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OAl. Technical Proofs

In this appendix, we give justification for the specific form of the agent contract in (7). Let us first
only consider incentive design under constant price as in Section 3. Let us consider the process of
the agent’s value function V;* that is Markov and smooth with V;* € C*2([0,T] x R) in the sense of
functional differentiation in Dupire (2009). Then, we have

AV =0,V *dt + Z;dD, + 50ppV,*d(D)s, (OA1)

where, by It6’s formula, the process Z, = dpV2(t,D;), and 0p and Opp are the first and second
partial derivatives with respect to the demand process D. Thus, Z; represents the sensitivity of the
agent’s value function with respect to the demand process, and it is the key to inducing sales effort.

By the martingale optimality principle and (5), the process Ve " — fot e "5c(Ay)ds is a super-
martingale for all admissible control processes, and it is a martingale for the optimal admissible
control process provided that the optimizer exists. Then, by It6’s formula, we get

t
d [er_” - / e_rsc(As)ds]
0
=—re "V2dt + e AV — e e Ay)dt

=—re” "Vidt+e " [0,VRdt + Z,dDy + S0ppVitd(D)y| — e " e(Ay)dt
=e " [-rVE4+ 0,V + $0pp Vot + Z, - (A +a) — c(Ay)] dt + Z,0dB,.

Using the fact that the drift term of a martingale vanishes, we get the following path-dependent
Hamilton-Jacobi-Bellman (HJB) equation:

0:—7"‘43—’-6,5‘/;3"‘%aDD‘/taOQ—I—Ha(Zt), (OAQ)

where we introduced the Hamiltonian function for the agent’s problem:

2
_ _n=
H.(z) = Tglgﬂ?{iha(Z,A) =5 + za, (OA3)
where h,(z,A) =z -(A+a) —c(A) for all z€ R and ¢(A) = ;‘—;. The maximum is attained at

A(z) =nz. Note V* in (2) is the agent’s value function at t =0. That is, V* =V}, where the value
function of the agent, V;*, is the solution of HJB equation (OA2) and the optimal effort of the agent
is given by A(Z;) =nZ,. Substituting (OA2) into (OA1) gives
dVi* =0,V dt+ Z,dDy + L0pp Vid(D),
=[rV*— H,(Z,)|dt + Z;dD,. (OA4)

By (5), the agent’s contract payoff depends on the value function, V2 = {r. As such, by the
definition of V* in (5) and the direct integration of (OA4), we get

T
Er =V =M+ / (Z:dD, + [rV?* — Hy(Z,)] dt), (OA5)
0
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where My = V. The form of contract in (OA5) is the same as the agent’s contract in (7). The
constant term Yj in (7) is equivalent to M, in (OA5). The process Y; in (7) delivers the agent’s
continuation utility V;. In other words, the process Y keeps track of the agent’s future utility as
shown in Theorem 1, which is often referred to as the “promised utility” in the literature (see, e.g.,
Ljungqvist and Sargent 2004).

PROOF OF THEOREM 1.

(i) To prove the equality of the sets, we are reduced to the problem of representing any contract
Erec,asér= Y}/ 07 for some (Yy, Z). We define the certainty equivalent of the utility continuation
process C* = C?(&7) given any contract {1 € 2,

1

_ T
Cr(ér) = EfA [e_T(T_t)fT - 277/ e T A (6)%ds | (0OA6)
t

where E]fA is the expectation with respect to information F;, at time ¢, and the expectation EP

is taken under the dynamics (1) with any control of the effort process A(£r). Indeed, consider the
certainty equivalent of the utility continuation process C* = C?(&r) for some 7. By the standard

2
dynamic programming principle, we see that the non-negative process {e~"*C? — fot e*”‘;‘—:’ds, t<T}
is a P—supermartingale for all admissible control A, and a martingale for some optimal control A.
By using the Doob-Meyer decomposition and the martingale representation theorem, we may then
identify the process C® with Y 0-Z for some Z. The integrability condition, i.e., [SUPth |YtYO’Z\] <
oo on Y is required by Corollary 4 Briand and Hu (2008), which we omitted in the main text for
simplicity.
(ii) By (7), we get
de™ Y, = —re ", dt + e " Z,dD; — e "' H,(Z,)dt + e "'rY,dt
== e_T‘tthDt - e_rtHa(Zt)dt. (OA?)

By (2), (7) and direct integration of (OA7), the agent’s problem can be written as:

T T
Vi= sup E [Yo —I—/ e " Z,dD; — e " H,(Z,)dt —/ e_”c(At)dt]
0 0

{At}tiero,m)

T
= sup FE [Yo —|—/ e " (ha(As, Zy) —Ha(Zt))dt] <Y, (OAS)
{At}tieio,m) 0

where h,(Z;, A;) = Z; - (Ay + a) — ¢(A;) and the expectation is taken under the demand dynamics
(1). As in (6), the maximum of the Hamiltonian function is attained at A(Z,) = Zn. As such,
the equality in (OAS8) is obtained at the special choice of control A4, = A(Z,). This shows that the
agent’s utility value is V*(&,,) = Yo, with optimal control given by A(Zt).

Finally, to identify Y with the certainty equivalent of the agent’s dynamic value function, we
apply the same argument. For all ¢t € [0,7], by (5) and direct integration of (OAT), we have

T
Vi= sup FE e_T(T_t)YTYOZ/ e_r(s_t)c(As)ds|Dt]
¢

{As}sepe, 1)

- T T
= sup F e”e_”YtYOZ%—e”/ de‘“YSYO’Z—/ e_’"(s_t)c(As)ds]Dt]
t t

{As}sepe, 1)

_ T T
= sup F YtYOZ—{—/ e_’“(s_t)stDs—e_”(s_t)Ha(Zs)ds—/ e_r(s_t)c(As)ds|Dt]
t t

{As}sepe,m

r T
= sup FE Y74 / e (5=t (ha(AS,ZS)—Ha(ZS))ds|Dt} <yo? (OA9)
t

{Attser, L
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where the second and third equality follow from integrating (OA7) from ¢ to T. Therefore, for any
t€[0,7], V2 <Y;"™? and equality (i.e., V2 =Y;®?) is achieved with the agent’s optimal effort
A(Z,), which complete the proof that the process ¥;'®7 in (7) delivers the agent’s continuation
utility V;.
Q.E.D.
By (OA4) and (OA9), we have the following lemma about the agent’s value function.

LEMMA OA1. Given the payoff process characterized in (7) with terminal payoff {r = Y}/O’Z, the
agent’s value function evolves according to

d‘/ta == [T‘/ta - Ha(Zt)] dt + thDt' (OAlO)
PrROOF OF LEMMA OA1. Following (OA9) and the optimal agent’s effort in Theorem 1(ii), we have
Vi =Y. By the process of Y in (7), the agent’s continuation utility V;* evolves according to

AV = [rV& = H,(Z;)]dt + Z,d Dy,

which completes the proof. Q.E.D.
Lemma OAT1 sheds light on the agent’s dynamic contract. The basic idea is that by (5), the
agent’s contract payoff depends on the value function, V2 = &rp. Q.E.D.

PrROOF OF THEOREM 2. The proof follows from the arguments that precede Theorem 2. Q.E.D.

PROOF OF LEMMA 2. For any process {Z}scp,r and overbooking parameter m > 1, by (7) and
(9), we denote, the principal’s value function under a given incentive process, Z, and overbooking-
penalty parameter, 7, is

T
UP({Zs}seppm)sc) = B, [/ e " (nZ,—nZ2/2)ds— (1+c)e " (Dr—1)" |, (OAll)
t

where the expectation is taken under the demand dynamics (1) with the agent’s optimal effort
Ai(Z;). We denote c:=m — 1 and ¢ > 0. Then, for any ¢ > ¢/, let {Z;“}scp,r) be the optimizer
for the firm’s expected profit functionA with parameter ¢, VP(c) = SUP{7.},cpim UP({Zs}sepms )
and {Z!° }scp,r) be the optimizer for Vi’(¢') = SUP{7.}, iy U ({Z;}sepr) ¢). Next, we have the
following:

T
VP (e) = UP({Z: Y setnm ©) = B U e (92" =02 )2) ds — (14 c)e "0 (Dr — fof}
t
T
< Utp({Z:C}se[t,T],Cl) _ Et |:/ efr(sft) (nZ:c o 772:62/2) ds — (1 + C/)efr(Tft) (DT . IO)-i-]
t

T
< Utp({Z:C/}SE[t,T])C/) —F [/ e—T'(s—t) (nZ:c’ o UZ§012/2> ds — (1 + C/)e—r(T—t) (DT _ IO)+]
t

= tp(cl): sup Utp((Zs)se[t,T]7C/)
{ZS}SE[Z,T]

for any ¢ > ¢. Let us denote ViP(r) := V;*(c) for all # and 7 = 1+ ¢. Therefore, it is straightforward
to obtain that for any = > 7', we have V(7)) <V’ (x').

The proof of part (ii) of the proposition follows an approach similar to that of part (i) and is
omitted for brevity. Q.E.D.
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PROOF OF LEMMA 3. To avoid abuse of notation, we denote D{*** as the demand quantity at time
t with the initial demand d, starting from time s controlled by the incentive process z. By (OA11),
the firm’s expected profit function at time ¢ is given by

T
V)= swp  E [ [ e (w7~ 22 2) ds — e (D%d*—fo)ﬂd].
t

z2={Zs}sc[t, 1)

For any A € [0,1] and initial demand quantities d; and ds at time ¢, and any incentive processes
zZ1 = {Zl,s}se[t,T] and z = {ZQ,S}SE[t,T]v we have

T
VP(Mdy + (1 — N)dy) > E, [/ e (st (77 AZ1s+(1 =N 2y —n[AZ1e+ (1= N 2Z5.) /2) ds
t
Adq+(1=A)da, Azg +(1—A +
— e (Tt <D;1 1+(1=N)d2,Az1+(1-A)z2 _IO> ‘d: A, + (1 _ )\)d2:|

- T
> B, A/ e " (nZy =027, /2) ds+ (1—N) / e " (nZaw — 123 ,/2) ds}
L t t

i +
—E, ﬂ_e—T(T—t) (D;l)\dl+(1_>\)d21>\z1+(1_)\)z2 _IO) ’d: A, + (1 _)\>d2:|

- T
> Ep |\ / e 02y, —nZE,/2) ds+ (1—N) / e (nZs =023 ,/2) dS}
L t t

+ +
) [We_T(T_t) (fo’dl’zl . Io> ld= dl} —(1-NE, [We_T(T_t) (D;dm - IO> ld= dz}
T +
> \E, [/ e " (nZy - nZi,/2)ds — me Tt (D?dl’z1 - Io> |d = dl}
t

T +
+(1-\E, [ / e " (nZy s —nZ3 ,/2) ds — me " (D;dm — 10) |d= dg} : (OA12)
t
Maximizing the right-hand side over the incentive process z; and z,, the above inequality in (OA12)
can be rewritten as
VP(Ady + (1= N)da) > AV (dy) + (1= NV (do). (OA13)
The concavity is obtained by (OA13). Q.E.D.

PROOF OF PROPOSITION 1. First, the HJB equation in (10) gives the optimal incentive variable
Z; by

ovP
oD

sup (nZe—nZ¢/2) + 5120

Then, by the first-order condition, we obtain Z; =14 9dV,®/0D,. Next, by taking the first order
derivative with respect to D;, we get

0ZF 0D, = 0*V}? |OD?. (OA14)

By Lemma 3 and (OA14), the concavity of VP gives 0Z; /0D, < 0. Therefore, the optimal incentive
Z; is decreasing in D;.
Then, by substituting Z; =1+ 0V;” /0D, into (10), we obtain

avr\? ovre 19%VP
= — p _ 2
0 77<1—|— 8D> /2 —1rVP 4 5 + 502 - (OA15)
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Next, we take the first order derivative with respect to the demand quantity D for equation (OA15),
which yields

Ve 9*VP avre  9*VP  19°VP
0‘”(”01}) op* "9D " awD T20D°° (OAL6)
Let J= %L;, the above equation can be written as
oJ oJ 10*J
0=n(1+J) = 5D rJ+§+28D2 o’ (OA17)

Next, we define ¢ = 7 — 1 and denote J(c) := J(r) for any c. We take the first order derivative with
respect to the parameter ¢ for the equation (OA17), which gives:

0= 5+ 10+ 55~ 50 * gt 25095 (oA
Then, by It6’s formula, we have
> 2 3
d (aai) = aacé]th aiai)dD + ;afai)?(“m
= gz;dH 8(226‘; (nZ;dt +odB;) + ;af;l‘]yo?dt
= gj;dt + ai;‘; (1 + J)dt + odB;] + ;3fé;lj)202dt
= [z?;i * ;;D L+ + ;aa;; ] di+ aiQaD"dBt
— g‘c] |:r — ng}ﬂ dt + aazaD cdB,. (OA19)

The last equality is obtained by substituting (OA18) into the above drift term. Next, by taking the
expectations on both sides and conditioning on an arbitrary state value D;_4 = d, we obtain

aJ aJ aJ
S (t—dt,d)+ S (¢ = dt,d) [r — s (t—d, d)] dt, (0A20)

oJ
E[ (t,Dy)|Dy—gr = d] = 9

Oc

where dt is an infinitesimal time interval. Because V? is concave, we have r —n9< 5 D =r—n2 5 D2 >0.
Furthermore, note V£ = —(1+¢)(Dr — I;)* and J = 22, 2X(T,.) is non-positive when it exists.
By (OA20), and using g—i(T, -) <0, we obtain, for any state value d,

o0J
Oc

2
3D

ZZ(T dt,d)+ 20 (1~ dt, @) [

5 (T, Dy)| Dy = d] <0.

(T — dt,d)} dt = [

Since r —n2Z >0, it follows that %Z(T'—dt,d) <0 for all d, i.e., 22(T — dt,-) < 0. Then, iterating
this argument backward in time yleldb

aJ

—(t,D;) <0 for all t €[0,T],

dc
and therefore, aa—zf = g;‘g; = 80 /< 0. Thus, the optimal incentive Z; decreases in the parameter c,
which means that Z; also decreases in the overbooking penalty parameter 7. Q.E.D.

ProOF OF THEOREM 3. The proof follows from the arguments that precede Theorem 3. Q.E.D.
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PRrROOF OF LEMMA 4. For any processes {Z}set1], {Ps}sep,m and overbooking parameter 7, by
(17), we define

Utp({Zs}se[t,T]v {ps}se[t,T] ) 7T)

T
=F, [/ e (Y (psn,BQZS +ap, — ap? — nBQZ§/2) ds —me "I (Dy — IO)Jr ,
t

where the expectation is taken under the dynamics (12) with the agent’s optimal effort A,(Z,) in
(14).

For any 7 > 7', let {Z " }scer) and {pi"}sep,rp be the optimizer of the firm’s expected
profit function with parameter w, V,’(w) = SUD{Z,} o0y, (P }ociont] U? ({Zs}se[tj],{ps}se[t,T],w).
Further, let {Z }iepy and  {pI” }sGSt,T] be the optimizer of VP(n) =

SUP{Z} sepe, ) Apstseqe,m) Uy ({ZS}SE[t»T]’ {pS}Se[th]’ﬂJ
It is straightforward to show

ViP(m) = UL ({27 Ysepeys DY Ysep)s )

T
t / e (B2 + aplT — apl™ =227 /2) ds —me "0 (D — W]
t

P27 Yser AP Yser ™)

T
t / e T (B2 + aplT — apl™ =022 2) ds — e T (Dy — Iﬂ
t

IA
S =

|
=

<UPHZ haetuay, ({017 Yoeter), ™)
=F, _/T e "7 (p:”/n,BQZ:”/ +ap™ —ap? — nﬁQZ:”/2/2> ds —7'e " T (Dy — Io)+]
VR,

Therefore, we obtained that V,°(7r) < V;?(n’) for any = > n'. Q.E.D.

PROOF OF LEMMA 5. Because a > n3? and thereby, a >n3?/2, it is straightforward to show that
pinB*Z; + ap, — ap? —nB?Z,/2 is jointly concave in (Z;,p;). To avoid abuse of notation, we denote
D;* %9 a5 the demand quantity at time ¢ with demand d at time s and with incentive and price
processes z and p. The firm’s expected profit function at time ¢ is given by:

T
VP(d) = sup E, [/ e " (panBPZ, + ap, — apl —np* 22 /2) ds
z={Zs}s¢ct, 1) P={Ps}sept, 1] t

_ﬂ.e—%(T—t) (D;d,z,p . IO)Jr ‘d] ‘

For any X € [0,1] and initial demand quantities d; and d,, incentive processes 21 = {Z; ;}scp,m and
22 ={Za,s}sejt,1), and any price processes py = {p1,s }sepr,r) and Pz = {P2.s }sepr, 77, we have

VP(Adi + (1= A)dy)
T
> E, [/ e~ ([Apl,s + (L= Npas] B2 ANZ1s + (1= N Zo ]+ a[Aprs + (1= Npos] — @ [Aprs + (1 — Npa.s]”
t

+
_7762 AZy s+ (1— )\)Z2,s]2 /2> ds — e~ "(T=1) (D;/\dl+(1—A)d2,AZ1+(1—>\)22«\P1+(1—>\)P2 _ IO) ld=Ad, + (1 — \)d,

T
> Et |:)‘/ e_r(s_t) (p1,57752Z1,s + api,s — Otpis - 7752Z12,s/2) ds
t
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T
+(1—N) / e " (posnBZss + apa s — ol — 1B 23, /2) ds]
t

+
—E, |:7T€T(Tt) (D;)\dﬁr(lf)\)dg,)\z1+(17)\)zz,)\101+(17)\)172 _ Io) |d=MAd; + (1 — )\)dQ}
T
> \E, [/ e " (pynB°Zy s+ apy s — api, — 1B 27, /2) dS]
t

T
=+ Et |:(1 — )\)/ e_r(s_t) (p27s776222,s + apZ,s - Oépg,s - UBQZS,S/2) d$:|
t

+ +
o )\Et |:7T€T(Tt) (D;dhzbm _ IO) |d: d1:| _ (1 _ )\)Et |:7T€T(Tt) (D;dz,zz,pz _ Io) |d: d2]
T +
> \E, [ / e (p1 0B 2+ apry — apd —nFP2E/2) ds —we T (DA g) fd= dl]
t

T +
F(1-\E, { / e (py, B> Zo s + oy — i, — 1B Z2,)2) ds —me T (D;:dm“ - IO) ld= dz] .
t
(OA21)
The second inequality follows from the joint concavity of the running payoff f(p,Z) = pnB*Z +
ap — ap* —nB%Z?/2 in (p,Z). The third inequality follows from the convexity of (z — Iy)"™ and
the fact that, pathwise D;Adl+(1—>\)d27)\21+(1—>\)227>\P1+(1—>\)P2 _ )\D;;dlazlvpl + (1 o )\)D?dmzmpz due

to the linearity of the demand dynamics. Maximizing the right-hand side over the incentive process
and pricing process, z1,P;, 22, and ps, the above inequality in (OA21) can be rewritten as

VPO + (1= A)da) = AVP (dy) + (1= VP (dy), (0A22)
which means V;”(d) is concave in d. Q.E.D.

PROOF OF PROPOSITION 2. The proof consists of two parts:
(i) The optimal incentive variable and price, that is, Z; and p}, are given by the equation in

(19). Because a > np?%, (pinB2Z; + ap, — ap} —nB*Z2/2) + %(UBQZt — apy) is jointly concave in

2
(pt, Z;) and Lemma 5 gives the concavity of the principal’s value function; that is, 88 ggp < 0. Then,
the first-order condition with respect to p; and Z; gives
ovyP ovyP
(nB*Z; + o — 2ap,) — 813 a=0, (pr — Zs) + Glt) =0.

ﬁ( BZ—a)+a %a+a
These equations give the optimal price and incentive variable p; = % and Z; = g{f_n 77 -

(73) By the optimal price and incentive variable in (i) and (18), we get:

1,2 VP2 2
0= 2% (1+ BD) _rvp_i_avp }3 VpUQ_ (OA23)
200 — np? ot 2 0D?

Then, we take the first order derivative with respect to the demand quantity D, which gives

QAL+ ATV gye g2Vr 10°VP

= — - . A24
%0 —nB? "op oD T2op5 7 (0A24)
Let J = %LDP, the equation (OA24) can be rewritten as
o (1+J) 55 oJ 10*J
— _ T2 A2
0 20— rJ + 8t+28D20 (OA25)
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Next, we denote ¢:=7 — 1 and define J(c) := J(m) for any c. We take the first order derivative with
respect to the parameter ¢ for the equation (OA25). The reformulated equation is as follows:

Q22100 2(14 ) 2L 55 2] 1 8

" 20— nB2 20 —np>  dc + Otde + 20D20¢° (OA26)
Then, by the It6’s formula, we have
2 2 3
d <?9i> - gcngdt+ aacai) + %%d@
= g;‘i dt + ;CZD [(nB°Z; + (1 —p})) dt + odB;] + ;668;‘1])202
- g;‘]t dt 8233 [(21;_‘]7;;‘; dt + adBt] + ;aca;ljy(ﬂdt
) 2 > 3 )

- [aacé]t aacai) (21a+—J73§2 %afa; “2} di+ %adB '
_ ?)i [r o Tn ?27752 gl‘])] dt + (,iz)adBt. (0A27)

The last equality is obtained by substituting (OA26) into the above drift term. Next, by taking the
expectation on both sides and conditioning on an arbitrary state value D;_4 = d, we obtain

o? 0J

oJ _oJ oJ B 9
20 —np2 0D

E [(t, Dy)|Dy_ar = d] = —(t—dt,d)+ —(t —dt,d) [7“

> > > t—dt, d)} dt, (OA28)

where dt is an infinitesimal time interval. Because VP is concave and « > nf3?, we have r —

2 2 2
2afn52 g—é =r— rfnﬁg —881‘7/; > 0. Furthermore, note VP = —(1+¢)(Dr — Iy)* and J = %‘g, %(T, )

is non-positive when it exists. By (OA28) and $Z(T,-) <0, we obtain, for any state value d

oJ oJ a?  0J oJ
— (T —dt,d)+ —(T—dt,d) |r— ———=(T —dt,d)|dt=FE | —(T,D7)|Dr_gs =d| <0
ST = dtd) + ST dna) |- S| =8 | ST DD =d] <
Since r — QOﬂiﬁQ% >0, it follows that %(T —dt,d) <0 for all d, i.e., %Z(T —dt,-) <0 . Then,
iterating this argument backward in time yields
oJ
E(t,Dt) < 0 forallte [07T],
oZf a%vP aJ ﬁ(nﬁ%a)m J(nB%—a)+o
and therefore, -t = 25— = 22 < 0. Because p; = 2P 20— B2 - Za,,,ﬁz , a>nB? and Z; =
Sata _ 4 op; _ FLmp%-o) ozf _ a%l :
L= 2‘(;3;3‘2, we have 2t = 2 = 0 and Gt = 5795, <0. As such, we obtain that the
optimal incentive Z; falls in ¢ and the optimal price p; increases in ¢, which means Z; also falls in
the overbooking penalty parameter 7 and pj increases in 7. Q.E.D.

PROOF OF PROPOSITION 3. By (16) and (12), the firm’s expected profit under the fully-dynamic
(Vi4), dynamic-pricing-only (V;'P), dynamic-contracting-only (V;'°), and fully-static strategies (V*),
respectively, are given as follows:

T
—r —r p, +
V= sup b U ™" (pnB*Zy + apy — ap} =B Z¢ 2) dt —me” T (D7 — o)
p={pt}icio,1:2={Zt }re(o0,1) 0
(OA29)
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T T
VP = sup E [/ e "'p,dDY — e T (ao + bo/ e =AD" — a1 —Pt)dt)>
,00,a0>pa 0 0

p={pt}ie(o,1)

3 +
—me " (D’}’bo - IO> ]

T R +
= sup E [/ e (pnB°by + ap; — ap} —nB°b63) dt — e (D’:,’:bo — I0> ] (OA30)
1:bo 0

p={pt}icio,1

T
Vi =sup B { / e "'pdDV? — e ey — e (DB — Io)+]
0

p.&T

T
= sup E [/ e "'pd DY — e_TTY;/O’Z — e T (D%Z — IO)+]
1:Y02pa 0

0, Z={Zt}scio,T

T
= sup E / e "t (pnB2Zt +ap—ap? — n52Z3/2) dt —me™™" (D%Z - IO)JF} (OA31)
] 0

p.Z={Zi}sefo,T

T T n
fos = sup F {/ e "tpdDPo — e "(ag+ bo/ e "= (gpPho — a(l—p)dt)) —me " (D%bo — IO) ]
0 0

p,b0,a02>pa

T +
=supF [/ e " (pnﬁQbo +ap—ap* — nﬁzbg) dt —me T (Df}’bo — IO) } ) (OA32)
0

p;bo

where we denote by D27, D2 DPZ and D2™ the controlled demand processes under the fully-
dynamic, dynamic-pricing-only, dynamic-contracting-only, and fully-static strategies, respectively.
By (12), we have the expectation in (OA29) is taken under the demand dynamics with a dynamic
pricing policy p = {p:}icpo,r] and the agent’s optimal effort A(Zt) = BnZ; given dynamic contract
Er =Y}07 | as follows

dD” = (a(l - p;) +nB*Z;)dt + odB;.

Similarly, the expectation in (OA30) is taken under the demand dynamics with a dynamic pricing
policy p = {p:}ico,r) and the agent’s optimal effort a(by) =7Bby given a static contract I' = ag +
fOT e "Dy (dD, — a1 — p,)dt) characterized by (ag,b), as follows

dDP" = (a(1 —p;) +1B%0)dt + odB,.

Note that the static contract compensates the agent only for the effort-driven demand, not the price-
driven portion (1 — p;). This is because the price-driven demand a(1 — p;) is perfectly observable
and determined by the firm’s pricing decision. Moreover, this demand component is not generated
by the agent’s effort. Then the firm does not pay commission on demand the agent does not
contribute to.

The expectation in (OA31) is taken under the demand dynamics with static pricing policy p and
the agent’s optimal effort A(Zt) = AnZ, given a dynamic contract & =Y, 7, as follows

dD}? = (a(l —p) +nB°Z,)dt + 0dB,.

The expectation in (OA32) is taken under the demand dynamics with a static pricing policy p and
the agent’s optimal effort a(bg) = nBby given a static contract I' characterized by (aqg, by), as follows

dDP" = (a1 —p) +np%by)dt + odB,.

Here the agent’s participation level is normalized to zero (i.e., p, =0), and thereby, the optimal
base compensations Y, and a( are equal to the normalized participation level, that is, Y; =0 and
ag = 0.
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The instantaneous incentive cost is the instantaneous promised payment to induce the desired
effort. The results are directly derived from (20) to (23). For example, to examine the difference
between static contracting and dynamic contracting, let us first compare the firm’s value functions
under the dynamic-contracting-only strategy (Vpdc) and under the fully-static strategy (fos) Under
the dynamic-contracting-only strategy, by (16), the firm’s value function is given by:

T
VpdC = sup E [/ e "tpdDP? — e TY 07 _ et (D?’Z - IO)+]
0

p,Z2={Z}sc[0,1]Y02Pa

T
= sup E [/ e " (pnB’Zi+ ap— ap® —nB*Z; /2) dt — e (D’}’Z - Io)q , (OA33)
0

p,Z2={Z}sc[0,1)

where the agent’s participation level p, can be normalized to zero and the optimal Yj is just equal
to the normalized participation level, that is, Yy = 0. The last equality is obtained by substituting
the optimal Yy =0, the demand dynamics in (8), and payoff process in (15) .

Under the fully-static strategy, by (16), the firm’s value function, fos, is given by:

T +
fos = sup F [/ e_Ttpde’bO —e T —qe™™ (D%bo — IO> ]
0

P,b0,a02>pa

T T "
= sup FE [/ e "tpdDP — e (ag + bo/ e " EI(dDPY — a1 —p)dt)) — we™"T (D?’bo - I0> ]
0 0

P;b0,a0>pa

T +
—supE [ / e~ (pn2bo + ap — ap? — BB dt — we T <D§’b0 _ IO> ] . (OA34)
0

p,bo

Here, the static contract is given by I' = ag + fOT e (=T (dDP* — (1 —p)dt). The base payment
ag and incentive bonus by are chosen at the initial time by the firm. The last equality is obtained
by substituting the demand dynamics in (12).

Next, through (OA33) and (OA34), we can compare the firm’s value under the dynamic contract
and the static contract. Under the static contract, the corresponding incentive parameter by is chosen
by the firm at the initial time ¢ = 0. For the dynamic contract, the incentive variable Z; is adapted
and dependent on the current demand level or the remaining inventory level. Dynamic contracting
provides the firm with more flexibility to control the demand process. For example, when the current
cumulative demand is very high, the firm can provide the agent with a lower incentive, which is
intended to decrease the incentive variable Z; and to refrain from motivating the agent to generate
excessive demand. Moreover, at any time ¢, given the same level of incentive (i.e., Z, = by), we
compare the term (pnB2Z; + ap — ap? —nB%2Z2/2) in (OA33) under the dynamic-contracting-only
strategy and (pnS2by + ap — ap* —n%b3) in (OA34) under the fully-static strategy. The differences
are n2Z7 /2 and n3?b3. Therefore, even under the same incentive level, the instantaneous incentive
cost for the firm under the dynamic-contracting-only strategy is lower than that under the fully-
static strategy. Q.E.D.

PROOF OF LEMMA 6. We provide the proof part by part:

(i) First, we aim to show that as a approaches zero or infinity, the optimal price p approaches
one. The case a — 0 is immediate: the demand drift a(1 — p;) vanishes, so any price discount
(i.e. p; < 1) strictly reduces instantaneous revenue without generating a compensating increase in
demand; thus p; =1 is optimal.

Next we consider the case a — o0o. For each a > 0, a given by, and an admissible pricing policy
D = {Pt}o<t<r (progressively measurable, with 0 < p, <1 a.s.), consider the controlled demand
process

t
va"oz/ (o(1—p,) + Ba)ds + o By, 0<t<T,
0
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where a = nfby is the optimal effort of the agent under the static contract I'. By (21), the firm’s
expected profit under dynamic-pricing-only policy can be written as follows

+

T
T (p) =B / e (BenB*ba -+ b, — o — ) ds —me 7 (D} — 1)
0

Let p* denote the benchmark policy p; = 1. For any admissible p and p # p*, any sample path
w € Q and the induced control path p,(w), we define the (pathwise) price deviation

di(w) :==1—py(w) €10,1], W(w):={t€[0,T]:0;(w) > 0}.

For any given by and a > 0, we write the performance difference under any admissible policy p
and p* as follows

AP (5) == J (5) — J2 (p").

Compute, for each w and almost every t,

fa(Dt) = fa(1) = (PenB°bo + apy — ap; — nB°b3) — (nB%bo — nB>b;)
= *7],82170(5,5 + O[((St — 53),

with the obvious shorthand f,(-) for the running integrand. Moreover

T T T
DEbo _ ppibo — / a(l—py)ds= a/ d.ds =: al, A= / d,ds.
0 0 0

Thus pathwise

AF(p)=E

T
/ e (= 1Bbeb, + a8, — 62))ds — e T <(D§*’b° +al —Ip)" — (Dot — 10)+) ] .
0

(4) (B)

Suppose for some sample path w, W (w) has zero measure, which implies (A) — (B) goes to zero.
Suppose for some sample path w, W (w) has positive measure. For large «, the quantity (Dg*’bo (w)+
al(w) — Iy)* grows at least linearly in o (once oA (w) exceeds | D2 " (w) — Iy|). Consequently, for
such w,

me " TaA(w) > (B) > me ™ (aA(w) — C(w))

for some finite (path-dependent) nonnegative constant C(w) independent of «. Also,

T T
—/ e " nB%bods < (A) < a/ 0s(w)ds = aA(w)
0 0
Hence for such w, for all sufficiently large «,

(A) - (B) <aA(w) —me ™ (aA(w) — C(w)) = —aA(w)(me ™ — 1)+ me " O(w) < me " O(w).
(OA35)

Since me™™" > 1 and 0 < A(w) < T, we have (A) — (B) <0 for some sufficiently large . (A) — (B)
tends to —oo as o — 0o. Moreover, (A) — (B) is nonincreasing in « when « is sufficiently large. By
Fatou’s lemma, this pathwise divergence downward implies the expectation A, (p) — —oo if P(A >
0)>0and A,(p) =0 if P(A > 0) =0, which implies J%(p) < J%(p*) for any admissible p. Then the
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optimal price policy is p; =1 as a — 0o. Define the firm’s value under dynamic-contracting-only
policy is given by

T
_,. . , +
Vl[flC = sup F [/ e " (pnBZZt +ap—ap® — UBQZE/th) —me T (D?Z — IO) }
0

pAZt}icpo,m)

T
> sup FE [/ e "t (UBQZt — n52Zt2/2dt) — e T (D}’Z — IO)+]
0

{Zt}iero,m

T
> sup FE [/ e "t (nﬂQZt — 7752Zt2dt) — e " (D;‘Z — IO) 1
{Zt}ie(o,m 0

> sup J5(p°), (OA36)

bo
where the controlled demand process under dynamic-contracting only strategy follows
dDV? = (a(1=p)+nB°Z,)dt + 5dB, 0<t<T.

The right hand side in last inequality of (OA36) is exactly the firm’s value under the dynamic-
pricing-only strategy as a — oco. Hence, the dynamic-contracting-only strategy outperforms the
dynamic-pricing-only strategy as a — oo.

(ii) By a similar argument as in (i), as § approaches zero or infinity, the optimal incentive Z
approaches zero. Hence, the dynamic-pricing-only strategy outperforms the dynamic-contracting-
only strategy.

(iii) As I, approaches infinity, the overbooking penalty vanishes and our problem converges to
a deterministic setting. In this case, both the price and incentive become time deterministic. The
firm’s problem simplifies to a deterministic one, rendering both the dynamic-contracting-only and
dynamic-pricing-only strategies equivalent to each other.

(iv) As o approaches zero or infinity, the optimal incentive Z approaches zero and the price p
approaches one. As o approaches zero, our problem simplifies to a deterministic problem. Hence,
both the dynamic-contracting-only and dynamic-pricing-only strategies become equivalent to each
other. Q.E.D.

PROOF OF PROPOSITION 4. By Lemma 6 and (OA35), there exists some sufficiently large &
such that (A) — (B) < 0 when W (w) has positive measure, and (A) — (B) =0 when W (w) has
zero measure. Consequently, J& () < J& (p*), which implies that there exists a sufficiently large &
for which the optimal price under the dynamic-pricing-only strategy is p; = 1; that is, Vpd” (@) =

Supb() Jg(lp (p* ) °
Therefore,

T

cl = -r ~ v -r +

Vi¢@a= sup E [/ e " (pnB*Zi+ ap— ap® —nB°Z; j2dt) — me™" (D%Z —1Ip) }
] 0

p{Zi}icpo,r

T
> sup F [/ e " (nB°Z, — B> Z7 j2dt) — me” " (D1T7Z - IO)Jr]
0

{Zi}ieio,m

> sup J5 (p*) = V" (@), (OA37)

bo
where the controlled demand process under dynamic-contracting only strategy follows
dD}? = (a(1—p)+nB*Z,)dt +0dB,,  0<t<T.

Since there exists a sufficiently large & such that V% (o) < V4(a), i.e., V(@) < 0, the claim in
Proposition 4 follows.
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PROOF OF PROPOSITION 5. Recall k = nA3?. Throughout this proof, we assume that the value
function U™ and the auxiliary value function W) introduced below are classical C"? solutions of
their respective HJB equations on [0,7") x R with continuous extensions to ¢t =T, as follows from
standard Schauder regularity for uniformly parabolic equations (the parabolicity coefficient o2 /2 is
strictly positive); see, e.g., Touzi (2012). The monotonicity Ufl’dp <0 follows from the concavity of
the principal’s value function in cumulative demand established in Lemma 5.

Subsolution and comparison. We use the HJB equations corresponding to (24) and (25). For a
fixed static incentive b > 0 (consistent with the sales-bonus interpretation of the agent’s compensa-
tion throughout the paper), the dynamic-pricing-only continuation value satisfies

2
rUb = UP + %Ugd + sup {pkb+ap—ap® + (a(l—p) + kb) UL — kb?} . (OA38)
]

pe(0,1
The supremum is over the model’s admissible price set p € (0,1]; equivalently, one may take the
closure [0,1], since the unconstrained maximizer below lies in (0,1] whenever ¢ <0 and b > 0.
Let ¢ = U4(t,d), which coincides with Ufjdp (t,d) <0 when we specialize to b= b below. Writing
p=1—24, with 6 €[0,1), the maximized pricing term can be decomposed as
sup {kb(1+q) — kb +d(a(l+q) — kb) — ad®}
6€[0,1)
2
(a(1+q)— kb)+
4o ’
The last equality follows because ¢ <0 and b > 0, so the unconstrained maximizer §* = (a(1+4q) —
kb). /(2a) lies in [0,1/2] C [0,1).
Now consider the dynamic-contracting-only problem with the static price fixed at p =1, which
is admissible in (25) since the price ranges over (0,1]. Let W (¢,d) denote the corresponding

= kb(1+q) — kb + (OA39)

continuation value, with terminal condition W (T, d) = —n(d— I,)*. The associated HJB equation
is
W W L T ) kZ? )
rW' =W," + ?de +sups kZ — - T kZW,” 5. (OA40)
Z>0

Specializing to b= b and evaluating the Hamiltonian in (OA40) at the test function U b® gives

sup{kZ(l—Fq)—]ng}:k(l—FQ)i. (OA41)

Z>0 2

The dynamic-pricing-only Hamiltonian evaluated at UY™ is the bracketed expression in (OA39)
with b=b; it is exceeded by the lower bound in (OA41) by an amount

(a(1+4q) —kbdp)j]

k

-1 2 — k(1 — k(b™)?
5 (1+0)2 [ (1+9) K"+ -
which is nonnegative by (26). In the backward-HJB sign convention, this is equivalent to the
subsolution inequality

0.2

kZ?
rUb™ — Utbdp - Ufi’;ip — sup {k:Z -5t kZUsdp} <0,

2 Z>0

so U™ is a subsolution of (OA40) with the same terminal condition —m(d — I)*. The comparison
principle for finite-horizon parabolic HJBs in the linear-growth class (see, e.g., Touzi 2012) gives

U™ (0,0) < WM(0,0).
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Since p =1 is feasible for the dynamic-contracting-only problem in (25), we also have W™ (0,0) <
Vd¢(a). Therefore uv’ (0,0) <WM(0,0) < V(). Since b is optimal for the dynamic-pricing-
only problem, U (0,0) = V¥ (c), and the result follows.

Verification of cases (i) and (ii). Write b= b and let s=(1+¢); >0. If 1 +¢ <0, then s =0,
the right-hand side of (26) is zero, and the left-hand side is —kbP(1+¢q) + k(b%)? > 0; the inequality
holds trivially. We therefore focus on 14 ¢ >0, so that s =1+ ¢. The left-hand side of (26) satisfies

k 9 s\ k,_k,
S5t —kbs+kb =k (b= ) + 787> 75
whereas the right-hand side satisfies (as — kb)3 /(4e) < as?/4. Thus case (i), k > o, implies (26).
Alternatively, if a(1 + ¢) < kb, then the local value of price flexibility is zero. The left-hand
side of (26) is nonnegative by the preceding quadratic bound, so (26) holds automatically. This is
precisely the price-cap condition (i7); under it, the optimizer in (OA39) has §* =0, and hence the
dynamic-pricing-only policy is at p; = 1.
Primitive sufficient condition. A primitive condition that implies the price-cap condition (i7) is

_ In—d 2pdp
e " TV <0> >1— nb . t<T,

(0%

where ®(z) =1 — ®(x). To see this, fix b=b% and h > 0. Let p denote an optimal price process
for U*(t,d + h); if an optimizer does not exist, the same argument applies to an e-optimal process
and the bound is preserved as € | 0, since the final lower bound below depends on p only through
the nonnegative-drift property and not through its optimality. Apply the same sample-path price
process p from state (t,d), which is feasible because the admissible set for price processes imposes
only measurability and the static range p; € (0, 1], independent of the initial demand state. Under
the common Brownian path,
D3P = DgP + .

The flow payoff is the same under the two coupled systems, so by the suboptimality of p at state
(t,d),
Ub(t,d+h) — UP(t,d) < —me " TDE [(D%ﬁ +h—1,)" = (D& — I,) *} .

Since (x+h —Io)* — (v —Io)* > h1{,~1,}, we obtain

b . -
U (t,d+h})L Ut(t,d) < —me " TOP (DI 5 1)

For any admissible price process, the controlled demand drift satisfies a(1 — p,) + kb > 0, and
therefore

T
D&P = d+/ (o(1 = ps) + kb) ds + o(Br — B;) > d+ o(Br — By).
t

It follows that

Ub(t,d+h) —U"(t,d) <

3 <

Letting h | 0 and using the differentiability of U” in d inherited from the classical-solution hypothesis
above gives

—me "TOP(d+o(By — By) > I).

— Iy—d
Ut d) > r<Tt>q><°>.
alhd) z e VT —1

The displayed primitive condition therefore implies the price-cap condition (7). Q.E.D.
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OA2. Competition between Direct Sales Channel and Sales Channel through an
Agent

In this section, we apply our analytical framework to examine the competition effect between two

channels of sales — direct sales and sales through an agent. The firm uses these two channels to sell

the product, as explored in Section 3. The cumulative demand quantity, D;, for the product up to

any given time t € [0,7], evolves according to

where a corresponds to the firm’s demand rate through its own direct sales channel, A; > 0 is the
agent’s effort level, and o is a constant diffusion term.

The agent’s optimal effort level, given the incentive variable Z;, is flt(Zt) =nZ;. We explore how
the direct sales channel influences the agent’s effort level. Up to time 7T, the total sales through the
direct channel are aT. Therefore, the remaining inventory for the agent is Iy — aT'. As the direct
sales channel ¢ increases, the agent has less to sell. Equivalently, we may consider transferring the
problem of increasing a to that of decreasing I,.

From the principal’s perspective, the incentive variable provided by the principal decreases with
increasing direct sales a. Consequently, the expected optimal effort of the agent decreases, and thus,
the expected sales, E(fOT A,(Z)dt) (ie., fOT nZdt), also decrease with a. We numerically show how
the agent’s effort decreases with Iy. Similarly, we could conduct comparative statics numerically
for a.

As the value of the other channel a increases, we observe from the numerical study presented in
Figure OA1 a decrease in the average incentive offered to the sales agents. At the same time, the
firm’s expected profit shows an upward trend as a increases. With a higher presence of alternative
sales channels, the firm reduces its dependence on the sales agent’s effort. This reduction in depen-
dence, in turn, leads to a reduction in the cost of incentives provided to motivate these agents.
Consequently, as the influence of other channels a escalates, the firm’s expected profit experiences
a corresponding increase.
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Principal's expected profit
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-
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0.0 0
0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3 4 5

Time Other sales channel

(a) Incentive versus time (b) The firm’s expected profit versus other sales
channel
Figure OA1l Optimal incentives and the firm’s expected profit under different alternative sales channels a.
Parameter values : »=0.025, n =8, Ip =10, 0 =2, and 7 = 2.
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OA3. Comparison of the Dynamic Contract with Other Contracts

In this section, we contrast our dynamic contract with other forms of contracts. We are particularly
interested in exploring the differences in the principal’s value, the incentive variables, and the
agent’s optimal effort. First, we consider a contract of the form 5? =e B+ fOT e "= RAD, —
M(Dz — Iy)*, where B is the base pay, R denotes the commission rate, and M is the marginal
overbook penalty with M > R. This contract only depends on the terminal demand Ds and also
takes limited inventory into account. We can numerically search for the optimal B, R, and M for
this form of contract and compare the results with our dynamic contract. Second, we examine
contracts in which the firm does not compensate the agent for demand that exceeds the capacity.
At time T={t>0: D, > Iy}, we set the incentive variable Z, =0 for ¢ € T. This scenario can be
seen as a subset of our contract, similar to adding an additional constraint where Z; = 0 when
demand exceeds capacity.

Linear Penalty Contract. We start with considering the linear penalty contract that makes the

agent share the overbooking penalty with the principal. We consider the contract f? =eTB +
fOT e "1 RdD, — M (D — Iy)*, where B is the base pay, R denotes the commission rate, and M
is the marginal overbook penalty with M > R. This contract is only dependent on the terminal
demand Dy and also takes the limited inventory into account. We could numerically search for the
optimal B, R, and M in this form of contract and compare it with our dynamic contract.

Corresponding to the demand process (1) and given the contract 5?, the agent chooses optimal
effort A={A;,0<t¢<T} by maximizing his expected utility:

T
V= sup FE [erng —/ e”c(At)dt] ,
0

{At}o<t<Ty
T
= sup FE [B +/ e " (RA; — c(Ay))dt — Me ™" (Dy — IO)‘L} , (OA43)
{Attfo<i<Ty 0

and without loss of generality, let B =0 and a =0 as in the main text.
Then, we write the agent’s value function as

T
Vo= s B[ [ et (ma,—azn) s vty ] . 0Am
{As}i<s<my i

where the base pay B could be normalized to zero.
Then, we have the following HJB equation for the agent’s problem:

ovE  avE 19V }

_l’_

ot Tap M toape? (70 (0A45)

sup {RAt — Af/(Qn) —rVi+

At
which gives the following theorem.

THEOREM EC.1. The agent’s optimal effort A; satisfies

sup {RAt (A + 88‘1/; At} (0A46)
At

. . N oV
and is given by A, =n <R+ a%).
Then, the firm ’s value function is given by

T
VP =supFE [/ e "tdD, —e TS — e T (Dyp — IO)+]
13 0

—  swp E[/OTe‘”(l—R) [a+flt}dt—(Tr—M)e_rT(DT—IO)JF, (OA47)

{pt}ieio, ) (R.M)
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where R < M <. The firm’s expected profit function at ¢ € [0, 7] is given by

T
V'tp =sup E |:/ e—r(s—t)th _ e—r(T—t)fj@ A G (DT _ IO)+:|
13 t

T
— sup E { / e "= (1 — R) [a + AS} ds — (1 — M)e " @0 (Dy — Io)ﬂ , (OA48)
t

(R, M)

where R< M <7 and A, is given by Theorem EC.1.

THEOREM EC.2. The firm’s expected profit function in V;¥ under the dynamic contract domi-
nates the firm’s expected profit under the linear penalty contract g? .

THEOREM EC.3. The agent’s value under the linear penalty contract §$ weakly dominates the
agent’s value under our dynamic contract &r.

We now provide a numerical illustration of the agent’s actions under the two contracts, detailing
both the path of effort and the path of incentives under the benchmark parameters. As shown
in Figure OA2, the sales agent’s effort under the linear penalty contract is lower. Given that the
sales agent shares the penalty cost, the linear penalty contract is not as effective at inducing effort.
Moreover, the principal’s value under a linear penalty contract is lower than it is under our dynamic
contract. As inventory levels increase, this disparity grows more pronounced, primarily because the
linear penalty contract proves to be more costly per unit of demand generated. On average, the
value difference between the two contracts is approximately 40%.

—— dynamic contract
—— linear penalty contract

-

ol —— dynamic contract
—— linear penalty contract

Principal's expected profit

0.0 0.2 0.4 0.6 0.8 1.0 5 6 7 8 9 10
Time Initial inventory level

(a) Agent’s effort versus time (b) The firm’s expected profit versus initial
inventory level
Figure OA2 Agent’s effort, and the firm’s expected profit for different initial inventory I.
Parameter values : r =0.025, n = 15, 0 = 2, Ip = 10 and 7 = 2. The left side represents the comparison
between linear penalty contract and dynamic contract for Iy = 10. In this case, the optimal linear
penalty contract is given by (R, M) = (0.5,0.6).

The Case of a Hard Inventory Constraint. Next, we analyze the case with a hard inventory
constraint. We use numerical experiments to compare the gap between our model and that under a
hard inventory constraint. As shown in Figure OA4, the firm’s expected profit under the dynamic
contract is higher than that under the hard inventory constraint contract. The incentive effectiveness
is lower because the firm cannot do overbooking and the demand that exceeds the inventory becomes
lost sales. Therefore, at the beginning, faced with ample inventory, the principal provides lower-
powered incentives to smooth the increment of demand, and then uses higher-powered incentives
to clear the remaining inventory at the end.
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Figure OA4 Incentive, agent effort, and the firm’s expected profit for different initial inventory Ij.

Parameter values : »=0.025, n=15, 0 =2, Ip =10, and 7 =2.

OA4. Digital Marketing versus Traditional Marketing

In this extension, we apply our general framework to compare and understand how digital marketing
and traditional marketing vary in influencing the decision-making processes of the principal and
the agent.

Digital marketing, characterized by unique features such as customer tracking over visits, com-
parison shopping, and knowledge of customer choice sets, provides the agent with customer visit
data. Leveraging these data sources for targeted strategies, the agent can attract customers more
efficiently. Consequently, the agent’s effectiveness parameter, 7, tends to be higher with digital
marketing than with traditional marketing.

We conducted a numerical analysis to assess the impact of the effectiveness parameter on the
decisions of the principal and the agent. As shown in Figure OA3, the average incentive decreases in
the agent’s effectiveness parameter 7. A higher effectiveness parameter 7 means the principal needs
less incentive to induce the same level of effort from the agent to meet the inventory level, because
the agent’s optimal effort is expressed as A(Z;) =nZ;. Additionally, the agent’s average effort first
increases then decreases in 7 over time. Interestingly, the principal’s expected profit increases in
the agent’s effectiveness parameter 7.

Figure OA3 illustrates that the average incentive provided to the sales agent in digital marketing
is smaller than that in traditional marketing under limited inventory conditions. This difference can
be attributed to the lower costs and increased effectiveness of attracting customers through digital
marketing. At the onset of the time horizon, when the firm has ample inventory, it prefers high
sales effort to deplete the inventory. Thus, it provides a high-powered compensation plan to the
more effective sales agent in the digital marketing channel, resulting in higher cumulative demand
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and lower remaining inventory. However, as the end of the time horizon approaches, and inventory
depletes, the firm becomes wary of overbooking. In response, it offers a lower-power compensation
plan to the digital marketing agent. Also note the firm’s expected profit is higher in the digital
marketing scenario.

OA5. Single-Period Benchmark

This appendix motivates the continuous-time formulation by introducing a single-period benchmark
for the contracting problem under limited inventory. We solve the benchmark and then compare
its implications with those of our dynamic model, highlighting what is gained by allowing demand
(and the firm’s controls) to evolve over time.

Consider a single period model with random demand D = «a + ¢, where € ~ N(0,0?) and o is the
demand volatility. The agent controls effort o, which is not observed by the firm. The firm observes
the realized demand and designs a contract given to the sales agent. After the demand is realized,
the agent receives a payoff £7.

Given a general contract &,(D) that depends on the demand D, the sales agent’s problem is given
by

Vile) —swE e (D)~ | =sup [ - (6la+n -2 ) sw)as (0A19)

where a?/(2n) is the cost of effort @ and f(y) is normal density function for e. By the first order
condition, the optimal effort o* satisfies:

+o00
f) & +y) —a”/n]dy =0. (OA50)

A sufficient condition for (OA50) is given by & (a* +y) —a*/n =0 for all y, that is, for all
outcomes of €. Then for all D we have &/ (D)= a*/n, and therefore {, = K + Da*/n, where K is a
constant determined by the sales agent’s participation constraint.

Under the contract &, = K + Da*/n, o* satisfies the first-order condition in (OA50) and thus
solves the sales agent’s problem in (OA49). Thus, this linear contract is incentive compatible for
the agent’s problem and implements optimal effort. The firm chooses the incentive pay (the slope
z =a*/n) and induces the corresponding response a* = nz. Given this, let us assume that the
compensation contract is linear in demand, i.e., £, = Yy 4+ 2D, where Y, is the base salary and z
is the incentive pay. However, note that the linear contract form is not necessarily optimal for the
firm designing the contract for the sales agent. Now we can solve (OA49) as follows:

a? a? a?
Va(&.) =supE [fa — } =supE [Yo +2zD — ] =supE [YO +za— ] , (OA51)
o 2n o 2n o 2n

which gives the sales agent’s optimal effort a* = argsup, {za — %} =7nz. Note that this solution

is the same as in our continuous time model (see (8)).
The firm’s problem is to choose contract (Y, z) for the manager:

Vp(é.a) = SupE [D - Ea - 7T(Z) - IO)—W ) (OA52)

z,Yo

where &, satisfies the sales agent’s participation constraint Yy > p,, and p, is the participation level.

If we have restricted the contract to be linear, it is easy to identify the optimal incentive z and
Y} for the agent. However, as mentioned earlier, the linear contract is not necessarily optimal. That
is, in this single-period model, it is difficult to solve for the optimal contract form. This further
motivates our continuous time model for the dynamic contracting problem under limited inventory.
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OAG6. Pricing—Effort Interaction

This section extends the baseline model by allowing pricing and salesforce effort to interact in
generating demand. The goal is to capture environments in which the salesperson is more effective
when the firm offers a better deal (e.g., discounts facilitate conversion), so the marginal impact of
effort depends on the price path.

The cumulative demand D; up to time ¢ € [0, 7] evolves as

aD, = (a(1=p) +BA +m(1—p)A,) dt + o dB, (0A53)

where m > 0 measures the strength of the interaction between pricing and effort. When m =0,
(OA53) reduces to the baseline demand process; when m > 0, effort becomes more productive when
the firm sets a lower price (since 1 — p; increases).

Given a contract characterized by (Yo, {Z;}icjo,71) and a price path {p;}icio, 7], the agent chooses
effort pointwise over time. The associated Hamiltonian is

H,(zp0) = sup { z[a(1=pi) + (B+m(1—p))A] — c(4) ], (0A54)

A>0

where ¢(A) = A?/(2n). The first-order condition yields the agent’s optimal effort
flt(z) :77(5+m(1—pt))z, H.(z;p;) :za(l—ptH—g(ﬂ+m(1—pt))222. (OA55)

Substituting (OA55) (and the induced dynamics of ¥;'°?) into the principal’s problem, the firm’s
value can be written in a form parallel to (16) and (17):

T
VP = sup E[/ e "t (pt n(5+m(1—pt))2Zt+apt—apf> dt
0

{pt}ieio, 11 {2t} icio, 1)

T
— / e " g (B+m(1 —Pt))QZtQ dt — e (Dy — 10)1 . (OA56)
0

Relative to the baseline case, the interaction term rescales both the marginal benefit of inducing
demand (the term proportional to p;Z;) and the convex incentive cost (the term proportional to Z?)
by the same state-dependent factor (ﬁ +m(1— pt))Q. Consequently, pricing and contracting become
more tightly linked when m is large: the firm can increase the productivity of incentives by lowering
price, but doing so also changes margins and inventory exposure. As in Section 5, we compare four
strategies: (i) fully dynamic (dynamic pricing and dynamic contracting), (ii) dynamic-pricing-only
(dynamic pricing with static contracting), (iii) dynamic-contracting-only (dynamic contracting with
static pricing), and (iv) fully static (static pricing and static contracting).

We denote by V4, VP, V4¢ and V* the firm’s expected profit under the fully-dynamic, dynamic-
pricing-only, dynamic-contracting-only, and fully-static strategies. To streamline notation, define

k()= (B+m1-p)°,  Lpu;x) =pnsp)utap—ap® — xnr(p)u?, (OA57)

where u denotes the incentive intensity (either Z; or a constant by) and x € {3,1} indexes whether
the quadratic term is $u? (dynamic contracting) or u? (static contracting), matching (OA56). The
value functions can then be written compactly as

T
fod =sup E [/ e "t E(pt, Zy; %) dt — e T (Df}’z - IO)+] , (OA58)
0

D, Z

T
Vpdp =sup E [/ et L(pe,bo; 1) dt — me T (D’%bo - Io)+] ) (OA59)
0

P, bo
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T
Vi =sup E [/ e " L(p,Zy; %) dt —me T (DRZ — Io)+] ; (OA60)
P,z 0
T
VP =sup E [/ e L(p,bo; 1) dt —we™ " (DR — IO)JF} : (OA61)
P bo 0

Here p = {p;}iejo,r) and Z = {Zt}te[o T] are adapted controls, while p and by are constants. The
terminal demand variables D%, D& DPZ and DB follow (OA53) under the corresponding
strategy.

Next, we compare the four strategies—as defined in (OA58) to (OA61)—under various overbook-
ing penalties, initial inventory levels, demand volatility, and price-effect parameters. The results in
Figures OA5 to OAS8 support the main directional patterns from Section 5 under this alternative
demand specification.

As shown in Figure OA5, under the parameters drawn from the airline industry, the dynamic-
pricing-only strategy dominates the dynamic-contracting-only strategy over various overbooking
penalty parameter when we consider an interactive effect of price and effort. The result is robust and
indicates the dynamic-pricing-only strategy performs nearly as well as the fully dynamic strategy
when we consider an interactive effect of pricing and effort for the airline industry. The reason is
the effect of pricing on demand is greater than that of the sales incentives. As such, dynamic pricing
is more effective than dynamic contracting. More specifically, the dynamic-pricing-only strategy is
more effective in smoothing the uncertain demand and avoiding overbooking.

The effect of limited inventory on the performance of various strategies is also present under the
interaction extension. Figure OA6 shows that as the inventory constraint becomes tighter (i.e., as
Iy decreases), the performance differences between various strategies widen.

Figure OAT illustrates how demand volatility influences different strategies when we consider an
interactive effect of pricing and effort. The results are also consistent with Section 5 As demand
volatility rises, the performance differences between the fully dynamic strategy, the two partially
dynamic strategies (esp. the dynamic-contracting-only strategy) and the fully static strategy widen.
In addition, Figure OA7 shows that when demand is sufficiently volatile, the dynamic-pricing-only
strategy dominates the dynamic-contracting-only strategy. The reason is that when the price-effect
parameter « is relatively high (as in the case of the airline industry), dynamic pricing is more
effective in smoothing the demand process than dynamic contracting.

Next, as Figure OAS8 suggests, the relative magnitude of the price and effort effects plays an
instrumental role in influencing the performance differences across strategies. The results are similar
as Section 5. Figure OAS8 shows that when the price effect « is low, dynamic contracting with
static pricing dominates the strategy of static contracting with dynamic pricing. Note that when
the price-effect parameter is low, pricing has little effect on demand. As a result, the firm prefers
to influence demand over the planning horizon through dynamic incentive design.

Thus, the interaction extension supports the airline-calibrated conclusions and the main direc-
tional comparisons from Section 5; we do not claim a literal one-for-one robustness result for every
comparative static.

OA7. First Best

As a benchmark, we consider the first-best problem in which the firm can directly choose (and effec-
tively observe) the effort process {A;}+cp, 7). The firm maximizes expected discounted profit, defined
as discounted revenue from demand increments net of effort cost, minus the terminal overbooking
penalty:

VPFB = sup E
{At}ie(o,1]

T T A2 I
/ e_rt th — / 6_” —t dt — 7T€_TT (DT — Io) . (OA62)
0 0 2n
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Figure OA6  The firm’s expected profit percentile versus the initial inventory level (I;). All the parameter values
are the same as in Figure 11 except that we vary I, between 50 and 180.

Substitute the demand dynamics in (1). Then, at a given time ¢ € [0,7], the firm’s first-best
expected profit can be expressed as:

T
AQ
VP= sup E [/ e A, - ZL)dt —mwe " (Dy — IO)+] , (OA63)
{Attieo,m 0 2n
where dD, = A,dt + ocdB,. For the second best case, the firm’s problem is defined as
T T
VP= sup E [/ e_”ntht—/ (e7"nz?/2)dt — e (Dp —IO)+] , (OA64)
0 0

{Zt}iero,m)
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where d_Dt = T]tht + O'dBt



