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Appendix A — Proofs of Lemmas and Propositions
Proof of Lemma 1: The proof goes in two steps.

Step 1: We temporarily ignore the boundary condition e, >s.., and consider maximizing U_ over

sc
set  (g,.e,)e(01[01) . By jointly solving U, /e, =(1-e,)1-2ke, +k)D; —¢,(e,)=0 and
U, /e, =(1—¢,)(L—ke,)De —c, (e,) =0, we get all possible critical points (&,,6,): &, being the solution
to 1-r,(1-é,)1—ké, )Dp))1—-2ké, +k)D: =c, (&) (i.e, itis the same as $.. ), and in turn &, being
the solution to é, =r, (1-€,)1—ké,)D;).

Consider (1—r,(1—¢é,)A—ké&,)D:))A—2ké, +k)Dg =c, (&) . Its left-hand side is decreasing in §,,
and its right-hand side is increasing in é, . Therefore ¢, is a unique solution. Also it is straightforward
that 0<§, <1. From &, =r,((1—8é,)(1—ké,)D,) we then know &, is also unique. Therefore, there is one
and only one critical point (é,,€é,) over compact set ([0,1],[0,1]) .

We next prove that, over compact set ([0,1],[0,1]), U. must be maximized at (¢,,é,). Given the
uniqueness of this critical point, we only need to show that U, cannot be maximized at any boundary

point of the compact set ([0,1],[0,1]) . First note that U_ cannot be maximized at either e, =1 or e, =1

because costs at these boundary lines are infinity. At e, =0, dU. /aeN|e L, =0-¢)d-ke,)D: >0,

thus U is not maximized. Similarly U is not maximized at e, =0.

Step 2: We now consider the boundary condition e, >s... The firm tries to maximize U_ over a
compact set (e, ,e,) e ([S,1],[0,1]) . Two possibilities as shown below.

First consider the case where the aforementioned critical point (&,,€,) is inside set ([S..,1],[0,1]),
i.e. & >s... Since (&,,6,) is the unique maximum point for set ([0,1],[0,1]), it is also the maximum
point for the subset ([S,.,1],[0,1]) . This proves the case of s,. <§ of this lemma.

Second consider the case where the aforementioned critical point (&,,6,) is outside of set



([Ssc,11,[0,1]), i.e., &, <s4 . Then, there is no critical point over set ([S,.,1],[0,1]). Consequently, U
can only be maximized at a boundary point of the compact set ([S,.,1],[0,1]). U, cannot be maximized
at either ¢, =1 or e, =1 because costs at these boundary lines is infinity. At e, =0 ,
oU. / oe, |eN:0 =(1-¢,)(1-ke,)Dg >0, thus U, is not maximized. Therefore U, must be maximized
at some boundary point (e, =S...,e,) - When ¢, =S,. , from oU_/oe, =0 we have
ey =Ny ((1—5Ss ) A —kss. ) D) . This completes this lemma. Q.E.D.
Proof of Propositions 1 and 2: For convenience, we suppress subscript SC in this proof. Let firm
security be denoted as f(s)=e,(s)+(L—e,(s))(ey(s) . If s<§, from Lemma 1 we have
f(s)=8+@1-9r, (1-8)(A—ksS)D., which is independent of s, thus part (i) of this proposition is proved.
Hereafter we only consider s>$. From Lemma 1, we have f(s) =s+@-s)(r,(L—s)(1—ks)D.)) .
Differentiating f (s) w.r.t. s, we get
f/(s) =1—r, ((1—S)(L—ks)D.) — (1—s)A+k — 2ks)r), (1—s)(L—ks)D, ) Dy .
Define z,(s)=r,, (1—s)@—ks)D;)(1-s)(1—ks)D, and

1-r,(1-s)@—-ks)D;) _1+k—2ks
ro(1-s)d-ks)D.)(L—s)1—ks)D.  1—ks

7,(8) = . We then have f'(s)=r,(s)z,(s). Notice that

7,(s) >0 forany se[0,1). Therefore, f’(s) and z,(s) have the same sign.

We now show that z,(s) is a strictly increasing function. Let o =(1—s)(1—ks)D. . We then have

7,(s) as rz(s)zm—(Z—ﬂ). Because ¢+ is decreasing in s, from Assumption 1 we know
ry(o)o 1—ks
1-r,(o) . . . . . 1-k . . .
- is weakly-increasing in s. Also it is straightforward that 2——— is strictly decreasing in s.
Iy (o)o 1-ks

Therefore, z,(s) is strictly increasing in s. Let s denote the solution to z,(s)=0 -- this solution is
unique because of the strict monotonicity of z,(s) .

We next check the boundary values of z,(s). When s approaches 1 (i.e., the standard requires near-



perfect security on control V), we have Iin11 7,(8) = Iimm -2+ Iimﬂ —>o.

o0 1) (o) s>11—ks
1-r,(D;) . . _
When s =0, 7,(0) =——"-—=-1-k . We differentiate between two cases:
i (Dr ) De
Case 1: D, > D . Recall that D, is the solution to M:l, and that function M is
i (De ) Dr iy (X)X

weakly decreasing in x per Assumption 1. Therefore, condition D. > D, is equivalent to %d.
D )De

In this case, z,(0)<0. Therefore, 0<s <1. If s€[0,s), then z,(s)<0, thus f'(s)<0. This proves the
sufficiency of the conditions in parts (ii) and (iii) of Proposition 1. If s¢[0,s), then se[s,1), 7,(s)=0,
thus f’(s)>0. This proves the necessity of the conditions in parts (ii) and (iii) of Proposition 1.

1_rN(DF)
n (D) D

Case 2: D. <D, or equivalently >1. In this case, s >0, or equivalently, z,(0)<0, if

1-r,(Dg)

and only if k > =
v (D;)D;

—1. Given the last inequality, the rest of this proof for this case (Proposition 2)

is similar to that in Case 1. Q.E.D.

Proof of Proposition 3. Recall that s is the solution to LHS=RHS , where

= 11y (L= 5)L—ks)De) and RHS=2- X From Assumption 1, LHS is weakly
ry (01— s)(L—ks)Dg)A—s)(A—ks) D 1-ks

decreasing in (1—s)(1—ks)Dg, thus in turn weakly decreasing in D .

OLHS 0s OLHS ORHS 0Js

Differentiating both sides of LHS =RHS w.r.t. D yields +
oD,  dD; 0s

. Recall

F

OLHS /6s >0 and 0RHS/0s <0 from the proof of Propositions 1 and 2. Since oLHS /oD, <0,

0s _ OLHS /[aLHS_aRHS

- 0s 0s

- >0. Q.ED.
oD, oD, j Q

Proof of Lemma 2: This proof is analogous to that for Lemma 1, thus we provide a more concise writing.

Step 1: We temporarily ignore the boundary condition e, >s,., and consider maximizing U_ over set



(e,.ey) €([0,1],[0,1]) . By jointly solving oU_. /e, =0 and oU. / oe, =0, we get the critical point
(é,,€\), where §, takes the same value as §,. that we defined. A similar technique as the one in the
proof of Lemma 1 can show this critical point is unique over compact set ([0,1],[0,1]), and furthermore
this critical point is the global maximum as none boundary point can be the maximum.

Step 2: We now consider the boundary condition g, >s,... The firm tries to maximize U, over a
compact set (e,,e,) € ([Spc,1,[0,2]) . If & >s.., (&,6,) is inside set ([S..,1,[0,1]) . The global
maximum for set ([0,1],[0,1]) must also be the global maximum for this subset ([S..,1],[0,1]) . If
€, <Spc, .., (& ,6,) is outside of ([S,.,1],[0,1]), the global maximum must be on a boundary point
since there is no critical point within. Similar to Lemma 1, it is straightforward to rule out all boundary
points except for (e, =S¢,y =y (Spc @ —KSpc)Dg)) . Q.E.D.

Proof of Proposition 4: For convenience and without causing ambiguity, we suppress subscript PC in
this proof. If s<§, from Lemma 2 we immediately have firm security be independent of s, thus part (i)
of this proposition.

Hereafter we only consider s>$§. From Lemma 2, we can denote firm security under parallel
configuration as g(s)=s-r,(s(l—ks)D.) under s>$§ . Differentiating g(s) w.rt. s, we have
g'(s)=ry(s@—ks)Dg)+s-r,(s(1—ks)Dg)1—2ks)D.. .

When s<1/(2k), all three components in the above expression for g'(s) are positive, therefore

g'(s) >0. Therefore, for the rest of this proof, we only consider s>1/(2k) .

ry (s(L—ks)D;) +1—2ks
Iy (SL—ks)Dg)(s(L—ks)Dg) 1-ks

Define z,(s)=r, (s@—ks)D.)(s(L—ks)D;) and z,(s) = . We then

have g'(s) =7,(s)z,(s) . Notice that z,(s) >0 for any s<[0,1). Therefore, g'(s) and z,(s) have the same
sign.

We now show that z,(s) is a strictly decreasing function. Let o =s(1—ks)D, . We then have z,(s)



(o) —( L —2) . From Assumption 1 we know —tN )

B o)=L e ks [ (o)

is weakly-increasing in o .

(o)

Given that we only consider s >1/(2k), o is decreasing in s. Therefore,
v (o)o

is weakly-decreasing

. 1 . . . L . . - —

in s. Also, clearly W—Z is strictly increasing in s. Therefore, z,(s) is strictly decreasing in s. Let S
—ks

denote the solution to z,(5) =0 -- this solution is unique because of the strict monotonicity of z,(s) .

+2 >0,

We next check the boundary values of z,(s) . limz,(s) =lim (o) _ lim
s—0 o0 r'\" ((T)O' s—01—Kks

|SiLT112'2(S): lim M_"m 1 +2= rN((l_k)DF) _ 1

= +2. Notice that k (see main
o100 1 (o) st1—ks 1, (A-K)D.)A-K)D, 1-k

text) is defined to equal the last expression to zero. Also notice that this last expression is decreasing in k

because its first component is weakly decreasing in k (again because of Assumption 1) and its second
component is strictly increasing in k. Therefore, Iinlwz(s) <0 ifandonly if k >k .
We now show the sufficiency of the condition (i.e., k >k and s>max{s,1/(2k)}) of Proposition 4.

From k >k we know Iirrln-2 (s)<0. Therefore, from the monotonicity of function z,(s) -- which was

proved under the condition s>1/(2k) -- we have 0<5 <1. Then, z,(s)<0 forany se(5,1).

We next show the necessity of the condition. This condition has three pieces: k >k , s>5 and

s>1/(2k) . The necessity of the last one is apparent: otherwise, firm efforts on both controls increase in

the standard. If k <k, Iirrlwz(s) >0, thus 7,(s) (and by inference, g'(s)) is always nonnegative. Lastly,

7,(s) is nonnegative if s<5. Thus all three pieces are necessary. Q.E.D.

Proof of Proposition 5: By the Envelope Theorem, we have iusw (sec (K); k) =£USW (Sec (K);K)

ok

= (1_ Ssc)z(_ssc)DF rN,((l_ ssc)(l_ kssc)DF)(Dsw - ((1_ kSSC)DF) <0.

Define A. =D. / Dy, , where 0< A <1 from D < Dy, . The optimization problem (11) changes to



rr;ax Ugy =Wgy — (1S5 )L 1y (A= Sgc )L —KSse ) A Dy )) Dy, — G (Ssc) — Cy (y (1 —Ssc )L —kSse ) 4 Dy ) -
Again by the Envelope Theorem, we have

du
d;W :—aaLiSW = (1_ Ssc)z(l_ kssc)Dsw2rN,((1_ Ssc)(l_ kSSC)ﬂ’F Dsw )(1_(1_ kssc)lp) >0. Q-E-D-
F F

Proof of Proposition 6: By the Envelope Theorem, we have (;j—kUSW (Spe (K);K) =§kuSW (Spc (K);k) =

(SPC)Z(_SPC)DF rN’(SPC (1_ kSPC)DF)(DSW _(1_ kSPC)DF) <0.
Define A. =D. / Dy, , where 0< 4. <1 from D. < D, . The optimization problem (12) changes to

I’Ygsach Usw :Wsw - (1_ Spc (SPC (1_ kSPC)’lF Dsw )) Dsw o Cv (SPC) - CN (rN (SPC (1_ kSPC)Z’F Dsw )) :
Again by the Envelope Theorem, we have
dUg, _ou :
d_;\/v = 6TSW = sPcz(l_ kSPC)DSW2 Ty (SPC (1_ kSPC )ﬂ’F stv )(1_ (1_ kSPC)ﬂ’F) >0. Q'E'D'
F F

Proof of Proposition 7: We simplify notation s,. to s in this proof. Given s>§. . , the firm’s

optimization problem can be simplified to maxU. =W, —(1-s)(1-e, )(1-ks)D. —C, (s)-Cy (ey) -

Therefore, the firm’s optimal effort on control N, €,, , satisfies:

ouU
6eF =(1-5)(1—-ks)Dg —cy(ey)=0. (A1)
N
We then have:
dey _ U | U, _ (1+k-2ks)D; 0. (A2)
0s oe0s/ oeyoey cy (ey)

Under the original model, the policy maker’s utility function in (11) can be rewritten as:

Ugy =Wy, —(@—8))A—ey(s))Dy, —C, (s)—C, (ey(s)) Where ey (s)=r,(1-s)1—ks)D.) . Therefore,

%:((1—5)83'@”1—9; (5))Duw — 6 (5) ~ u Ei (Dei (9)



=(1-e3(5)) Dgy —C, (5) +e3 (5)((1—5) Dy —Cy (€5 (5))) - We know ey'(s)<0 from (A.2). Further,

(1-s)Dg, —Cy(ey(5)) >0 because of (A1) and the fact that Dy, >(1-ks)D. . Therefore,

ouU
?SW < (1_eN (S)) Dsw - (s)< Dsw -G (s)-
Under the benchmark model, the policy maker’s utility function is Uy =W, —(L—s)Dg, —C, (s)

BM
s.t. s>8"  Thus aL(J;W =D, —¢C, (s) . Therefore, in comparing the benchmark and the original models,
S

we have

auUS auy,
TIW L ZESW forany s> §... A3
05 05 Y5> 5 A3

. .. 0Ug, . ouU
The original standard satisfies —— =0, and the benchmark standard satisfies — =0.

$=Sgc s=s"M

BM
Thus, from (A.3) we have Ysu > Vs |
oS oS

_ g

=0
0os BM

|5=Ssc s=S

.Because U, is a concave function

*
S=Sgc

BM BM
, Y o Vs implies that s, <s®™ . Q.E.D.
0s 0s

S:SBM

of s

Proof of Proposition 8: We simplify notation s.. to s in this proof. Given s>§,., the firm’s

optimization problem is maxU. =W, —(1-sey )(1-ks)D. —C, (s)—Cy(ey) . Therefore, the firm’s

optimal effort on control N, e; , satisfies:

oU.
oe,

=5(1-ks)Dr —c, (ey)=0. (A.4)

We then have:

oen azuF/azuF _ (1-2ks) Dy <0ifs>—

Py __ S 2k . (A.5)
0s oey0s/ Oeyoey cy (&y) > 0 otherwise



Under the original model, the policy maker’s utility function in (12) can be rewritten as:
Ugy =W, —@—sey (s))Dy, —C, (s) —C, (e (s)) Where ey (s) =r, (s(1—ks)D;) . Therefore,

aU * ! * * */ * * ! *
=50 () + 0, (9) Dy ()~ (65 (5D (6) =5, (5)Da & (5)-+€1 ($)(Dsy —Cy €1 (5))-
Under the benchmark model, the policy maker’s utility function is Ugy =Wy, —(1—Ss)Dy, —C, (S)

ougy . . .
st s>8® . Thus &ZW =Dy, —C, (s). Also notice that U, is a concave function of s. Therefore, to

. T . oudy oUyg, .

prove that S, <S ", it is necessary and sufficient to show that o > p , 1.e.,
S =Sphc S $=Spc

{Dsw -G (S)}L:S;C > {e; (S) Dsw -G (5) + e:l,(s)(SDSW —Cy (e; (S)))} L e,

. Because sDy, —C, (e} () is positive due to

S=Spc

{a-er(6NDu . >{e 6)(sDsw —cu (e (51)]

S=Sp,

(A.4), the last inequality apparently holds if e}’ (s)

<0, e, sgcz% (from (A5)). Q.E.D.

S=Spc

Proof of Proposition 9: For convenience and without causing ambiguity, we simplify notation s,. t0 s

in this proof. Under contingent liability reduction, the firm’s optimization problem is:

max Uy =V, - (-, )(e) (- ) (1—ky&, )+ (1 -k )+ (&)L ) (A1) + 1l ket )

+(1_ev)(1_eN)((1_ﬂ)(l_kHev)+/J(1_koev )))DF _Cv(ev)_cv(eN) st, e 28

We consider only s >§,. . The optimization problem can be re-written as:
max U =V —(@-9)(eV) (- ) (1—k,8)+ s1(1=k3)) + ()L —ey ) (L— 1) + (L —K,8)
+(1_ S)(l_eN)((l_ /J) (1_ kH S) + /u(l_ kos)))DF _Cv (S) _Cv (eN)
Solving 8U. / de, =0 in terms of e, , we get e, = I, (S((L— ) + 1(1—k,s))Dg) . Therefore, e, (s) is

a decreasing function of sif and only if s> ! .
2k




Denote firm security in contingent liability reduction under parallel configuration with
h(s)=s-(r,(s(@— ) + n(L—k,s))D.)) . Differentiating h(s) with respect to s , we have
0'(s) = 1y (S(@— p2) + p(L—k;$)) D) + -1y (((L— 1) + 21— ,$)) Dy ) (1 2k, 25) D

When s <1/ (2k,u), all three components in the above expression for h'(s) are positive, therefore

h'(s) > 0. Therefore, for the rest of this proof, we only consider s >1/(2k,s) .

Define 77,(s) =y (S(L— 22) + (L~ k,)) D )(S((L— 22) + (L~ k,$)) D, ) and

Ny (S(A~ £4) + p(1 —kS) D) PPN . We then have

) (@ + 4k D)@ 1) + o) - 1k

h'(s) =n,(s)n,(s) . Notice that 7,(s) >0 for any s<[0,1). Therefore, h’(s) and 7,(s) have the same sign.

We now show that 7, (s) is a strictly decreasing function. Let o =s((1— ) + 1(1—K,S)) D . We then

have n,(s) as n,(s)= (o) _ 1 —2) . From Assumption 1 we know (o). is weakly-
rn(o)o 1-k,us ry(o)o
increasing in o . Given that we only consider s >1/(2k,x), o is decreasing in s. Therefore, f“((a)) is
r(o)o

weakly-decreasing in s. Also, clearly —2 is strictly increasing in s. Therefore, 7,(s) is strictly

1-Kk,us
decreasing in s. Let S denote the solution to 7,(5)=0 -- this solution is unique because of the strict

monotonicity of 7,(s).

We next check the boundary values of 7,(s) . Iirrgnz(s)zlimm—l' +2—>0 .

o—0 r,\ll (0)0 s—0 1_ kO/’lS

I‘-N (O-) —lim 1 +2= rN((l_kO/u)DF) 1 +2.

limn,(s) = | = _
ot ooenle 1y (o)o st 1-Kyus N (@=Ko)De )A—kor) D 1-kou

Notice first that IZO (see main text) is defined to equal the last expression to zero. This last expression

is decreasing in k, because its first component is weakly decreasing in k, (again because of Assumption

1) and its second component is strictly increasing in k, . Iirrlm2 (s) <0 if and only if k, >k,



For contingent liability reduction, we additionally need to check the feasibility of k, (i.e., whether

. . D
k, €(0,1) ). We check the boundary values of lim#n,(s) : |Im772(S)E,rN(—F)+1>O :
s—1 sl r (DF ) DF

ko—0

. r,(Q1—x)D
lima, (s,k) = v (=)D IRy Notice first that 2 (see main text) is defined to equal

L (- 2)D.)A-w)D, 1-pu
the last expression to zero. This last expression is also decreasing in x because its first component is

weakly decreasing in g and its second component is strictly increasing in x . Therefore, Iirp n,(s,k) <0
S

ky—0

ifand only if u>pu.
We now show the sufficiency of the condition (i.e., u>u, K, >IZO and s> max{s,1/ (2k,z0)} ).

From x>z we know qunyz(s,k)<0 and from Kk, >IZ0 we know Iin11772(s)<0. Therefore, from the

ko —>1
monotonicity of function 7,(s) -- which was proved under the condition s>1/(2k,u) -- we have
0<S<1.Then, n,(s)<0 forany se(s,1).

We next show the necessity of the condition. This condition has four pieces: >z and k, >k, ,

s>S and s>1/(2k,u) . The necessity of the last one is apparent: otherwise, firm efforts on both controls

increase in the standard. If 4 <, !er 17,(s)=0. If k, <k,, Iin?n2 (s)=0, thus n,(s) (and by inference,

kg—1
h'(s) ) is always nonnegative. Lastly, 7,(s) is nonnegative if S<S. Thus all four pieces are necessary.

Q.E.D.

10



Appendix B — Existence of Feasible Regions where Firm Security Decreases in Security Standard

In Appendix B we study the feasibility of part (ii) of Proposition 1 and part (ii) of Proposition 2, where
we have the interesting results that firm security decreases in security standard for serial and parallel
configurations.

B.1. Analytical Analysis of Feasible Region under Serial Configuration

Assumption B.1: There exists D, >0 such that, for all D, > D, & /8D, >0.

Theorem B.1: Under serial configuration, given Assumption B.1, there exists D, such that part (ii) of

Proposition 1 is feasible for any D. > D, .

Proof of Theorem B.1: Part (ii) of Proposition 1 is feasible if s >$.. Recall that s is the solution of X

in equation
1-1,(1-x)1-kx)Dp) ol 1-k 0 (B.1)
Iy (Q—x)A—k)Dp )@ - x)(L—kx) D, 1-kx '
and &, is the solution of X in equation
1o, (A= 0A-k)D,) - — &) ¢ (B.2)

(1—2kx+Kk)D.
Denote the solution of X in terms of D, from equation (B.1) as x,(Dg). Thus s =x(D;). From

1-ry(o)

Assumption 1 we know
r(o)o

weakly decreases in o . Therefore, the left-hand-side of (B.1) weakly

decreases in D, and strictly increases in x. Therefore, by the Implicit Function Theorem, x (D;) is a
strictly increasing function. Therefore, the inverse function of x (D.) exists, and denote this inverse
function as D, (x) .

Similarly, denote the solution of X in terms of D. from equation (B.2) as x,(Dg) . Thus
8 =%, (D). Assumption (B.1) states that, for any D, > D;, .. monotonically increases in D, . Thus
the inverse function of x,(D.) exists for any D >I5F. Denote this inverse function as Dg,(x) .

Hereafter we only consider D, > D, .

11



Define new variable y=(1—-x)D., and then replace D. with y/(1—-X) in equations (B.1) and (B.2).

We then have s as the solution of X in equation:

, 1-r, (A-kx)y) oy 1-k o, (B.3)
n(A-ky)L-kx)y 1-kx

and §,. as the solution of X in equation:
1- 1y (@-kgy) - L% (B.4)

1-2kx+K)y
We first consider equation (B.3). Solving (B.3) for y as a function of X -- denote it as y,(x) .

1-ry(o)

(o)

Immediately we have vy, (x) =(1—x)D,(x). Also, again because weakly decreases in o, we

know the left-hand-side of (B.3) weakly decreases in y and strictly increases in X. Therefore, by the
Implicit Function Theorem, y,(x) is a strictly increasing function.

Now consider equation (B.4). Solving (B.4) for y as a function of X -- denote it as vy,(x) .
Immediately we have vy, (x) =(1—Xx)D,(x).

We next study the limit case of equations (B.3) and (B.4) when x —1. Define §, :Iin} y,(x) and
¥y, = Iirrl1 Y, (x) . By applying operation Iin} to both sides of equation (B.3), we get:

1-n, (@=K) %)
R (A-K)Y)A-K) Y,

which implies 1-rn,(A-Kk)y,)=r, (A-k)y,)A-k)¥, >0,
or simply 1-r,(A-Kk)¥y,)>0. (B.5)
Therefore, §, <.
By applying operation Iin} to both sides of equations (B.4), we get:
1-1,(-K)9,) =0. (B-6)

Therefore, §, =.

12



We can then conclude that §, <¥,, i.e., Iirr11 y, (X) < Iing Yy, (x) . In other words, there exists X €[0,1)

such that, for all x>x, y,(x)<y,(x). Since y,(x)=0—x)Dg,(x) and y,(x) =@—x)Dg,(x), we have
forall x> %, Dy, (x) <Dg,(X).

Recall that both D, (x) and D, (x) are strictly increasing functions with inverse functions x, (D)
and x,(D;), respectively. Therefore, from s =x(D;) we have D. =D, (s), from §. =x,(D;) we
have Dg =Dg,(5.) . Therefore D, (s) =D, (5)-

Denote  D.,=max{D.,D.,(%),D.,(X)} . Then, for any D.>D,, , Wwe have
D, (8) =D, (8sc) > Dey(8s) - Thus s >8,..  Q.E.D.

B.2. Analytical Analysis of Feasible Region under Parallel Configuration

Theorem B.2: Under parallel configuration, part (ii) of Proposition 4 is feasible if
D: > Iin01 ry(o)/r (o).

Proof of Theorem B.2: Part (ii) of Proposition 4 is feasible if all of the following conditions are true:
k<1, §.<land 5<1.

Recall that §,. is the solution to kDq + 1y ($pc (1—kSpc ) D)1 —2kSo.)De =0, (Spc) » thus &, <1

always holds, as otherwise the right-hand-side of the above equation goes to infinity while the left-hand-

side is bounded. In the second-to-the-last paragraph of the proof of Proposition 4, we already show that

5 <1 forany k >k . Therefore, we only need to analyze when condition k <1 can hold.

1-k)D 1
’ rN(_( ) F)_ =——=—2, which can be rewritten as
r(@-K)D.)-k)D, 1-k

Recall that k is the solution to
r,(1—k)D)/ ) (1-k)D.) =D, (2k —1). By Assumption 1, the left-hand-side strictly decreases in k
and the right-hand-side strictly increases in k . When k —1, the left-hand-side equals lim r, (o) /1 (o)

o—0"

and the right-hand-side equals D. . By the opposite monotonicity of the two sides, if

limr, (o) /1 (o) <D, it must be true that only some k <1 can equal both sides.  Q.E.D.
o—0"
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