generally has no closed-form solutions. To construct Figures 3 and 4, we
numerically solve ¢(;) and ¢(») and evaluate the buyer’s expected profit under FSR, for cases [N =2
and n; = 1] and [N =4 and n, = 2], respectively. In short, our methodology is as follows. When
N =2 and n; =1, we have Z(1) = Z(2) and Z(;) = 1. The challenge is that Z(1) is unknown. We search
for the value of z(;) such that the ODE equations (0S-4)-(0S-5) satisfy the constraint z;) =1

(numerically, with a small tolerance level). Note: In this case, (OS-3) is irrelevant. When N =4

and n; =2, we only have z,) <z, and Z(;) = 1. This scenario is more challenging because both
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z(1) and z(,) are unknown. Thus, our algorithm needs to search for both parameters simultaneously
such that the ODE equations (OS-3)-(OS-5) satsify the constraint Z(;) = 1. In the figures, when
the buyer’s total expected cost of pooling and diversifying are tied (within a very small tolerance

level) we break the tie in favor of pooling (this tends to happen more near s =0).

Derivation of diversification upside (4) and downside (5)

Equation (4) follows because, for all Mech € {RE,RER,FS,FSR,OPT}, when a, > a; we have
aMech (g (ay,a,)) = Mot (x, (s,5)) + ag and wMeh(x, (a1,a,)) = 7™ (x,(5,0)) + a2, per equa-
tions (1a), (1b), (2a), (2b) and (3). Similarly, equation (5) follows because when a; < a, we have

gMech(x (ay,a,)) =nMeh(x,(0,0)) +a; and M (x, (ay,a,)) = 7™M (2, (0,8)) + a;.

Proof of Lemma 1
Per equations (1a), (1b), (2a), (2b) and (3), we have wMh(z, (s,0)) = 7" (z, (0,s)) for all x,
s, and Mech € {RE,RER,FS, FSR,OPT}. This implies that the expected diversification upside

minus downside is positive if and only if inequality (6) holds.

Proof of Proposition 1

Let vV and A denote the componentwise maximum and minimum operators, respectively.
1a) we have 77 (z, (s,s)) = 7% (x, (5,0)) V7€ (x, (0,5)) and 7€ (x, (0,0)) < 7 (x, (s,0)) A
x,(0,s)) for any x and s. This implies that L [TRE(x,(5,0))] + E [77E(x,(0,5))] >
E [n7F(z,(s,s))+ 7" (x,(0,0))] holds for any F' and s > 0. This in turn im:;)lies, per Lemma 1,
tmhat E [7®F(z,(s,0))] > %g [7RE(x, (s,5)) + 7R (2, (0,0))] holds for any F' and s > 0. Therefore,

er

(
RE(

s

regardless of F' and G, inequality (6) can never hold, and pooling is always optimal by Lemma 1.

Proof of Proposition 2

Regardless of Mech € {RER,FSR} and s, per equation (1b) and (2b) we have m°"(z, (s,5)) =
Koo+ s, mMeh(x,(0,0)) = Xo.0, and 7" (z, (5,0)) < 1. Therefore, inequality (6) holds if Prob(s >
2(1 — X5.5)) is sufficiently large.

Proof of Proposition 3

The standard mechanism design analysis (Myerson 1981) can show that (E)[?TOP T(x,a)] =
E [Y(z,a)], where Y(x,a) = mln{w( ;) + a;}. Note that for any & and s > 0, we have

(z,a@)
Y(x,(0,0)) ="(x,(s,0)) AT (x,(0,s)) ‘and Y(x,(s,s)) > T (x,(s,0))VY(x,(0,s)). This implies that

E [Y(xz,(s,0)]+ E [Y(z,(0,s)]< E [Y(x,(s,5))+ Y(x,(0,0))], and hence

(x,s) (x,s) (x,s)

E [ @, (5. 0)] + E [27(@,(0.5)] < B [1°7 @, (s.5)) + 7" (@,(0,0)]

(z,s) (z,s)

hold for any F' and G. Therefore, the proposition follows per Lemma 1.
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Extension to N-supplier case and proof of Proposition 4

To extend our analysis to cases with N > 3 suppliers, we extend our notation by replacing ¢ =1, 2
with ¢ =1,..., N and redefining x = (z1,...,xy) and a® (a1,...,ay). Define (s;0) to mean that
a;=sfori=1,...,N; and a; =0 for i = N; +1,..., N; similarly define (0;s), (s;s), and (0;0). Our
paper’s descriptions of the five mechanisms were written to naturally extend to N-supplier cases.

Part (i) follows, as Proposition 3’s proof remains valid for the N-supplier case: Simply replace
i=1,2byi=1,...,N, and replace (s,s), (s,0), (0,s), and (0,0) by (s;s), (s;0), (0;s), and (0;0),
respectively. For part (ii), recall that the buyer selects the best mechanism among {RE, FS, RER,
FSR}, and effectively among {RER, FSR} since they dominate {RE, FS}. Denote her expected
total cost under the best mechanism by 7*. We have 7*(z, (s;5)) = 7" (z, (s;5)) = s + Xo.y and
m*(x,(0;0)) = 7Meh(x,(0;0)) = Xo.n for Mech € {RER,FSR}, ©*(x,(0,s)) < 78 (z,(0,s)) <
Xo.n, and 7*(z, (5,0)) < 7% (x, (5,0)) < Xo.n_n,. Thus, per Lemma 1 it is optimal to diversify if
Probls +2Xs.ny — Xo.n, — Xo.nv—n, > 0] is sufficiently large; part (ii) thus follows.

For part (iii), when N >4 we have N; > 2 and N — N; > 2 (both regions have at least two
suppliers). In such cases, 7 (x, a) = second min{z; +a;; i=1,...,N} = second min{z; +a;, 1+
a;, i=1...N} =xl¥%(z a), hence mechanisms RE and RER are equivalent. Therefore, the
buyer’s preference is same as in part (ii), as proved in the previous paragraph.

Last, we discuss the case with mechanism RE and N; =1. We have 7% (z, (s;s)) = s + Xo.n,
7RE (2, (0;0)) = Xo.5y. When s > 1, we have 7/*F(x, (0;5)) = Xo.y_; and 78 (x, (5;0)) = s+ X1.n 1.
Therefore, when N; =1 we find that the buyer’s optimal supply base design strategy depends
on both distributions F' and G under mechanism RE; in particular, when a large regional cost

difference is very likely (i.e., s > 1), the buyer prefers diversifying if and only if the distribution F’
is such that 2Xo.n — X181 — Xa.n_1 > 0.

Proof of Proposition 5

Suppose s > 1. When Mech € {RER,FSR,OPT}, we have 7M¢"(z (0;s)) = Xan, and
aMech(g, (5,0)) = Xo.y_n,. Thus, due to regional symmetry we have (E;)[WM“’L(:B,(LNS >1] =
%[Yll\h + Xo.n_n, ], which is minimized by N; = L%J if X,., is convex in n € {1,...,N}. When
T+ I;((j)) is increasing in z we indeed have that X, is convex in n € {1,...,N}. To see this,
note that the tail distribution Prob(Xs., > z)=F (z)+ nF(z)Fﬂfl(z), and this implies that the
expectation X, = fol [F"(2) + nF(z)Fnil(z)]dz = fol F'(2)d[z + 1;((5))} Since F' (z) is convex in
n for all z and z + 1;((;) is increasing in z, we know Xs., is convex in n. The same proof applies
for Mech € {RE,FS}, with a note that 7" (x,(0;5)) > 1 = X5.n, when N; = 1. Namely, the

absence of the reserve price yields a higher cost to the buyer when she chooses N; = 1; obviously

this can only make N; =1 a worse strategy than Ny = [£]. Thus, if Prob(s > 1) is sufficiently

large, Ny = | & | is the optimal diversifying strategy.
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Proof of Proposition 6

Note that the buyer’s expected total procurement cost by pooling two suppliers in region r equals
ffooo zdL(2), so the buyer prefers region r* as doing so clearly minimizes the expected total cost.
Denote the total cost distribution for region r as H, = F,y ® G, where @ is the convolu-
tion operator. Note that the buyer’s total procurement cost equals max{x; + a;,x2 + a2} under
mechanism RE. Thus, if the buyer has one supplier in region 1 and one supplier in region 2, the
expected total cost equals [ zd[H(1)(z)H2)(z)]. The buyer’s expected total cost would be equal to
[ zd[Hy(2)H ()], if the buyer were able to use a hypothetical diversifying strategy that uses
two copies of region r, r =1,2. The diversification strategy that has one supplier in region 1 and
one supplier in region 2 is dominated by either or both of the hypothetical two-copy diversify-
ing strategies because 2 [~ _zd[H(2)H)(2)] — [ zd[H 1) (2)He1y(2)] — [7 zd[Hz)(2) Hiz)(2)] =
— |7 2d[Huy(z) — Hey(2))? = [T [Hu)(2) — Hez)(2)]?dz > 0, where the last equality uses inte-
gration by parts and the fact that H;)(—o00) = H(9)(—00) =0 and H)(00) = Hz)(o0) = 1. The
proposition part (i) follows because either of the hypothetical two-copy-region diversifying strategy
is dominated by the corresponding pooling strategy (per Proposition 1).

Under OPT, the buyer’s expected total cost by pooling in region 1, pooling in region 2, and diver-
sifying equals Xo.0 + Ela)], Xa.0+ Ela@)]+6, and (5}) [min{y ) (21) + aq), Vo) (z2) + 0+ 5+ Ae}],
respectively. It is clear that pooling in region 1 dominates pooling in region 2 and hence the buyer
chooses between pooling in region 1 and diversifying. The threshold 5()\) defined in the proposi-
tion’s part (iii) exists because (51) [min{e ) (1) + aq), i) (@2) + @+ 6 + Ae}| increases in &, and
as ¢ goes to infinity, it approaches (wJ’Ea) [111(1)(15‘1) +a(1)} =1+ Elaq)], which exceeds X0 + Elaq)]
(the buyer’s expected total cost by pooling in region 1). Furthermore, the threshold d(\) increases
in A\ because (wlzz [min{e ) (1) + a@), Yoy (z2) + @+ 8+ Ae}] decreases in A given that increasing

A yields a mean-preserving spread of a(2) and min{v(x1) + a1y, ¥(2)(z2) + a2} is concave in a ).

Proof of Proposition 7

Under pooling, all N suppliers’ regional costs are always equal (i.e., a; =...=ay). In such a case,
all suppliers are symmetric; all the five mechanisms yield the same total procurement cost to the
buyer per the Revenue Equivalence Theorem (Myerson 1981). However, under diversifying, with
positive probability, the suppliers from different regions have different regional costs. In such a
case, by the five mechanisms’ respective definitions, the buyer’s expected total procurement cost
can be strictly different under different mechanisms; in particular, it is the lowest under OPT and
highest when the buyer can only choose RE. The result follows because the access to a larger set of
mechanisms can only decrease the buyer’s expected total cost if she diversifies but does not change

her expected total cost if she chooses pooling.
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Extension to multiplicative regional cost case and proof of Proposition 8

For the multiplicative model, adapt §4’s description of the five mechanisms as follows:
For RER, FSR, and OPT, the optimal reserve price is min{a,u,asu}; for RE/RER,
replace all x; + a; by a;z;, and remove all —a;; for FS/FSR, remove all +a,; for
OPT, redefine the virtual total cost as a;1(x;), redefine the auction starting price as

¥ (u) max;{a;}, and redefine Pay(OPT) = min{a;)="(p/a;),a;u}, where j = argmin{a;y(z;)}
i=1,.,N

we obtain 7fF(x,a) = seco?d r]\?in{aixi}; T x,a) = seco?d rj\?in{aixi,aiu}; ™
1=1,..., 1=1,...

‘:qlinN{B-FS(:vi, a)l; 758 (xz,a) = r{linN{BZFSR(:Ei, a),a;ul; 7T (xz,a) = min{a;v "' (p/a;), a;u}.

yeee =1,...

RER( FS(x,a) =

factors (ay,as), we define 7= Z—; v Z—i Note that the diversification upside (4) is re-written as

(oM@, (@1,@1)) — 7" (@, (@1, 82))] Lan 2 @) = (@ Ads) [V (@, (7,7)) — 7" (@, (7,1)] (@ > a),
and the diversification downside (5) is rewritten as

[mMeet(@, (ar,a2)) — 7" (2, (@1, 01))] 1(@1 < G2) = (a1 Ado) [7" (@, (1,7)) — o (2, (1,1))] I(ar < a@o).
Therefore, diversifying is optimal if and only if

5 A ) 7, ) = 7 G, (1)) =, (1,7) 1 e, (1, 1) >0,
(O08S-7)
replacing inequality (6) in Lemma 1.

Propositions 1, 3 and 4(i) extend to the multiplicative regional cost model because inequal-
ity (OS-7) always holds under OPT for all N, and can never hold under RE when N = 2. To prove
this, it is straightforward to adapt the proofs of Propositions 1, 3 and 4(i).

To extend Proposition 2, note that wfFE(x,(n,n)) = nXso, wtEE(x,(1,1)) = Xso, and
TRER (g (n,1)), 7R (x, (1,1)) < wu. This implies that inequality (OS-7) holds if Prob[(1+n)Xa. —
2u > 0] is sufficiently large, giving the condition specified in Proposition 8.

To extend Proposition 4(ii), note that 7*(x, (n,n)) = M (x, (n;1)) = nXe.n and 7*(x, (1,1)) =
Meeh(g,(1;1)) = Xo.n for Mech € {RER,FSR}, n*(z,(1,n)) < 7% (x,(1,n)) < Xa.n,, and
™ (xz, (n,1)) <78 (x,(n,1)) < Xo.x_n, - Thus, per Lemma 1 it is optimal to diversify if Prob[(1+

s

N)Xo.n — Xo.n, — Xo.n—n, > 0] is sufficiently large; part (ii) thus follows. Part (iii) extends because
it is easy to verify that 7%FE(x, a) = ¥ (x,a) for all (x,a) whenever N; >2 and N — N; > 2.

To extend Proposition 5, we simply need to duplicate the proof of that proposition, noting that

Mech( Mech(

T x;a) = ay Xo.n, when asl > aqu, and 7 x;a) = ay Xo.n_n, When ail > asu.
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To extend Proposition 6(i) we can duplicate the original proof, using L )(z) =
[oF, (y(2/9)dC (y). To extend Proposition 6(ii) we can duplicate the original proof after redefin-
ing H,) as the distribution of a;z; when a; ~ C, and x; ~ F{,. We can duplicate Proposition 6(iii)’s
proof if we replace Xs.o + Ela)] with XQZQE[CL(D], replace X0 + Elan)] + 6 with XQ;Q(E[Q(D] +9),
replace 11)(x1) + a@y with ¥q)(x1)an), replace o) (x2) + a2y With 1Y) (22)ae), replace o) (x2) +
a+ 0+ Ae with ¢ (z2)(a+ 0 + Xe), and replace 1 + Efaq)] with uE[a()]. Proposition 7 extends
since its proof is based on symmetry of suppliers under pooling and asymmetry of suppliers under

diversifying, which hold in both additive and multiplicative settings.
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