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BROWNIAN INVENTORY MODELS WITH CONVEX
HOLDING COST, PART 2: DISCOUNT-OPTIMAL
CONTROLS*
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We consider an inventory system in which inventory level fluctu-
ates as a Brownian motion in the absence of control. The inventory
continuously accumulates cost at a rate that is a general convex func-
tion of the inventory level, which can be negative when there is a back-
log. At any time, the inventory level can be adjusted by a positive or
negative amount, which incurs a fixed positive cost and a proportional
cost. The challenge is to find an adjustment policy that balances the
inventory cost and adjustment cost to minimize the expected total
discounted cost. We provide a tutorial on using a three-step lower-
bound approach to solving the optimal control problem under a dis-
counted cost criterion. In addition, we prove that a four-parameter
control band policy is optimal among all feasible policies. A key step
is the constructive proof of the existence of a unique solution to the
free boundary problem. The proof leads naturally to an algorithm to
compute the four parameters of the optimal control band policy.

1. Introduction. Dai and Yao [6] studied the optimal control of Brow-
nian inventory models under the long-run average cost criterion. This paper,
which is a companion of [6], studies the same Brownian inventory models,
but under the discounted cost criterion. Its main purpose is to provide a
tutorial on the powerful, lower-bound approach to proving the optimality
of a control band policy among all feasible policies. The tutorial is rigorous
and self-contained with the exception of the standard Ito’s formula. In ad-
dition, this paper contributes to the literature by proving the existence of
a “smooth” solution to the free boundary problem with a general convex
holding cost function. As a consequence, a four-parameter optimal control
band policy is shown to be optimal. Our existence proof also leads naturally
to an algorithm to compute the optimal control band parameters.
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The introduction in [6] describes the Brownian inventory models, con-
trol band policies, and the lower-bound approach in detail. That paper also
includes an extensive review of the literature as well as an explanation of
the motivation to study the non-linear holding cost function. Therefore, this
introduction highlights the development specific to the discounted cost case.

As in [6], we assume an upward or downward adjustable inventory posi-
tion, with all adjustments realized immediately without any leadtime delay.
Each upward adjustment with amount £ > 0 incurs a cost K + k&, where
K > 0and k& > 0 are the fixed cost and the variable cost rate, respectively, for
each upward adjustment. Similarly, each downward adjustment with amount
& incurs a cost of L+/¢¢ with fixed cost L > 0 and variable cost rate ¢ > 0. In
addition, we assume that the holding cost function h : R — Ry is a general
convex function that satisfies some minimal assumptions in Assumption 1 in
Section 2. Our objective is to find a control policy that balances the inven-
tory cost and the adjustment cost so that, starting from any initial inventory
level x, the (infinite-horizon) expected total discounted cost is minimized.
When both upward and downward fixed costs are positive, the model is an
impulse control problem. When both fixed costs are zero, the correspond-
ing Brownian control problem is a singular control or instantaneous control
problem. As in [6], we treat both of these controls within one framework.
We will also consider the case when the inventory backlog is not allowed.

When the inventory holding cost function is linear, namely,

h if >0
(1.1) ha)y=4 " TS
—px ifx <0

for some constants p; > 0 and h; > 0, Constantinides and Richard [5] proved
that a four-parameter control band policy is optimal under the condition

(1.2) hi—pk>0 and p;—p¢>0,

where 8 > 0 is a discount rate. As explained in [5], hi/3 is the present
value of the holding cost of keeping one unit of inventory now to infinity.
If hi/B < ¢, it will never be optimal to reduce the inventory level as long
as L > 0. Similarly, if p;/8 < k, it will never be optimal to increase the
inventory as long as K > 0. Thus, condition (1.2) is also necessary for a
four-parameter control band policy to be optimal. Baccarin [1] sketched a
proof that a four-parameter control band policy is also optimal when the
holding cost is quadratic as given by

2 if 2>
(1.3) h(z) = {hlzn + how if x>0,

—p1x +pox®  if x <0,
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where hy >0, p; > 0, ho > 0 and ps > 0. In his proof, condition (1.2) is not
needed as long as hy > 0 and ps > 0. Baccarin [1] deferred the detailed proof
for the existence of a solution to the four-parameter free boundary problem
to an online supplement. Unfortunately, this document can no longer be
located over the Internet. Assuming K = L > 0 and kK = ¢ = 0, Plehn-
Dujowich [10] proved that a three-parameter control band policy is optimal
when the holding cost function h satisfies

(1.4) h and k' are continuous;
h is strictly concave and single-peaked;

|h|, |h'| and |h”| are bounded by a polynomial.

Both the linear cost in (1.1) and the quadratic cost in (1.3) do not satisfy
the smoothness condition in (1.4).

In this paper, when the holding cost function is assumed to be general,
satisfying Assumption 1 in Section 2, we prove that a four-parameter control
band policy is optimal. Assumption 1 on the convex holding cost function h
is considerably weaker than those found in the literature. The cost functions
in [1, 5, 10] all satisfy Assumption 1. Condition (2.5) in Assumption 1 is
analogous to (1.2) and is automatically satisfied for A in (1.3). Similar to
the companion paper [6], we adopt the three-step lower-bound approach in
our proof. In the first step, we prove that if there exists a “smooth” test
function f that satisfies a set of differential inequalities, then the function
f dominates the value function at every initial inventory level x. In the
second step, given a control band policy, we show how to obtain the value
function within the band as the unique solution to a second order differential
equation. In the third step, we show the existence of a solution to a free
boundary problem that satisfies the conditions for f in the first step.

The result in step 1 is known as the “verification theorem”. All three prior
papers [1, 5, 10] invoked the verification theorem in Richard [12], which
in turn generalized the pioneering work of Bensoussan and Lions [2, 3].
This tutorial advocates the lower bound approach that was also adopted
by Harrison et. al [8] and Harrison and Taksar [9]. Again, this approach’s
self-contained character, with the exception of applying the standard It6’s
formula, makes it suitable for adoption in other related settings.

We specify the free boundary problem, the most difficult task in Step
3, by using the well known “smooth pasting” method (see, e.g., [4]). We
prove the existence of a C'! solution to the free boundary problem that has
four free parameters. Though our proof is similar to the one in [5], where a
linear holding cost function is used, our proof is considerably more difficult.
Unlike the proof in [5], our proof is also constructive so that it leads naturally
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an algorithm to compute the four parameters of the optimal control band.
Recently, Feng and Muthuraman [7] developed an algorithm to compute the
parameters of an optimal control band policy for the discounted Brownian
control problem. They illustrated the convergence of their algorithm through
some numerical examples.

The remainder of this paper is organized as follows. Section 2 defines our
Brownian control problem. Section 3 presents a version of the Itd’s formula
that does not require the test function f be C? function. A lower bound for
all feasible policies is established in Section 4. Section 5.1 shows that under
a control band policy, the value function within the band can be obtained
as a solution to a second order ordinary differential equation (ODE). Under
the assumption that a free-boundary problem has a unique solution that has
desired regularity properties, Section 5.2 proves that there is a control band
policy whose discounted cost achieves the lower bound. Thus, the control
band policy is optimal among all feasible policies. Section 5.3 explains how
to construct the solution to the free-boundary problem and characterizes
the parameters for the optimal control band policy. Section 5.3 constitutes
the main technical contribution of this paper. Section 6 solves the singular
control problem. This section is short, essentially becoming a special case of
Section 5 when both K = 0 and L = 0. Section 7 deals with impulse control
problems when inventory is not allowed to be backlogged.

2. Brownian control models. We now introduce the Brownian con-
trol models that accommodate both the impulse and instantaneous controls.
These models are identical to the ones in [6], but in this paper all costs are
discounted.

Let X = {X(t),t > 0} be a Brownian motion with drift ;4 and variance
o2, starting from x. Then, X has the following representation

X(t)=az+pt+oW(t), t>0,

where W = {W(t),t > 0} is a standard Brownian motion that has drift
0, variance 1, starting from 0. We assume W is defined on some filtered
probability space (2, {F;}, F,P) and W is an {F;}-martingale. Thus, W is
also known as an {F;}-standard Brownian motion. We use X to model the
netflow process of an inventory system. For each ¢t > 0, X (¢) represents the
inventory level at time t if no control has been exercised by time t. The
netflow process will be controlled and the actual inventory level at time ¢,
after controls has been exercised, is denoted by Z(t). The controlled process
is denoted by Z = {Z(t),t > 0}. With a slight abuse of terminology, we
call Z(t) the inventory level at time ¢, although when Z(t) < 0, |Z(t)| is the
backorder level at time t.
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Controls are dictated by a policy. A policy ¢ is a pair of stochastic pro-
cesses (Y7,Y3) that satisfies the following three properties: (a) for each sam-
ple path w € Q, Y;(w,-) € D, where D is the set of functions on R, = [0, c0)
that are right continuous on [0, c0) and have left limits in (0, 00); (b) for each
w, Y;(w,-) is a nondecreasing function; and (c¢) Y; is adapted to the filtration
{F:}, namely, Y;(t) is Fi-measurable for each ¢ > 0, i = 1,2. We call Yi(¢)
and Y3(t) the cumulative upward and downward adjustment, respectively,
of the inventory in [0,¢]. Under a given policy (Y7,Y3), the inventory level
at time t is given by

(2.1) Z(t) = X(t)+Y1(t) —Ya(t) =x+oW(t) +ut+Y1(t) — Ya(t), t>0.

Therefore, Z is a semimartingale, namely, a martingale cWW plus a process
that is of bounded variation.

A point t > 0 is said to be an increasing point of Y7 if Y1(s) —Y1(t—) >0
for each s > t, where Yi(t—) is the left limit of Y7 at ¢ with convention
that Y1(0—) = 0. When ¢ is an increasing point of Y7, we call it an upward
adjustment time. Similarly, we define an increasing point of Y5 and call it a
downward adjustment time. Let N;(¢) be the cardinality of the set

{s €[0,t] : Y; increases at s}, i=1,2.

In general, we allow an upward or downward adjustment at time ¢ = 0. By
convention, we set Z(0—) = z and call Z(0—) the initial inventory level. By
(2.1),

Z(0) = = + Y1(0) — Y3(0),

which can be different from the initial inventory level Z(0—).

The two types of costs associated with a control are fized costs and pro-
portional costs. We assume that each upward adjustment incurs a fixed cost
of K > 0 and each downward adjustment incurs a fixed cost of L > 0.
In addition, each unit of upward adjustment incurs a proportional cost of
k > 0 and each unit of downward adjustment incurs a proportional cost of
£ > 0. Thus, by time t, the system incurs the cumulative proportional cost
kY;(t) for upward adjustment and the cumulative proportional cost £Y3(t)
for downward adjustment. When K > 0, we are only interested in policies
such that Ni(t) < oo for each t > 0; otherwise, the total cost would be
infinite in the time interval [0,¢]. Thus, when K > 0, we restrict upward
controls that have a finitely many upward adjustment in a finite interval.
This is equivalent to requiring Y7 to be a piecewise constant function on
each sample path. Under such an upward control, we can list the upward
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adjustment times as a discrete sequence {T1(n) : n > 0}, where the nth
upward adjustment time can be defined recursively via

Tl(n) = inf{t > Tl(n — 1) : AYl(t) > O},

where, by convention, 77(0) = 0 and AY7(¢t) = Y1(¢t) — Y1(t—). The amount
of the nth upward adjustment is denoted by

&(n)=Y1(Th(n)) — Y1 (Th(n)—-) n=0,1,....

It is clear that specifying such an upward adjustment policy Y7 = {Y;(¢),t >
0} is equivalent to specifying a sequence of {(71(n),&{1(n)) : n > 0}. In
particular, given the sequence, we have

Ni(t)

(2.2) Vi(t) = Y &),

1=0

and Ni(t) = max{n > 0 : T1(n) < t}. Thus, when K > 0, it is sufficient
to specify the sequence {(T1(n),&i(n)) : n > 0} to describe an upward
adjustment policy. Similarly, when L > 0, it is sufficient to specify the
sequence {(T2(n),&2(n)) : n > 0} to describe a downward adjustment policy
and

Na(t)

(2.3) Ya(t) = — Z &a(1).
i=0

Merging these two sequences gives the sequence {(T},,&,),n > 0}, where T,
is the nth adjustment time of the inventory and &, is the amount of adjust-
ment at time 7},. When &, > 0, the nth adjustment is an upward adjustment
and when &, < 0, the nth adjustment is a downward adjustment. The policy
(Y1,Y5) is adapted if T}, is an {F; }-stopping time and each adjustment &, is
Fr, — measurable.

In addition to the adjustment cost, we assume that the system incurs a
holding cost at rate h(z): when the inventory level is at Z(t) = z, the system
incurs a cost of h(z) per unit of time. Therefore, the cumulative discounted
holding cost in [0, ¢] is

/ LB (2 (s))ds,
0

where 8 > 0 is the discount rate.
Under a feasible policy ¢ = {(Y1(t),Y2(t))} with initial inventory level
Z(0—) = z and a discount rate 5 > 0, the expected total discounted cost
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DC(z, ¢) is

DC(z,¢) = E, [ /OOO e Bh(Z(t))dt

+ / T (KdNy(t) + LdNo(t) + kdYi(t) + edYQ(t))] .
0

where E, is the expectation operator conditioning on the initial inventory
level being Z(0—) = x. As mentioned earlier, when K > 0 and L > 0, it is
sufficient to restrict feasible policies to be the impulse type given in (2.2)
and (2.3). A Brownian control model with controls limited to impulse type is
called the impulse Brownian control model. When K = 0 and L = 0, it turns
out that under an optimal policy, N1 (t) = oo and Na(t) = oo with positive
probability for each t > 0. We call the corresponding control problem the
instantaneous Brownian control model or singular Brownian control model.
In the impulse control model, we need to restrict our feasible policies to
satisfy

[ee]
(2.4) B> e (1+]¢al)| < oo

n=0
Otherwise, DC(z, ¢) = co. Note that some applications may always require
a nonnegative inventory level, namely,

Z(t)>0, fort>0.

We assume the inventory cost function h : R — R satisfies the following
assumption.

AsSSuMPTION 1. Assume that the cost function h satisfies the following
conditions: (a) it is continuous and convex; (b) there exists an a such that
h € C*(R) except at a and h(a) = 0; (c) h'(z) < 0 for x < a and W (z) > 0
for x > a; (d)

(2.5) lim A'(x) > ¢B and liim B (x) < —kB;

zToo
(e) h"(x) has a smaller order than eM? as 1 oo, that is

(2.6) lim @) _

oo e -

where A\; = (12 +280%)Y2 — u] /o? > 0; and
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(f) 1" (x) has a smaller order than e~*2% as = |, —oo, that is

(2.7) lm @)

x—00 e~ A2t

where Ay = [(1? + 2B0%)1/2% 4 ] /o? > 0.

Remark. (i) Conditions (a)-(b) of Assumption 1 are identical to Condi-
tions (a)-(b) of Assumption 1 in [6]. Condition (d) here is applicable only
to the discounted case. Condition (c) here is apparently weaker than the
corresponding condition in [6]; without some additional conditions such as
(2.5) in this paper, Condition (c) in Assumption 1 of [6] cannot be weak-
ened. (ii) If h is given by (1.1), (2.5) becomes (1.2), which is consistent with
(13) in [5]. When lim,_, o A'(z) < €8, it follows the same reasoning as in [5]
that it will never be optimal to reduce the inventory level as long as L > 0.
Similarly, when lim,_, ., h/(x) > —kf, it will never be optimal to increase
the inventory level as long as K > 0. (iii) All polynomial functions satisfy
the conditions (2.6)-(2.7). (iv) The smoothness conditions on the convex
holding cost function h can be relaxed to be continuously differentiable once
and twice at all but a finitely many points.

The following elementary lemma on the holding cost function also will be
useful in later development.

LeMMA 2.1.  (a) Under Assumption 1,

MO )y

(28) xlilinoo e—uta)@—a) 0,
eI (y)dy
(2.9) A v v [y
(b) Under Assumption 1,
X [levmap (yydy
(2.10) :}:IT?O g = ing h'(x),
R A L ) T
(2.11) :Elilinoo =) = xlﬁnooh (x).

PRrROOF. (a) We prove (2.8). The proof of (2.9) is similar and is omitted.
If

lim e MW=AB! (1) dy < oo,

zl—0c0 J,
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(2.8) clearly holds. Now assume that

lim e M= R () dy = o.

zl—00 Jo

Using the L’ Hopital rule gives

i ;L e—M(y—a) h”(y)dy i —e—Mi(z—a) h”(m)
zl—co e~ (MitA)(z—a) zl—00 —(A] + Ag)e~(iFr2)(@—a)
_ h'(x)
I (A + /\2)€_>‘2(m_“)
= 0,

where the last equality is due to (2.7).

(b) We prove (2.10). The proof of (2.11) is similar and is omitted.

The first part of (2.5) implies that there exist a constant ¢; > 0 and an
2" € (a,00) such that for any = > 2,

h'(z) > e,

which yields

lim er2(v=a) B (y)dy > lim er2(v=2) W (y)dy

ztoo Jq xtoo J
T
c1 - lim e*2W=a) gy
xtoo Jn
= 007

where the first inequality is due to the assumption h/(z) > 0 for z > a.
Using the L’ Hopital rule gives

)\2 fax e)\2 (y—a) h’(y)dy )\26)‘2 (z—a) h,(:E)

lim

lim

zToo 6)‘2 (z—a) - zToo )\26)‘2 (z—a)
= lim A/(x).
zToo ( )

O

3. The Itd’s formula. In this section, we present the Itd’s formula,
tailored to the discounted setting. Recall that for a function g € D, it is
right continuous on [0, 00) and has left limits in (0, 00). We use g¢ to denote
the continuous part of g, namely,

g1 =g(t) = Y Agls) fort>0.

0<s<t
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Here, we assume g(0—) is well defined. Recall that under any feasible policy
¢ = (Y1,Y3), the inventory process Z = {Z(t) : t > 0} has the semimartin-
gale representation (2.1). Because Brownian motion has continuous sample
paths, we have

ZE(t) = X(t) + YE(t) — YE(t)  for t > 0.

LEMMA 3.1. Assume that f € CY(R) and f' is absolutely continuous
such that f'(b) — f'(a) = ff f"(u)du for any a < b with " being locally in
LY(R). Then

(3.1) e F(2(1) = 1(2(0)) + /0 e~ (DF(Z(s)) — Bf(Z(s)))ds
‘o /0 e~ f1(Z(5))dW (5) + / e (2 (5—))dYE(s)

0
- [ ez + 3 ARz,
0<s<t

where
1
I'f(x) = §a2f"(a:) +uf'(x)  for each x € R such that f"(z) exists,

is the generator of the (u1, %)-Brownian motion X , and fg e PFI(Z(5))dW ()
1s interpreted as the Ito integral.

PRrOOF. Using (3.2) in [6] and the integration by parts formula for semi-
martingales (see, for example, Page 83 of [11]), we have (3.1). O

4. Lower bound. In this section, we state and prove a theorem that
establishes a lower bound for the optimal expected total discounted cost.
This theorem is closely related to the verification theorem in the literature.
Its proof is self-contained, using the It6 formula in Section 3.

THEOREM 4.1.  Suppose that f € C1(R) and f' is absolutely continuous
with " being locally in L'(R). Suppose that there erists a constant M > 0
such that | f'(z)] < M for all x € R. Assume further that

(4.1) I'f(x) — Bf(z)+ h(x) >0  for almost all x € R,
(4.2) fy) —f@) < K+k(x—y) fory<us,
(4.3) f) = fle)<L+ly—=x) forz<y.

Then DC(xz,p) > f(x) for each feasible policy ¢ and each initial state
Z(0—) =z €R.
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Remark. (i) When K = 0, condition (4.2) is equivalent to f'(z) > —k
for each z € R. When L = 0, condition (4.3) is equivalent to f’(z) < ¢ for
each z € R. (ii) Under an arbitrary control policy, the inventory level Z
can potentially reach any level. Thus, we require function f to be smoothly
defined on the entire real line R. It is not enough to have f smoothly defined
on a certain interval [d, u].

PRrROOF. By It6 formula (3.1),
(44) P = F(Z(0)) + /0 O (TF(2(s)) - BF(Z(s)))ds
o te_ﬁs "Z(s S te_ﬁs "Z(s— ‘(s
n /0 F(Z(s)dw ( >+/0 F1(Z(5-))dYE(s)
- [ errasie + ¥ etarae)

0<s<t

> £(Z(0-)) - /0 e h(Z(s))ds
o te_ﬁs "Z(s s te_ﬁs "NZ(s— ‘(s
4 /0 12 >>dW<>+/0 (2 (5=)dYE(s)
- /0 eI (Z(s—NdYE(s) + 3 e PAF(Z(s)),

0<s<t

where the inequality is due to (4.1). In the remainder of the proof, we sep-
arate into different cases depending on the positivity of K and L. We will
provide a complete proof for the case when K > 0 and L > 0. Sketches will
be provided for proofs in other cases.

Case I: Assume that K > 0 and L > 0. In this case, it is sufficient to
restrict feasible policies to impulse control policies {(T},,&,) : n =0,1,...}.
In this case, Y{ = 0 and Yy = 0. Conditions (4.2) and (4.3) imply that
Af(Z(T,)) > —¢(&,) for n =0,1,..., where

K +kE if €>0,
(4.5) Pp€) =1 0 if £ =0,
e ifE<o.

Therefore, (4.4) leads to

(46) P2t > F(Z0-) - /O e~P5h(Z(s))ds

N(t)

—I—J/O B z( ZeBT”qb
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for each t > 0. Fix an « € R. We assume that

N(t)

E, te_ﬁsh(Z(s))ds—i—Ze‘ﬁanﬁ(&n) < 00
0 n=0

for each ¢t > 0. Otherwise, DC(z,¢) = oo and DC(x,p) > f(z) is triv-
ially satisfied. Because |f’(z)| < M, we have Emfot e B f!(Z(s))dW (s) = 0.
Meanwhile

F(Z@t) < (f(z) "

and E, [e= (f(Z(t)))+] is well defined, though it can be oo, where, for a
b € R, b" = max(b,0). Taking E, on the both sides of (4.6) and noting
f(Z(0-)) = f(x), we have

¢ N(t)

e (F(20) )2 fa) — B [ e nz(sas + > (e ).
Taking limit as ¢ — 0o, we have
imin . [ s + 3 e P )+ Eale (20 ]
im in xoe ssnzoe o (&, zle

> f(x).
The boundedness of f’ implies
(f(2)" < M@ +|a)),
which further implies
N(t)

(A1) ()" < MU+ Z0) < MO+ e+ e oW+ 3l

The following arguments follow those on Page 842 of [7]. Let v(t) = Zivz(to) €0l
Then (2.4) implies

E, {/000 e_ﬁtdy(t)} < 0.

From (7.5) of Taksar [13], we have
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Applying Fubini’s theorem, we have

/ e PR, [v(t)]dt < oo,

0

which, together with Lemma 4.1 of [7], implies
lim inf e PE,[v(t)] = 0.

t—o00

Therefore, (4.7) implies
litn_1>inf E, [e_ﬁt (f(Z(t) +]

< liminf E, [e P (M + ||+ |ult + oW ()] +v(1))]
=0.

Hence, the theorem is proved for K > 0 and L > 0.

Case II: Assume that K = 0 and L = 0. Condition (4.2) leads to
f'(u) > —k for all w € R and Condition (4.3) leads to f'(u) < ¢ for all u € R.
Because f is continuous, Af(Z(s)) # 0 implies AZ(s) # 0. If AZ(s) > 0,
(4.2) implies

Af(Z(s)) > —kAZ(s).
If AZ(s) <0, (4.3) implies
AF(Z(s)) > (AZ(s).

Thus, the last three terms in (4.4) are at least
t t

[ e raenavie - [ et raenie + Y e
0

0<s<t
> k:/ e P dYE(s —e/ e PdYy(s)

—k > e PAzZ(s)+0 Y e AL(s

0<s<t 0<s<t
AZ(s)>0 AZ(s)<0

t t
= —k‘/ e PdYy(s) —E/ e P2 dYS(s)

—k > e PAYI(s) — £ Y e PPAY(s)

0<s<t 0<s<t

= —k:/ —Bsqy;(s) z/ —B5qYy(s)

(s))
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Therefore, (4.4) leads to

W) > F(Z2(0-)) - / IR ds o [ 2w )

0 0
t t

—k / e P5dyy(s) — ¢ / e P2 dYy(s)
0 0

for t > 0. The rest of the proof is identical to the case when K > 0 and
L>0.

Case III: Assume that K > 0 and L = 0. Consider a feasible policy
(Y1,Y3) with a finite cost. The upward controls must be impulse controls

and Y1 (t) = Zgi(ot) &1(n). Condition (4.2) implies

Ny (t)
ST e FAfZ(s) =~ Y e PIO(E 1 k6 (n)
0<s<t n=0

AZ(s)>0

and condition (4.3) implies

— te_ﬁs (s e Bs s — te_ﬁs s).
[ eravie+ Y eranze) = - [ et

0<s<t
AZ(s)<0

Therefore, (4.4) leads to

PEZW) = F(Z0-)) - / e 1(Z(s))ds + o / B (2 (s))dW (s)
0 0
Ny (¢)

t
Y O k)~ ¢ [ Favace
n=0

for ¢ > 0. The remainder of the proof is identical to the case when K > 0
and L > 0.

Case III: Assume that K = 0 and L > 0. This case is analogous to
the case when K > 0 and L = 0. Thus, the proof is omitted. O

5. Impulse controls. We assume that K > 0 and L > 0. Therefore,
we restrict our feasible policies to impulse controls as in (2.2) and (2.3).
An impulse control band policy is defined by four parameters d, D, U, wu,
where d < D < U < u. Under the policy, when the inventory falls to d,
the system instantaneously orders items to bring it up to level D; when the
inventory rises to u, the system adjusts its inventory to bring it down to
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U. Given a control band policy ¢, in Section 5.1 we provide a method for
performance evaluation. In Section 5.2, we first claim in Theorem 5.2 the
existence of a solution to the free boundary problem with associated param-
eters (d*, D*,U*,u*). Assuming Theorem 5.2, we prove in Theorem 5.3 that
the control band policy associated with (d*, D*,U*,u*) is indeed optimal
among all feasible policies. Section 5.3 describes the proof of Theorem 5.2.

5.1. Control band policies. Use {d, D,U,u} to denote the control band
policy associated with parameters d, D, U and u with d < D < U < u.
Fix a control band policy ¢ = {d,D,U,u} and an initial inventory level
Z(0—) = x. The adjustment amount &, of the control band policy is given
by

D—z ifx<d,
=40 ifd <z <u,
U—-—2x ifz>u,

and forn=1,2,...,

6 — D—d if Z(T,—) =d,
"U\U—u i Z(T,-)

u?
where again Z(t—) denotes the left limit at time ¢, Tp = 0 and
T, =inf{t > T, : Z(t) € {d,u}}

is the nth adjustment time. (By convention, we assume Z is right continuous
having left limits.) Our first task is to obtain an expression for the wvalue
function DC(z, ¢), the expected total discounted cost under a control band
policy ¢ when the initial inventory level is x. We first present the following
theorem.

THEOREM 5.1.  Assume that we fix a control band policy ¢ = {d, D, U, u}.
If there exists a twice continuously differentiable function V : [d,u] — R that
satisfies

(5.1) I'V(z)—pV(z)+h(z) =0 d<z<u,
with boundary conditions

(5.2) V(d)— V(D) = K + k(D — d),
Vw) —V(U) =L+ 1(u—-U),
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then for each starting point x € R, the expected total discounted cost DC(x, )
1$ given by

V(D)+ K+ k(D —x) forze (—o0,d],

DC(zx,p) = { V(x for xz € (d,u),
VU)+L—4U—-xz) forzxé€ [u,00),

~—

where V (x) is in (5.1).
Remark. (5.2) and (5.3) imply that V is continuous at d and w.

ProoOF. Consider the control band policy ¢ = {d, D,U,u}. Let V be a
twice continuously differentiable function on [d, u] that satisfies (5.1)-(5.3).
Because d < Z(t) < u, by Lemma 3.1, we have

EeV(Z0)] = EVZO)] +E[ [ P (TV(2(s) = 8V(Z(9))ds]

N(t)

+E, [ 3 e—BTnen} ,

n=1

where 0,, = V(Z(T,)) — V(Z(T,—)). Boundary conditions (5.2) and (5.3)
imply 0, = V(Z(T,,)) — V(Z(T,—)) = —¢(&,) for n > 1, where ¢ is as
defined in (4.5). Therefore,

E.[e PV (Z(1))] — E.[V(Z(0))]
t N(t)
_ Ex[ /0 e (TV(Z(s)) — ﬁV(z(s)))ds} +E, [ 3 e—m@n]
n=1
N(t)
e ()]
o

= K| /0 t e h(Z(s))ds| — B, |

)
e 9(60)| + Ealé(&))-

n=0

= K| /0 t e h(Z(s))ds| — B, |

Letting t — oo, we have

(5-4) DC(z, ¢) = E[V(Z(0))] + Ez[6(%0)]

because
Jim E.[e PV (Z(t))] = 0.
— 00
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If Z(0—) = x € (d,u), we have Z(0) = Z(0—) = z and & = 0, then
DC(z, ) = V().

If x < d, under control band policy ¢ = {d, D,U,u}, Z immediately jumps
up to D. Therefore, Z(0) = D and & = D — z, then

E[V(Z0)] = V(D), Ed6()] = 6(D —2) = K + k(D — ),
which, together with (5.4), implies
DC(z,p) =V (D) + K + k(D — x).
The analysis for the case x > u is analogous and is omitted. D
We end this section by explicitly finding a solution V' to (5.1)-(5.3). Define
(5.5) A = [(/ﬁ +280%)12 — u] o2 > 0,

(5.6) Ao = [(,ﬂ + 280212 4 u] /o2 > 0.

PROPOSITION 1.  Let ¢ = {d, D,U,u} be a control band policy with

d<D<U<u.
Define
(5.7) V(z) = A1eM% + Bre 2% 4 Vy(x),
where
68 W) = S| [ ey - [T hay).
— by (Vo(U) = Vi(u) + L + £(u — U))},
(5100 B — aa%agpﬁ%wy4M®+K+MD—@)

— @ (B(U) = Vo(w) + L+ (u—1))].
Then V' is a solution to (5.1)-(5.3). In (5.9) and (5.10), we set

(5.11) ap = eMd —MD gy = M MU
(5.12) by = e M2d _ 7Dy = gmheu _ gm U,



PART 2: DISCOUNT-OPTIMAL CONTROLS 517

PROOF. Observe that z = A and z = —)\g are two solutions of the
quadratic equation

1
50222 +upuz—p=0.
The homogenous ordinary differential equation (ODE)
Lg—pBg=0

has two independent solutions ¢; (z) and ga(z), where

gi(x) = €M and  go(x) = e 7.
. () ga(z)
_ g\r) g2{x)\ _ (A1—X2)z
w(z) = det <g’1 (z) gé(:lt)) (A1 + A2)e #0
and

T 2 1 2 r
a1(z) :/a w—gz(y)—gh(y)dy:—m;/a e MYh(y)dy,

(y)"""o
@) = = [ o) Zhdy = 3= [ hwa,

where a is the minimum point of the convex inventory cost function h. Then
the non-homogenous ODE (5.1) has a particular solution Vj(x) given by
Vo(z) = a1(x)g1(x) + az(x)ga(z), which equals to the expression in (5.8). A
general solution V' (z) to (5.1) is given by (5.7), namely,

V(z) = A eMT + Bie 27 4 V().
Boundary conditions (5.2) and (5.3) become
(5.13)  (A;eM? 4 Bie 2 £ Vy(d)) — (A1eMP + Bie 2P + V(D))

= K+ k(D —d),
(5.14)  (A1eMY + Bre 2% + Vo(u)) — (A1eMU + Bre™ 2V 4 V,(U))
=L+ Ll(u—-"T).

Using the coefficients defined in (5.11)-(5.12), the boundary conditions (5.13)
and (5.14) become

Ajay + Bib + V()(d) — VQ(D) =K+ k(D —d),
Avag + Biby + Vo(u) = Vo(U) = L+ 4(u—TU),

from which we have a unique solution for A; and B; given in (5.9) and
(5.10). O
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5.2. Optimal policy and optimal parameters. Theorem 4.1 suggests the
following strategy to obtain an optimal policy. We hope that a control band
policy is optimal. Therefore, the first task is to find an optimal policy among
all control band policies. We denote this optimal control band policy by
©* ={d*, D*,U*,u*} with the expected total discounted cost

V(D*) + K + k(D* —z) for z € (—oo,d*],
(5.15) V(z)=1{ V() for z € (d*,u*),
VU*)+ L—4U* —x) forz € [u*,00),

for any starting point z € R. We hope that V can be used as the function f in
Theorem 4.1. To find the corresponding f that satisfies all of the conditions
in Theorem 4.1, we provide the conditions that should be imposed on the
optimal parameters

(5.16) V/(D*) = —k, V'(U*)=¢,
(5.17) VI(d*) = —k, V'(u*) =1

See Section 5.2 of [6] for an intuitive derivation of these conditions. Under
condition (5.17), V is a C! function on R. Therefore, (5.17) is also known
as the “smooth-pasting” condition.

In this section, we first state Theorem 5.2, which claims the existence
of parameters d*, D*, U* and u* such that the value function V', defined
on [d*,u*], corresponding to the control band policy ¢* = {d*, D*,U*,u*}
satisfies (5.1)-(5.3) and (5.16)-(5.17). As part of the solution, we need to find
the boundary points d*, D*, U* and uv* from (5.1)-(5.3) and (5.16)-(5.17).
These equations define a free boundary problem. We then prove in Theorem
5.3 that the function V in (5.15) with parameters d*, D*, U* and u* satisfies
all the conditions in Theorem 4.1; therefore, the control band policy ¢* is
optimal among all feasible policies.

To facilitate the presentation of Theorem 5.2, we first find a general so-
lution without worrying about boundary conditions (5.2) and (5.3). Propo-
sition 1 shows that V is given by the expression in (5.7), namely

(5.18) V(z) = A1eM® + Bie 2% 4 Vy(z) for z € R,

where V{ is given in (5.8). Since A; and B; are yet to be determined (both
of them depend on d*, D*, U* and u*), V is also yet to be determined.
Differentiating both sides of (5.1) with respect to = gives
(5.19) g(z) = V'(2)

= )\1A16>\1x — )\2316_)\290

2 1 * o hala-y) /xx(—>
B T h tl@=y)p
N [Az/a e (y)dy + M\ e (y)dy
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is a solution to
(5.20) Lg(x) — Bg(x) + h'(x) =0 for all z € R\ {a}.
We rewrite g(z) in (5.19) as

(5.21) g(z) = V'(x)
= )\1A16>\1x — )\2316_)\290
_3# i ’ —A2(z—y) /x A (z—y)
S ey A [ ey

= )\1A16>\1x — )\2316_)\290

2L T ey /x A (a—y)
Eh | /a e W (y)dy + e W (y)dy

N 2 1 1
_02)\1—1—)\2 A1

—i—i(B + )\2/ e’\Q(y_“)h/(y)dy)e_)‘2(m_“)]
2 a

(A _ )\1/ e_)‘l(y_a)h/(y)dy)eAl(m_a)

A
= ga,B(2),
where the third equality uses the assumption that h(a) = 0 and in the last
equality A and B satisfy
2 1 I e 2 1 1y
il _ A=)\MA = —e™?B = —\oBj.
02)\1+)\2)\16 1 0'2)\1—1-)\2)\26 271

The following theorem characterizes optimal parameters (d*, D*, U*, u*) and
parameters A* and B* in (5.21) via solution g = g4 B.

THEOREM 5.2.  Assume that holding cost function h satisfies Assumption
1. There exist unique A*, B*, z7, x5, d*, D*, U*, u* with

(5.22) d" <z <D"<U" <x3<u”,

such that g(x) = ga= p=(x) in (5.21) satisfies

(5.23) /D* [g(:n) + k] dr = K,

*
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Furthermore,
(5.29) h'(23) < =Bk and K (x3) > BL.

Function g has a local minimum at x7 < a and a local mazimum at x5 > a.
This function strictly decreases on (—oo,x}), strictly increases on (x7, %),
and strictly decreases again on (x5, 00).

If ¢ satisfies all conditions (5.20), (5.23)-(5.28) in Theorem 5.2, V(z) in
(5.18) clearly satisfies all conditions (5.1)-(5.3) and (5.16)-(5.17). See Section
5.3 for an explanation of Theorem 5.2.

THEOREM 5.3.  Assume that holding cost function h satisfies Assumption
1. Let d* < D* < U* < u*, along with constants A* and B*, be the unique
solution in Theorem 5.2. Then, control band policy ¢* = {d*, D*, U*,u*} is
optimal among all non-anticipating policies.

PROOF. Let
—k for x € (—oo,d*],
g(z) = q ga=p-(z) forz e (d*,u*),
l for z € [u*, 00)

be the function representing the red curve in Figure 1 and
V(D*)+ K + k(D* —z) for z € (—o0,d"],

(5.30) V(z)=<{ V() for x € (d*,u*),
V(U*)+ L+ (x—U*) forz € [u*,00),

with

(5.31) V(z) = AteM® + Bie ™% + Vy(x),
where

and Vj(z) is given by (5.8). Therefore,

(5.32) V'(z) = gas p=(z) for z € R.

We now show that V satisfies all of the conditions in Theorem 4.1. Thus,
Theorem 4.1 shows that the expected total discounted cost under any feasi-
ble policy is at least V(z). Since V() is the expected total discounted cost
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Fic 1. (a) There exist x1 < x5 such that function g decreases in (—oo,x7), increases in
(z1,23), and deceases again in (x5,00). Parameters d*, D*, U* and u* are determined by
g(d*) = g(D*) = —k, g(U") = g(u") = ¢, the shaded area between U* and u* is L, and
the shaded area between d* and D* is K. In the interval [d*,u"], g is the derivative of the
value function V' associated with control band policy {d*, D*,U" u"}.

(b) The red curve plots function g, where g(z) = —k for x < d*, g(x) = g(z) for d* <z <
u* and g(z) =L for x > u”.

under the control band policy ¢* with starting point , V(z) is the optimal
cost and ‘Ehis control band policy is optimal among all feasible policies.
First, V() is in C?((d*,u*)). Condition (5.23) implies

5

.
xmm—vwﬂ:—/ ga - (2)dz = K + k(D" — d*)

and (5.24) implies

w*

Vmw—vww:/ g g (2)de = L+ Lu* — U%),

*

(5.31) implies that V satisfies
I'V(z) — BV (z) + h(z) =0, for x € [d*,u"].

By Theorem 5.1, V defined in (5.30) must be the total discounted cost under
control band policy *.
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Now, we show that V(z) satisfies the remainder of the conditions in
Theorem 4.1. Conditions (5.25) and (5.28) imply that truncated function
V'(x) is continuous in R. Therefore, V € C*(R). Clearly, V'(z) = —k for
x € (—o0o,d*] and V'(z) = { for = € [u*,00). Let

M= sup |ga~p-(7)l
ze[d* u*]

We have [V/(x)] < M for all x € R. Furthermore,
IV — BV (x) 4+ h(z) =TV — BV (z) + h(z) =0 for z € [d*,u"].

In particular
TV(d*) — BV(d*) + h(d*) = 0
and
'V (u*) — BV (u*) + h(u*) = 0.
It follows from Theorem 5.2 that d* < 2} < a < x5 < u*, V/'(d*) = V"(d*) =
g (d*) <0and V"(u*) = V" (u*) = ¢'(u*) < 0 (see Figure 1). Thus, we have

(5.33) uV'(d*) — BV (d*) + h(d*) > 0
and

(5.34) WV (u*) — BV (u*) + h(u*) > 0.
For x < d*,

(—k) = B( _(d*) k(z —d%)) + h(x)

1
= pV'(d") = BV(d") + h(d") + h(x) — h(d") + Bhk(z — d*)
h(z) — h(d") + Bk(z — d")

0

where the first inequality follows from (5.33) and the second inequality fol-
lows from (5.29) and the convexity of h. Similarly, for z > u*,

I'V(z) - BV(z) + h(z)
= u(l) - (V(U*) + (= u")) + h(x)
= pV'(u") = BV (") + h(u) + h(z) — h(u") — Bl(z — u”)
> h(z) = h(u”) — Bl(x — u”)

>0,

~—
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where the first inequality follows from (5.34) and the second inequality again
follows from (5.29) and the convexity of h.
Now we verify that V satisfies (4.2). Let x,y € R with y < . Then,

V(x) - V() + k(e —y) = /"T[g(z)m]dz

(zAD*)Vd*
> / G9(2) + Kld=
(yvd*)AD*

D+
> / [9(z) + k]dz

*

= -K,

where the first inequality follows from g(z) = —k for z < d* and g(z) =
g(z) > —k for D* < z < u* and g(z) = ¢ > —Fk for z > u*, and the second
inequality follows from the fact that g(z) = g(z) < —k for z € [d*, D*]; see
Figure 1. Thus (4.2) is proved.

It remains to verify that V satisfies (4.3). For x,y € R with y > x.

V(y) — Vi)~ Ly —z) = /y[mz)—f}dz

(yAu*)VU*
< [ 9() — fdz
(zVU*)Au*
< [ 1)~ s
= L7
proving (4.3). O

5.3. Optimal control band parameters. This section is devoted to the
proof of Theorem 5.2. Recall that the function g p(x) in (5.21) depends
on two parameters A and B. To prove the theorem, it suffices to prove that
there exists (A*, B*) so that g(z) = ga~ B+ (z), together with some constants
xy, x5, d*, D*, U*, u*, satisfies (5.22)-(5.28) and the desired monotonicity
properties of g as stated in the theorem. Figure 1 illustrates the conditions
and properties that g« p«(x) must satisfy.

To prove the existence of (A*, B*), we start with a series of lemmas. Each
lemma progressively narrows down the search range of (A, B) so that g4 g(z)
satisfies a subset of the conditions in Theorem 5.2. Applying the integration
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by parts in (5.21), we have

(5.35)  gap(z)=
%hl($> + 0_22 )\li

A2
v |:)\l1 A ( +f[l - (y—a h//( )dy)e)\l(m—a)
+%2<B — W (a=)+ [} etV “)h”(y)dy) e_)‘z(x_“)} for z < a,

X[}\% A— h/ CH- fac - (y—a h//( )dy)e)‘l(m_a)
+>\L<B — [Ferlmap( )dy)e_)q(m_“)} for x > a,

where

h'(a—) =lim K (z) and h'(a+) =limA'(2)

zta zla

are well defined due to the monotonicity of h/(z). Clearly,

+o0o
A = h/(a+)+/ e MW=Ip"()dy  and

a

(5.36) B = W(a)-— / X209 7 (1)) dy

—00
are two important constants. The search range of (A*, B*) is closely related
to these two constants.

Before stating and proving these lemmas in this section, we briefly de-
scribe them. In Lemma 5.1, we show that the constant A > 0 and the
constant B < 0. In Lemma 5.2, we show that as long as (A, B) satisfies
B < B < A < A, there exist unique points 21 = x1(A, B) and 2o = 22(A, B)
so that the function g4 p(z) has the desired monotonicity properties in
various intervals; see Figure 1. In Lemma 5.3, we show that x1(A, B) and
x2(A, B) each is continuous and monotone in A and B, respectively.

In Lemma 5.4, we identify a region G of (A, B). The region is defined
n (5.85) and is the shaded area in Figure 4; when (A4, B) € G, we have
ga,B(z2) > £ and ga p(z1) < —k. Therefore, as long as (A,B) € G, the
curve y = g4 g(x) has exactly two intersections, denoted by U(A, B) and
u(A, B), with line y = ¢ and exactly two intersections, denoted by d(A, B)
and D(A, B), with line y = —k; see Figure 1. In other words, when (A, B) €
G, the areas above line y = ¢ and below line y = —k in Figure 1 are both
positive. When (A, B) € G, conditions (5.25)-(5.28) are always satisfied for
d(A,B), D(A,B), U(A, B), and u(A, B).
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In Lemmas 5.5 and 5.6, we show that there is a curve A = A*(B), the solid
red curve in Figure 6, of (A, B) inside the region G such that for any (A, B)
on the curve, the area in Figure 1 above line y = £ is exactly equal to L. Thus,
ga,B(z) satisfies condition (5.24) in Theorem 5.2 when (A, B) stays on the
solid red curve inside G in Figure 6. In Lemma 5.7, we show that there exists
a point (A*, B¥) on the solid red curve such that the area below line y = —k
in Figure 1 is exactly equal to K, showing that (5.23) is satisfied when
(A,B) = (A*, B¥). Finally, in Lemma 5.8, we prove (5.29). These lemmas
show that by choosing z} = x1(A*, B*), % = x9(A*, B*), d* = d(A*, B),
D* = D(A*,B*), U* = U(A*,B*), v* = u(A*, B¥), function ga~ p+(z),
together with constants z7, x%, d*, D*, U*, u*, satisfies conditions (5.22)-
(5.29) and the associated monotonicity properties. Therefore, Theorem 5.2
is proved.

LEMMA 5.1.  Assume that h satisfies Assumption 1. Then

(5.37) A >0,
(5.38) B <0.

PROOF. Assumption 1 (c) says that h/(z) < 0 for z < a and h'(z) > 0
for x > a, therefore we have

0 < lim A (x) = b/ (a+).

zla

If f:oo e~ MW= R (y)dy > 0, then (5.37) clearly holds. Now assume that

+o0o

Because h”(x) > 0 and h”(x) is assumed to be continuous on (a, 00), h”’(z) =
0 for > a. Therefore, h must be linear in z > a. This fact and (2.5) imply

h'(a+) = liin h'(x) > 0,
which proves (5.37). Similarly we can prove (5.38). O

LEMMA 5.2. (a) For each (A, B) satisfying
(5.39) B<B<A,

ga.5(x) attains a unique minimum in (—oo,a) at x1 = z1(A, B) € (—00,a).
For each (A, B) satisfying

(5.40) B<A<A,
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A=h'(a-)

B =h'(a+)

i A= h'(a+)
A=H(a=)V (=kB) A=4

F1a 2. (a) The shaded region is the set of (A, B) that satisfies (5.39). The unique minimum
z1 = z1(A, B) € (—00,a) is well defined for all (A, B) in this region.

(b) For each A € (W (a—)V(—kB),+00), there exists a unique B(A) € (B, AAO) such that
9a 5 (®1(A, B(A))) = —k. Thus, on the curve B = B(A), ga,s(21(A,B)) = —k.The
curve B = B(A) is decreasing.

ga.B(x) attains a unique mazimum in (a,00) at xo = x2(A, B) € (a,00).
(b) For each fized (A, B) satisfying (5.39), the local minimizer x; = x1(A, B)
is the unique solution in (—oo,a) to

(5.41) (A —h(a—) + / e_)‘l(y_a)h"(y)dy> M (#1=a)

x1

= <B — K (a—) +/ e)‘2(y_“)h”(y)dy> e N2@1—a),

1

Furthermore, ¢y () < 0 for x € (—o00,21(A, B)), g4 g(x) > 0 for x €
(.Z'l(A,B),CL), and

(5.42) 1¢i§1 9a,B(z) = +0o0,
(5.43) g4 p(x1(A,B)) > 0.
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A=R(a+)

B = h'(a+)

AN B =HK(a+) A B

>

A

Joo - B=H(am)

F1a 3. (a) The shaded region is the set of (A, B) that satisfies (5.40). The unique mazimum
x2 = x2(A, B) € (a,00) is well defined for all (A, B) in the region.

(b) For each B € (—oo,h'(a+) A €B), there exists a unique A(B) € (BV0,A) such that
9a(B),B(x2(A(B),B)) = L. Thus, on the curve A = A(B), ga,s(x1(A, B)) = {. The curve
A = A(B) is decreasing.

For each fized (A, B) satisfying (5.40), the local mazimizer xo = x2(A, B)
is the unique solution in (a,o0) to

x2
(544) <A — h/(a_|_) _ / e—Al(y—a)h//(y)dy> e)\l (z2—a)

a

T2
= (B-H(a+) - / R (y)dy ) e 220,

a

Furthermore, gy g(z) > 0 for x € (a,22(4,B)), g4 p(x) < 0 for x €
(xQ(AaB)7OO)7 and

lim g4 g(z) = —o0,
zToo

(5.45) g4 p(x2(A, B)) <0.
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Remark. (a) The set of (A, B) that satisfies (5.39) is the shaded region
in Figure 2. The set of (A, B) that satisfies (5.40) is the shaded region in
Figure 3.

(b) Note that

Z‘Q(A,B)
(5.46) (A -\ / e—)\l(y—a) h'(y)dy) e)q(:cz(A,B)—a)

z2(A,B)
— (A o h/(a+) o / e—)\l(y—a)h//(y)dy) e)\l(mz(A,B)—a)
+h/(a:2(A, B))
z2(A,B)
— (B - H(a+) - / P2 () dy) e~ X2@2(AB) )
+h (z2(A, B))
=2(4.B) A A A,B
_ (B+A2/ A=) (1) dy) =22 AB)=a),

where the first and third equalities follow from integration by parts, and
the second is due to the definition of z2(A, B) in (5.44). This provide an
alternative characterization of z2(A, B) in (5.44). Similarly, z;(A, B) has an
alternative characterization. In the proof of the lemma, we use the following
expressions for ¢'(z) and ¢ (x).

(5.47)  g'(x) =

A

> (A h/ _|_j‘fl A1 (y— ah//( )dy) 1(z—a)
—QB W(a—)+ [ er2W=ap( )dy)e)‘m“ for x < a,

2

o2 A+)X2
X [ — h’(a+) - ;e_)‘l(y_“)h”(y)dy> eM(@=a)
—<B — [T erelymap( )dy)e_)‘z(x_“)} for x > a
and
(5.48)  ¢"(x) =
2 _1
o2 A1+A2

x| (A= N (a=)+ [ e ME=DB (y)dy) Ayt (==0)
—l—(B h'(a +fa W=D (y)dy) Ape ™20 | for x < a,

2 1
o2 X1+ X2

X [(A—=W(at) — [T e MU=DR"(y)dy) At @)
+(B = W(at) — [T eW=0n" (y)dy) )\26_)‘2(:0_“):| for z > a.
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PROOF. We only prove the existence of x; and the properties of g(z) in
x € (—00,a). The proof for the existence of x5 and the properties of g(x) in
x € (a,00) is similar, and it is omitted.

In order to prove the existence of 1 = z1(A, B), we divide the domain
in (5.39) for (4, B) into two subdomains: B € (B, h/(a—)| and A € (B, ),
and B € (W/(a—),00) and A € (B,00). We consider the two subdomains
separately.

Case 1. B € (B,W(a—)] and A € (B,00).

Since h is convex, we have h'”(z) > 0 for all z € R except x = a. Therefore,
[ =R (y)dy > 0 is decreasing in @ € (—o00,a). Then for fixed B €
(B, H(a—)], there exists an 2’ with 2’ € (—o0, a] such that

(5.49) B = H(a) - / X0 7 ().

/

Now we can prove that ¢'(x) is strictly increasing in z € (—o0,2’) and

(5.50) lilm d(r) = —o0,
(5.51) liTm, d(z) >0,
(5.52) d(@) >0 forxe (2 a).

Since ¢'(z) is continuous and strictly increasing in z € (—oo, '), (5.50) and
(5.51) imply that there exists a unique z7 with 27 € (—oc, 2’) such that

<0, x<uz,
gdx)< =0, x=ux,
>0, my<z<a.

Combining this with (5.52) gives

<0, z<ux,
Jd@) =0, x=ux,
>0, 1 <z<a,

which proves the existence of x1 and properties of g(z) in (—o0,a).

It remains to prove that ¢/(z) is strictly increasing in x € (—oo,z’), and
that (5.43), and (5.50)-(5.52) hold. We first prove that ¢'(x) is strictly in-
creasing in « € (—oo,2’). For z € (—o0,2’),

a

B —Hh(a—) +/ 2= b/ (3)dy > 0

xT
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and

a

A—h(a—)+ / e MU= (dy > B R (a—)+ / e MW= () dy

xT

X OmOR!(y)dy

Y
™
|
=
=
_|_
—

> 0,

where the first inequality is due to B < A. Using (5.48), for z € (—o0,2),
we have

(553) g”($) = %ﬁ {(A _ h’(a_) + / e—)\l(y—a) h//(y)dy) )\16)\1(90—@)
0% A1+ A2 -
+<B — h'(a—) —I—/ e)‘z(y_“)h"(y)dy) )\26_’\2(9”_“)]
> 0.

This proves ¢'(z) is strictly increasing in (—oo, z).
For (5.50), from (5.47) it follows that

. g/(l‘) 1 3 1 N ol ¢ Ao (y—a) 1
:clilinoo 6_)‘2(5‘3_‘1) a xlilinoo o2 )\1 + )\2 [ (B h (CL ) + /gc ¢ h (y)dy>

+(A= (0 + /

xT

a

e—)\l (y—a) h//(y)dy) e()\l +)\2)(w—a)] )

To evaluate this limit, we first have

(5.54) lim <A —W(a—) + / o~ (y—a) h”(y)dy) S20)(@—a)
= lim ‘ e_)‘l(y—a)h”(y)dy . e()\1+)\2)(:c—a)
zl—00 J,
=0,

where the last equality follows from (2.8). Next,

(5.55) lim (B — W (a—) + / e’\z(y_“)h”(y)dy> =B - B.

x]—00 o
Because B — B > 0, (5.54) and (5.55) imply

(5.56) lim ¢'(z) = —o0.

rl—00
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For (5.51), from (5.47) it follows that
(5.57) liTm/ d ()

2 1 a /
= AR [ )
o (B o h'(a—) + / e)\z (y—a) h”(y)dy) e—)\z(x’—a):|
2 1 / ¢ —Xi(y—a) 1 A (2'—a)
2 1 ¢ —a ' —a
> gl [ )]
2 1 /
- “ A—B A (2'—a)
o2\ + )\2( Je
> 0,

where the second and last equalities are due to (5.49) and the last inequality
is due to B < A.

To see (5.52), for x € [2/, a), (5.49) implies B—K (a—)+ [ eI R (y)dy <
0, which, together with

A—h(a—)+ / e MU= (dy > B — R (a—)+ / e MW= B () dy

> B M(a)+ / P (1) dy

xT

implies
g/(x) = %ﬁ |:(A — h/(a—) + / e_)‘l(y—a)h”(y)dy) e)q(x—a)
1 2 -

— (B —h'(a—) —1-/ e)‘Z(y—a)h”(y)dy)e—)\z(x—a)}
2 1
L - (B-=H(a—

~ 02)\14-)\2[( W' (a—)
+ /a CAQ(y_a)h//(y)dy) (e)‘l(m_“) _ e—AQ(w—a))]

> 0.

Case 2. B € (W(a—),) and A € (B,00).

Similar to proving (5.53), (5.56) and (5.57), we have
(5.58) d'(x) >0 forx € (—o0,a),
(5.59) lim ¢'(r) = —c0

zl—00
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and
2 1
lim ¢'(z) =

=——(A—-B .
zta 02/\1+/\2( )>O

Therefore, there exists a unique x7 such that

<0, z<ux,
Jdx){ =0, x=u,
>0, 1 <zx<a.

Limit (5.42) can immediately be obtained by (5.56) and (5.59). Inequali-
ties (5.53) and (5.58) and the definition of x; easily imply (5.43). O

LEMMA 5.3.  Suppose (A, B) satisfies (5.39); for fixed B, local minimizer
x1(A, B) is continuous and strictly decreasing in A; for fixred A, local min-
imizer x1(A, B) is continuous and strictly increasing in B. Suppose (A, B)
satisfies (5.40); for fized B, local mazximizer xo(A, B) is continuous and
strictly increasing in A; for fived A, local mazimizer xo(A, B) is continuous
and strictly decreasing in B.

Furthermore,

(5.60) jlglﬁlgxl(A’B) =—o00 for A> B,

1 | A B A !
(5.61) lim 21(4,B) =a for A> h'(a—),

_ /
(5.62) lﬁ% x2(A,B) =a for B < h'(a+),
(5.63) lim 29(A, B) = 00 for B < A.
ATA

PRrROOF. The Implicit Function Theorem implies the continuity of ;(A, B),
i = 1,2. Applying the Implicit Function Theorem to (5.41) and (5.44), for
any B < B < A,

A (z1(A,B)—a)
(5.64) mAB) _ 2 1 ¢ <o,
0A a2\ + Ay ¢"(21(A, B))
—X2(z1(A,B)—a)
(5.65) M - 2_ 1 e >0,
0B o2 M\ + Ao g”(a;l(A, B))

and for any B < A < A,

(5.66) drs(AB) 2 1 Mo

. aA o 0'2 )\1 + )\2 g”(l'g(A, B)) )
_)\Z(xZ(A,B)—a)

(5.67) Orp(A,B) 2 1 e .

0B o2 A1+ A g//(:Eg(A,B))
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where in obtaining (5.64) and (5.65) we have used ¢”(z1(A,B)) > 0 in
(5.43), and in obtaining (5.66) and (5.67) we have used ¢”(z2(A, B)) < 0 in
(5.45).

We first prove (5.61). Fix A satisfying A > h/(a—). Taking limits as B 1 A
on both sides of (5.41) gives

(A o h,(a—) n /a e_)\l(y—a) h”(y)dy) e)\l(xl(A)—a)
z1(A)

a

_ (A_h/(a_) _|_/ e)\g(y—a)h//( )dy) Ao (z1(A)— a),
z1(A)

where z1(A) = limpya 1(A, B). It follows that
(5.68) (A— h/(a—))(e)‘l(ml(A)_a) _ e—Az(w1(A)—a))

_ /a (e)\z(y—;cl(A)) . C_Al(y_xl(A)))h”(y)dy.
z1(A)

If 1(A) < a, we must have

(A o h/(a_))(e)\l(l‘l(A)—a) _ e—)\z(l‘l(A)—a)) < 0

and “
/ (X2=m1(A) _ =M @=m1(AD) " () dy > 0.
z1(A)

These two inequalities contradict (5.68). Therefore, we must have (5.61).

We next prove (5.60). Fix A > B. By the monotonicity of z1(A, B) in B,
the limit limp g z1(A, B) exists. We use x1(A, B) to denote the limit. We
now prove that x;(A, B) = —oco. Assume on the contrary that z;(A, B) >
—o00. Taking limits as B | B on both sides of (5.41) gives

(5.69) (A — W(a—) + / e_’\l(y_“)h”(y)dy> M@ (4.8)-a)

z1(A,B)
(B h/ /a e)\z(y—a) h"(y)dy) e—)\g (z1(A,B)—a)
(A.B)
0,

IN

where the inequality follows from the definition of B. From (5.41) and (5.43),
we have

A—N(a—) —I—/ e MW= R ()dy > 0 for any B< B < A
z1(A,B)
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From (5.65), it follows that A — h/(a—) + f;l(A B) e MW= P! (4)dy is in-
creasing when B | B. Thus, A — h/(a—) + st(A B) e MW= (1) dy > 0,
contradicting (5.69) due to the finiteness assumption of z1(A, B). There-

fore, we have proved z1(A, B) = —o0.
The proofs for (5.62) and (5.63) are similar. O

LEMMA 5.4. (a) For each
(5.70) B € (—o0,h'(a+) A B),

there exists a unique B
A(B) € (BV0,A)

such that
(5.71) ga),B(r2(A(B), B)) = /.

Furthermore, for B € (—oo, h'(a+) AN EB),

< 0.

dB A2

Therefore, function A = A(B) is strictly decreasing in B € (—oo, h'(a+) A
(B); see Figure 3 for an illustration. For A € (A(B), A),

ga,B(x2(A,B)) > (.

(5.72) dA(B)  _ _ﬁe—(kﬁ-)\z)(xz(é(B)vB)—a)

(b) For each
(5.73) A€ (W(a—)V (—kB),+00),

there exists a unique
B(A) € (B,AN0)

such that
(5.74) gA,E(A)(l’l(A,E(A))) = —k.
Furthermore, for A € (h'(a—)V (—kfB),o0),

(5.75) M — _ﬁe()\l-i-)\z)(l’l(A,E(A))—a)<0.

dA A1

Therefore, function B = B(A) is strictly decreasing in A € (h'(a—) V
(—kB),0); see Figure 2 for an illustration. For B € (B, B(A)),

ga.s(z1(A,B)) < —k.
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A=h'(a-)
B = h'(a+)
_____ _._._._._._._.Er._. / eimimmmmw B =R'(a4) AP
: >
(0,B(0)) "‘-.“‘//'\ (A,B(A))
; 4 B = B(4)
: “-_4 _ B :E
! (A(B),B) \ (4,B)
| A=AB)
A=h(a=)V (—kB) 47

FIG 4. (a) On the curve B = B(A), ga,p(z1(A, B)) = —k and on the curve A = A(B),
9a,8(z2(A, B)) = L. _ _

(b) The two curves {(A(B),B) : B € [B,0]} and {(A, B(A)) : A € [0, A]} have a unique
intersection point (A™*, B™) that satisfies 0 < A(0) < A™ < A(B) < A and 0 >
B(0) > B™ > B(A) > B. For any (A, B) in the shaded region G defined in (5.85),
ga,B(z1(A, B)) < —k and ga,(z2(A, B)) > L.

(c) The two curves {(A(B),B) : B € (—00,0]} and {(A,B(A)) : A €
[0,00)} have a unique intersection point (A™, B™™) that satisfies

(5.76) B(A™) =B™  and A(B™) = A™
with

(5.77) 0<A(0) < A™ < A(B) < 4,
(5.78) 0 > B(0) > B™ > B(A) > B.

See Figure 4 for an illustration.

PROOF. (a) First, fix a B that satisfies (5.70). We consider the value of
ga,B(z2(A,B)) for Ae (BVO0,A).
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994,8(72(4A, B))

DA

dra(A,B) 2 1 1, -

— 4 ) 1(z2(A,B)—a)
9a,5(72(4, B))— 47 2 A+ A A

_ 2 1 1 N@mBsa
o2 A+ A\
> 0.

Next we will prove that

(5.79) lim ga5(x2(A, B)) > ¢
ATA

and

5.80 li A B)) </?

( ) A¢(1glv0)gA’B(x2( ,B)) )

from which there exists a unique A(B) € (B V 0, A) such that
9ap),5(@2(A(B),B)) = ¢
and for A € (A(B), A)
ga,B(x2(A,B)) > (.
The derivative (5.72) follows from applying the Implicit Function Theorem

to (5.71).
First we prove (5.79). (5.63) implies

z2(A,B)
(5.81) lim (B + A / er2(y—a) h’(y)dy)e—)\z(l‘z(AvB)_a)
ATA a
z2(A,B)
= lim )\2/ e)‘Z(y_a)h'(y)dy . e~ 2(22(A,B)—a)
ATA a
.V f; e)‘Q(y_“)h'(y)dy
= lim
zToo e)\z(x—a)
= lim A/ (z),
lim b (=)

where the last equlity follows from (2.10). Equalities (5.46) and (5.81) yield

z2(A,B)
lim (A4 — X\ / e_)‘l(y_“)h'(y)dy) M @2AB)=a) — Jim ()
ATA a zToo
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Therefore, using the expression in (5.21) for g, we have

1
- S ) lim A
02)\1+)\2 [()\1+)\2)x1TI£> (1’)]
1
= — lim A/ (z
5 im (z)
>/,

where the second equality uses A\ Ay = i—‘; and the inequality is due to the
first part of (2.5).

It remains to prove (5.80). We consider two cases: B € (0,h/(a+) A £5)
and B € (—00,0]. If B € (0, (a+) A €B), lima g x2(A, B) = a in (5.62)
implies
2 1 1 1 1
;m [()\—1 + )\—2)(3 — h/(a+))] + Bh’(CH‘)
B

E.
Because B < (3, we have lim g ga,B(22(A, B)) < £.
On the other hand, if B € (—o0,0], (5.46) implies

z2(A,B)
B%(B + Ao / e)\z(y—a)h/(y)dy) e—)\z(xz(A,B)—a)

}ﬁ% 9A3,B; (w2 (A7 B)) =

Z‘Q(A,B)

= hm(A — )\1 / e_)‘l(y_a)h/(y)dy) e)\l(xz(A,B)—a)

AL0 Y
<0.

Using the expression in (5.21) for g, we have

li A B)) < .
A%QA,B(QQ( ,B)) <0</

(b) For a fixed A that satisfies (5.73). We can prove similarly that for
B e (B,ANO),

dgap(zi1(A,B) 2 1 1 x@(aB)-a)

.82 = —
(58) 0B 0'2)\1—1—)\2)\2 >0
and
. 1 .
(5.83) girrégAB(:nl(A,B)) = Exlil_nloo B (x) < —k,

where the inequality is due to the second part of (2.5).
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If Ae (WW(a—)V (—kpB),0),
A
E%QA,B(M(A B)) = 3

Because A > —kf3, we have limpya ga,B(21(A, B)) > —k. Then (5.82) and
(5.83) imply that there exists a unique B(A) € (B, A) such that

9AB(A) (z1(A,B(A))) = —k
and for B € (B, B(A)),
ga,B(x1(A,B)) < —k.
If A € [0, 00),

li A, B)) > —k.
éIT%gA,B(JEl( ,B))>0>—k

Then (5.82) implies that there exists a unique B(A) € (B, 0) such that
9aBa)(@1(A,B(A))) = —k
and for B € (B, B(4)),
ga,B(z1(A,B)) < —k.

Applying the Implicit Function Theorem to (5.74), we also have (5.75).
(c) First consider the curve {(A(B),B) : B € (—oo,h/(a+) A ¢B)} that is
determined by equation g4 (p) p(z2(A(B), B)) = (. Consider two points

(4(0),0) and  (A(B),B)

on the curve {(A(B),B) : B € (—oo,h/'(a+) A €B)} (see Figure 4). By part
(a) of this lemma, we have

(5.84) 0<A(0) < A(B) < A.
Similarly, consider two points
(0,B(0)) and (A, B(A))
B

on the curve determined by g, 54 (x1(A, B(A))) = —k. Similar to (5.84),
by part (b) of this lemma, we have

B < B(A) < B(0) <0.
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Therefore, point (A, B(A)) is on the right side of the curve ga(p) p(22(A(B), B) =
¢ and point (0, B(0)) is on the left side of the curve. The continuity and
monotonicity of the two curves imply that there is a unique point

(Aint, gint)
at which the two curves intersect. See Figure 4 for an illustration. It is clear
from Figure 4 that (5.77) and (5.78) hold. O
Let
(5.85) G={(A,B):A(B)y< A< A, B<B<B(A)}

be the shaded region in Figure 4. Region G has four corners. They are
(Alnt Bint) (A B(A)), (A, B) and (A(B), B). Its boundary has four pieces:
the top, the right, the bottom and the left.

For (A, B) € G, we have

(586) gA,B(xl(A,B)) < —k, gA7B(a;2(A,B)) > /4.

It follows from part (b) of Lemma 5.2 and (5.86) that there exist unique
d(A,B), D(A,B), U(A, B) and u(A, B) such that

(5.87) d(A,B) < x1(A,B) < D(A,B) < U(A, B) < x2(A, B) < u(A, B),

(5.88) ga,B(d(A, B)) = ga,s(D(A, B)) = —k,

(5.89) 94,8(U(A,B)) —gAB( (4,B)) = ¢,

(5.90) Q/A pld(A,B)) < gA,B(D(AvB)) >0

(5.91) g p(U(A, B)) > 07 9a.8(u(A, B)) <0.

For each (A, B) € G, define
D(A,B) u(A,B)

Ai(A,B) = / (gas(@) + K] de, Ay(A, B) = / (ga5(z) — €] dz.
d(A,B) U(A,B)

Although (A, B(A)) is not in G for A € (A™ A), these points are on the
upper boundary of G, and B
Az(A, B(A))

is also well defined for A € (A™, A).
LEMMA 5.5. There exists a unique A = Ay € (A™, A) such that
(5.92) Ay(A1, B(Ay)) =L
and for A € (A1, A),
(5.93) Ao(A, B(A)) > L.
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PROOF. When A goes to A™, (A, B(A)) goes to (A, B"). Then the
definition of (A", B™™t) in Lemma 5.4 implies

lim U(A,B(A)) = lim u(A, B(A)) = zo(A™, B™).

A\l{Aint A\l{Aint
Therefore,
5.94 lim As(A, B(A)) = 0.
(5.9 Jim 85(4,B(4))

Fixing A € (A, A) gives

ONo(A,B(A))  [UABA) Og, 5 a) (@)
(595) AT /U P
w [QA,E(A) (u(A, B(4))) - 1]
_OU(A,B(A))

0A 194 5(4)(U(A, B(A))) (]

/U(AE(A)) 994 B () (@)

dx
U(A,B(A)) 9A

u(A,B(A)) B

— 32 1 / B [ie)\l(:c—a) id A) e—)\z(x—a)] dr
02 A\ + Ao U(A,B(A)) A1 Ao dA

_2_1 1

- o2 AL+ A\

u(A,B(A B

y /< () [ee) — e (AB)-0) o date=0)] g
U(A,B(A))

>0,

where the second equality is due to gAE(A)(U(A,E(A))) = 925 (WA,
B(A))) = ¢, the forth equality is from (5.75), and the inequality is due to
uw(A, B(A)) > U(A, B(A)) > x1(A, B(A)). Therefore Ay (A, B(A)) is increas-
ing in A € (At A).

Next, we show that

(5.96) lim Ay (A, B(A)) = oo.
ANA

It follows from (5.94), (5.96) and the monotonicity of Ag(A, B(A)) that there
exists unique A; € (A™ A) such that (5.92) and (5.93) hold.
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BA

4
Aint
0 | (4(0),0) l A(B)

_ gint |---------2 , /
O —
Lo~ & (AB(A)
B(A) “““““““‘.j'i‘ """
% .\\\\\ B =B(A)
wl _ B=B
(é(ﬁ)é)x -
A= A(B)
A=4

FiG 5. Point (A1, B1) is the unique point on the top boundary of G in (5.85) such that
A2(A1,B1) = L. For any point (A, B) on the top boundary and to the right of (A1, B1),
A2(A,B) > L.

To prove (5.96), note that (5.75) implies

09,4 By (22(A, B(A))) d72(A, B(A))

— n
2 111 eaaB@A)-a) , L IBA) A BA)-a)
+02)\1+)\2[A16 TN, da ¢ ]
_ 2 1 [ieh(rz(A,E(A))—a)
o2 A1+ Ao LA
_ L uae) @1 (AB(4)—a) a2 (AB(A))—a)
A1
>0,

where the second equality is due to g;‘ BA) (z2(A, B(A))) = 0, and the in-

equality is due to xo(A, B(A)) > z1(4, B(4)).
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For A € (A A), (A, B(A)) on the right side of the curve ga_p(72(4, B)) =
¢ and therefore

(5.98) 9a ) (x2(A, B(A))) > ¢.
Fix an A’ € (A™, 4) and let
My = (90500 (@2(A, BA) = €) /2.

It follows from (5.98) that M; > 0. Then (5.97) implies that for each A €
[A/7Z)7

9aB ) (@2(A, B(A) = g4 Fay(@2(A", B(A))) = €+ 2M1 > (+ M.

Therefore, for each A € [A’, A), there exist unique Uy (A, B(A)) and uy(A,
B(A)) such that

Ul(A,F(A)) < IEQ(A,E(A ) < ’LL1(A, B(A))
QA,E(A)(Ul(A7F(A))) = QAE(A)(Ul(AaE(A))) ={+ M,
9147§(A)(U1(A7§(A))) >0, 9147§(A) (ul(Aag(A))) <0

The properties of g4 g in Lemma 5.2 imply that for A € [A’ A,
U(4,B(4)) < U1(4, B(A)) < 22(4, B(4)) < ua(4, B(A)) < u(A4, B(4)).

This implies

(5.99) limui (4, B(A) > lim zo(4, B(4))
ATA AA

> limay(A, B™)
AA
= 007

where the second inequality holds because (5.67) and the equality is due to
(5.63). Therefore, for A € [A’, A),

_ u(A,B(A))
A2(A,B(A)) = / [gAE(A)(x) —{]dx

)

U(A,B(A))
u1(A,B(A))

z / _9apa (@) — ]dz
Ui(A,B(A))

> M (u1(A,B(A)) — Ui(A, B(A))).
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Applying the Implicit Function Theorem to g, 7 A)(Ul(A, B(A))) = {+ M,
we have
OU1 (A, B(A))
0A

9 g V(A BA)

L @B —a) _ Aie@mz)(m(AE(A))—a)e—Az(Ul(AE(A»—a)
1 1
<0,

where the second equality is due to (5.75), ang the inequality is due to
Ui(A,B(A)) > z1(A, B(A)) and 9’ 54 (U1(4,B(A))) > 0. Thus, for any

A€ A A),

(A)(

Ui(A, B(A)) < U (A", B(A)).
Therefore, for any A € [A, A),
Az(A, B(A)) = Mi(u1(A, B(A)) — Uh (A, B(4))),

which, together with (5.99), implies (5.96). O
Define
(5.100) Bi = B(A,).

From (5.75) and (5.78), it follows that
B < B(A) < B, < B™ <.

See Figure 5 for point (Ay, By).

LEMMA 5.6. (a) For B € (B, B1], there exists unique A*(B) € [A1, A)
such that

(5.101) Ay (A*(B),B) = L.
(b) For B € (B, B1],

dA*(B)  N3(e™ 2 (BLB)~a) _ o—Xa(U(A"(B),B)~0))

(5.102) dB~  N(eMu(A(B).B)=a) — M (U(A*(B),B)-a))

< 0.




544 J. G. DAI AND D. YAO

PROOF. (a) For B = By, recall that Lemma 5.5 showed
(5.103) A*(By) = 4.
For B € (B, B;) and (A, B) € G, we first have
OA2(A,B) /MAB) dga p()
0A u,B — 0A

u(A,B
= / - 3 . iﬁ)‘l(w_a)dx
Ua,B) 02 A1+ A2 A1

> 0.
From the definition of A(B) in (5.71), we have

(5.104) dx

Ail,gl(lB) U(A7 B) = AFAH(IB) U(A, B) - AFAH(IB) xQ(Aa B) = T2 (A(B)7 B)
Therefore, for a fixed B € (B, By),
(5.105) lim As(A,B) =0 < L.

ALA(B)

Next for B € (B, B;), we consider two cases depending on whether B €
(B,B(A)] or B € (B(A), By). See Figure 6 for an illustration.

We first assume that B € (B(A), By). For a fixed B € (B(A), B1), by
the monotonicity of B(-) in (5.75), there exists an A(B) € (A, A) such that
(A(B), B) is on the upper boundary of G. From (5.95) and the definition of
A; in Lemma 5.5, it follows that

AQ(A(B),B) = AQ(A(B),E(A(B))) > Ag(zl,B(Al)) = L,
which, together with (5.104) and (5.105), implies that there exists a unique
A*(B) € (A(B), A(B))

such that (5.101) holds.
Now assume that B € (B, B(A)]. Following the proof for (5.96), similarly
we prove

lim Ay (A, B) = oo,
ATA

which, together with (5.104) and (5.105), implies that there exists a unique

A*(B) € (A(B), A) such that (5.101) holds. By (5.72) and (5.103), we have
for B € (B, By),

A*(B) > Zl.

(b) Applying the Implicit Function Theorem to Ay(A*(B),B) = L, we
have (5.102). O
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gy A=A A=A®) A= A=A
_ % L
B=B;, --* @ ----1 === R Bl
L —_ B = B(4)
B =B(A) ~---r-%---- NG -b e R
N (4,B(4))
B=B" -ttiteeoi- . A (A*(B),BY) = =K
| T A, (4"(B),B) = L
B=B i o -+

FiG 6. For B € (B, B1], there exists a unique A*(B) € [A1, A) such that A2(A*(B),B) =
L. Thus, on the solid red curve A = A*(B), A2(A, B) = L. There is a unique B* € (B, B1)
that satisfies A1(A*(B*),B*) = —K.

For each B € (B, B1), Lemma 5.6 shows that (4*(B), B) € G. Thus,

9a+),B(x1(A"(B), B)) < —k
and
D(A*(B),B)
M (B).8) = [ (940 ().5() + Kld
d(A*(B),B)
is well defined.

LEMMA 5.7. There exists a unique B* with B* € (B, B;) such that
A (A*(B*),B*) = —K.

PRrROOF. We only need to show that Aj(A*(B), B) can take any value in
(—00,0) for B € (B, B1) and is strictly increasing in B.

Recall that Lemma 5.5 showed that A*(B;) = A; and (A, By) is on the
upper boundary of G (the dashed blue curve in Figure 6). Therefore

94,5, (@1(A1,B1)) = -k
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and

(5:106) I g1, 5(01(A°(B). B) = 04053, (1 (4" (B1), B))
1

It follows that

(5.107) lim A4(A*(B),B) = 0.
B1B)

We now prove

(5.108) E@Al(“l (B),B) = —c0.

First, we prove

agA*(B),B($1(A*(B)7 B))

(5.109) 3B > 0.
To see this, for B € (B, B1),
agA*(B),B(xl(A*(B)vB))
0B
— 3 1 |:i dA*(B) M (21(A(B),B)—a) + ie—kz(xl(A*(B),B)—a)]
02X+l dB A2

21 1 AY(e A (BLB)=a) _ —ha(U(A"(B).B)-a))
T2+ Ay [)\_1 A2 (M (A (B).B)=a) — M (U(A*(B).B)-a))

M@ (A% (B).B)=a) )\ie—)\g(ml(A*(B),B)—a)}
2

)

where the second equality follows from (5.102). Using the Lagrange Mean
Value Theorem, there exist y; € (U(A*(B),B),u(A*(B),B)) and y; €
(U(A*(B), B),u(A*(B), B)) such that

(5.110) e~ 22(u(A*(B),B)=a) _ ,~X2(U(A*(B),B)~a)
= —)\26_>\2(yl—a) (U(A*(B),B) o U(A*(B),B)),
(5.111) M (u(A(B),B)~a) _ M1 (U(A*(B),B)~a)

= \eM279) (y(A*(B), B) — U(A*(B), B)).
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Therefore, for B € (B, B1),
agA*(B),B(iﬂl(A*(B),B))

OB
- —a
_ 2t [ _ 10w s ie—xzm(A*(B),B)—a)}
02 X\ + Ao Ao eri(y2—a) Ao
_2 1 wi—a) [ (@ (A(B),B)—ys) | —da(e1(A*(B),B)—y1)
_02)\1—1-/\2)\26 [ c te ]

> 0,

where the inequality holds because x; (A*(B), B) < D(A*(B),B) < U(A*(B),
B) < y1 and z1(A*(B),B) < D(A*(B),B) < U(A*(B),B) < y2. Thus, we
have proved (5.109).
Fix an By € (B, By). Define

QA*(EQ),EQ(xl(A*(F2)7F2)) +Fk

5 .
From (5.106) and (5.109), it follows that g 4.z, 5, (€1(A* (B2 ) Bs)) < —k
and thus My > 0. Inequality (5.109) implies that for B € (B, Ba),

94+3)8(@1(A7(B), B)) < 945, 5,@1(A"(B2), B2))
— k- 2M,
< —k— M>.
Therefore, for B € (B, B3), there exist unique d; (A*(B), B) and D;(A*(B),
B) such that
d1(A*(B)7 ) < x1(A"(B), B) < D1(A*(B), B),
9gax(B),8(d1(A*(B), B)) = A*(B B(D1(A%(B), B)) = —k — M,
I+ (),5(d1(A"(B), B)) <0, gy (p) 5(D1(A"(B), B)) > 0.
The properties of g4«(p),p in Lemma 5.2 imply that for B € (B, Bs),
d(A*(B),B) < di(A*(B),B) < x1(A"(B),B) < D1(A*(B), B)
< D(A*(B),B).
Therefore, for B € (B, B>),

M = —

. D(A*(B),B)
AL(A*(B),B) = / 94 (3).5(x) + K] da
d(A*(B),B)

Dy1(A*(B),B)
< / [.gA*(B),B(:E) + k’] d:E
di(A*(B),B

)
< —My(Dy(A%(B), B) — di(A*(B), B)).

A
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By (5.60), (5.64) and A*(B) > A", we have

) . * < 1 int - .
(5.112) g¢%$1(A (B),B) < }glféxl(A ,B) 00

Because d;(A*(B), B) < x1(A*(B), B), (5.112) implies

(5.113) leiinédl(A*(B),B) = —00.

Now we prove

. lim D;(A*(B), B) > —
(5.114) lim, 1(A*(B),B) > —oo0,

which, together with (5.113), implies
lim A4 (4°(B), B)
< lim —Ms(D1(A*(B),B) — d1(A*(B), B))

~ BB
= —007

and proves (5.108). B
To prove (5.114), noting the definitions of y; and y», for B € (B, B1), we
have
0D, (A*(B), B) 2 1 1

5.115 = ——
(5.115) 0B 2 M+ A2 0y ) 5 (D1(A%(B), B))

L dA*(B) \/(Dy(A*(B),B)—a) , L —xo(Di(A*(B),B)—a)
“IN dB ¢ Y ]

2 1 1 [ie—xz(Dl(A*(B»B)—a)
o? )‘1 + )\2 g;‘*(B)’B(Dl(A*(B)? B)) )\2

)\l(e—)\g(u(A*(B),B)—a) _ e—Az(U(A*(B),B)—a))

M (eM (u(A*(B),B)=a) — 1 (U(A*(B),B)~a))
1 i 1

A1+ A2 A2 914*(3)73(1)1(‘4*(3)7 B))

y |:e—>\2(y1—0«)

+

exl(Dl(AWB),B)—a)}

| 0o

)

a

A (D1(A*(B),B)—a) _ e—Az(Dl(A*(B),B)—a)]

e~ M2(y1—a)

3 1 i 1
02 A+ A2 A2 gy ) p(D1(A*(B), B))
% [eAl(Dl(A*(B)vB)_yQ) _ e—)\Z(Dl(A*(B)7B)_yl):|

<0,
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where the inequality is due to D1 (A*(B), B) < U(A*(B), B) < y1, D1(A*(B),
B) < U(A*(B),B) < yz and g)y.(p) p(D1(A*(B),B)) > 0. Therefore, we
have proved (5.114).

Finally we show that % > 0. From (5.102), it follows that

i D(A*(B).B) §g 4.
(5.116) A (B).B) :/ 094-).5(7)
oB d(A*(B),B) 0B
OD(A*(B), B .
+% [gA*(B%B(D(A (B),B)) + k]
0d(A*(B), B .
_%[QA*(B%B(d(A (B),B)) + k|
D(A*(B),B "
= 3#/ ( ( ) )[LMQ)\I(I—Q) + ie—)\g(x—a)]dw‘
o2 )\14‘)\2 d(A*(B),B) )\1 dB )\2
D(A*(B),B
_ 3#/ (4°(B) )[ie—xz(x-@
0'2 )\14‘)\2 d(A*(B),B) )\2

)\l(e—)\z(u(A*(B),B)—a) _ e—Az(U(A*(B)vB)—a))
A2 (M (u(A*(B),B)=a) — Ai(U(A*(B),B)~a))

2 1 1 1

02\ + Ag )\_g eM1 (u(A*(B),B)—a) _ oM (U(A*(B),B)~a) {

(e—Az(u(A*(BLB)—a) _ e—Az(U(A*(B),B)—a))

e)‘l(x_“)] dx

X (M PA(BLB)=0) _ (A" (B)B)=a)

(e P BB ) (A (B).B)~0))

x (M (A" (B).B)=a) _ emU(A*(B),B)—a))] '

If the expression inside the bracket is positive, then > 0. Note
that d(A*(B), B) < D(A*(B),B) < U(A*(B), B) < u(A*(B), B). Thus, the
positivity of the expression is equivalent to

O\ (A*(B),B)
0B

(5.117)

—a) _ A (U(A*(B),B)—a)
A*(B).B)~a) _ ,~Xa(d(A"(B),B)~a)
A*(B),B)—a) _ gM(d(A*(B),B)—a)

Using the Lagrange Mean Value Theorem, there exist z; € (d(A*(B), B),
D(A*(B),B)) and z € (d(A*(B),B), D(A*(B), B)) such that

o~ 22(D(A*(B).B)=a) _ ,~Xa(d(A*(B),B)~a)

= —Xoe ME(D(A%(B), B) — d(A*(B), B)),
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A (D(A*(B),B)=a) _ Ai(d(A*(B),B)—a)
= XM 279 (D(A*(B), B) — d(A*(B), B)).
Using (5.110) and (5.111), inequality (5.117) is equivalent to

e—)\z(yl—a) e—)\g(zl—a)

eM(y2—a) < eM(z2—a)

)

which is further equivalent to
(5.118) e~ h2Wi=a) o hi(va=z2),
Inequality (5.118) holds because y; > U(A*(B),B) > D(A*(B),B) > z
and yo > U(A*(B), B) > D(A*(B), B) > z imply
y1—z1 >0, y2—22>0.
Therefore, we have proved

OMN(A*(B), B)
0B

which completes the proof of the lemma. O

(5.119) > 0,

Finally, we give the following lemma that completes the proof of (5.29) in
Theorem 5.2 and will be used in the proof of Theorem 6.2.

LEMMA 5.8.  Under Assumption 1, for any (A, B) € G, we have
(5.120) W' (z1(A,B)) < —Bk and h'(x2(A, B)) > L.

PRrROOF. From (5.41), it follows that

(5.121) <B — W(a—) +/

z1(A,B)

<A h/ /a e_)\l(y—[l) h//(y)dy) e)\l(xl(A,B)—a)
z1(A,B)

0,

a

e}\z (y—a) h//(y)dy> e—)\g (wl (A,B)—a)

v

where the inequality follows from (5.43). Therefore, the definition of ¢ in
(5.35) and inequality (5.121) imply

(5.122) %h’(:ﬂl(A,B)) < gan(z1(A, B)).

Since (A, B) € G, we have g4 g(z1(A, B)) < —k. This inequality and (5.122)
imply the first part of (5.120). The proof for the second part of (5.120) is
similar and omitted. O
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6. Singular controls. We assume that K = 0 and L = 0. Our feasi-
ble policies (Y7,Y2) in (2.1) are all adaptive, nondecreasing processes that
include singular controls, also known as instantaneous controls. Under a
singular control, (Y7,Y3) has infinitely many increases in each finite interval
[0,]. An example of a singular control policy is a two-parameter control
band policy, which is defined by two parameters d, u with d < u. No control
is exercised until the inventory level Z(t) reaches the lower boundary d or
the upper boundary u. When Z(t) reaches a boundary, there is no advantage
in using impulse control because there is no fixed cost.

6.1. Control band policies. Let us fix a two-parameter control band pol-
icy ¢ = {d,u}. See Section 6.1 in [6] for a mathematical description of the
control process (Y7, Y2) under policy . To find the expected total discounted
cost under policy ¢ = {d,u}, we use the following theorem.

THEOREM 6.1. Fiz a control band policy ¢ = {d,u}. If there exists a
twice continuously differentiable function V : [d,u] — R that satisfies

(6.1) I'V(z)—pBV(z)+ h(x) =0, d<z<u,
with boundary conditions

(6.2) V'(d) = —k,

(6.3) V' (u) = L.

Then for each starting point x € R, the expected total discounted cost DC(x, @)
18 given by

V(d)+ k(d—z) forze (—o0,d),
DC(xz,p) =< V(x) for x € [d,ul,
Vu)+4(x —u) forx € (u,00),

where V' is in (6.1).

PRroOOF. Consider control band policy {d,u}. Let V be a twice contin-
uously differentiable function on [d,u| that satisfies (6.1)-(6.3). Because
d < Z(t) < u, Lemma 3.1 gives

e_BtV(Z(t)) = V(Z(O))—I—/O e_BS(FV(Z(s))—BV(Z(S)))ds
o te_ﬁs "Z(s S te_ﬁs "Z(s— S
" /0 V/(Z(s))dW (s) + /0 V/(Z(s—))dYa(s)

- /0 e PV (Z(s5—))dYa(s)
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= VZO) + [ e HEVEE) -5V (Z()ds
o te_ﬁs "Z(s s ! te_ﬁs s
o [PV () + V@) [ ePavi(s)
—V'(u)/o e P2 dYy(s)
= V(Z(O))—/0 e P h(Z(s ))ds—i—a/ e PV (Z(5))dW (s)

—k / P8y (s) — ¢ / PV, (s)
0

BLV(ZW)] = EVEZO)] ~E] [ P hz(s)as

t t
+ k‘/ e P5dyy(s) + E/ e_ﬁdeg(S)].
0 0

Taking the limit as t — oo, we have

Therefore

(6.4) DC(z, ¢) = E2[V(Z(0))] + Ez[kY1(0) + £Y>2(0)]
because
Jim E, [eP'V(Z(t))] = 0.

When Z(0—) = z € [d,u], we have Z(0) = Z(0—) = x and Y7(0) = Y2(0) =
0, then

When Z(0—) < d, we assume Z immediately jumps up to d at time 0.
Therefore, Z(0) = d, Y1(0) = d — = and Y2(0) = 0, and then

E[V(ZO0))] = V(d), EkYi(0) + 3(0)] = k(d — ),
which, together with (6.4), implies
DC(z,¢) =V (d) + k(d — z).

The analysis for case x > u is analogous and is omitted. O
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PROPOSITION 2. Let ¢ = {d,u} be a control band policy with d < wu.
Define

(6.5) V(z) = A1eM® + Bre ™ 4 Vo(x),
as in (5.7), where Vy(x) is defined in (5.8),
da(Vy(d) + k) = dr (Vg (u) — €)

(6.6) A= A1(cady — c1ds) ’
_ a(Vg(d) +k) —a(Vg(u) -0
(6.7) B, = No(crds — cadh) .

Then V' is a solution to (6.1)-(6.3). In (6.6) and (6.7), we set

Ard Alu —Xad
1 Wdy = e dy =

cp=eM cp=e —Aou

—€

PRrROOF. From the proof of Proposition 1, we have that a general solution
V(z) to (6.1) is given by (6.5) with Vj(z) being defined in (5.8). Boundary
conditions (6.2) and (6.3) become

Al)\lehd — Bl)\ge_)\zd + Vol(d) = —k,
Al)\lehu — Bl/\2€_>\2u + Vo'(u) =/.

from which we have a unique solution for A; and B; given in (6.6) and
(6.7). O

6.2. Optimal policy and optimal parameters. Theorem 4.1 suggests the
following strategy to obtain an optimal policy. We hope that a control band
policy is optimal. Therefore, the first task is to find an optimal policy among
all control band policies. We denote this optimal control band policy by
{d*,u*} with expected total discounted cost

) V(d*) + k(d* —x) for x € (—o0,d*),
(6.8) Viz) =< V(x) for x € [d*,u*],
V(u*) + l(x —u*) for z € (u*,00).

We hope that V' can be used as the function f in Theorem 4.1. To find the
corresponding f that satisfies all the conditions of Theorem 4.1, we provide

the following conditions that should be imposed on the optimal parameters
d* and u*:

(6.9) V'(d*+) =0, V"(u*~)=0,
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which is identical to condition (6.18) in [6]. See Section 6.2 of [6] for an
intuitive explanation of these conditions.

First we need to prove the existence of parameters d* and u* such that the
value function V', defined on [d*, u*], corresponding to control band policy
¢ = {d*,u*} satisfies (6.1)-(6.3) and (6.9). Since part of the solution is
to find the boundary points d* and u*, (6.1)-(6.3) and (6.9) define a free
boundary problem. We then prove in Theorem 6.3 that function V in (6.8)
with parameters d* and u* satisfies all conditions in Theorem 4.1.

Recall that (5.21) defines function g(x) = ga ().

THEOREM 6.2. Assume that holding cost function h satisfies Assumption
1. There exist unique A*, B*, d* and u* with

(6.10) 4 < u*

such that g(x) = ga= p+(x) in (5.21) satisfies

(6.11) g(d) = —k,
(6.12) glu) = 1,

(6.13) J(d) =0,

(6.14) g (u*) = 0.
Furthermore,

(6.15) B(d*) < —kB and K (u*) > BL.

Function g(x) decreases in (—oo,d*), increases in (d*,u*), and decreases
again in (u*,00).

PROOF. Recall the definitions A™ and B™ in (5.76). By Lemma 5.4 (c),
the point (A™, Bi") is the unique point satisfying

g Aint pint (ml(Aint, Bint)) =—k, and g Aint pint (xQ(Aint, Bint)) =/

See Figure 4 for an illustration. Then A* = A™ B* = A g(z) =
ga= p(x), d* = x1(A*, B*) and u* = x9(A*, B¥) satisfy (6.10)-(6.15). O

Now we show that control band policy ¢* = {d*,u*} is optimal among
all feasible policies.

THEOREM 6.3. Assume that h satisfies Assumption 1. Let d* and u*,
along with constants A* and B*, be the unique solution in Theorem 6.2.
Therefore, control band policy ¢* = {d*,u*} is optimal among all feasible
policies.
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PRrROOF. Let g(x), x € R, be the solution in (5.21) with A = A*, B = B*.
Let

-k, x<d,
glx) = g(x), d" <z <,
L, x> u’,
and
V(d) + k(d* — ), x<d,
(6.16) Viz)=<¢ V(z), dr <z <u*,
V(u*) +(x —u*), x> u,
with
V(z) = AjeM® + Bie " + Vo(x),
where fgﬁ)\%e”‘l“/ﬁ = M A7, fgﬁ)\%eh“B* = —XoBf and Vp(x) is

given by (5.8). Therefore,
V'(z) = ga~ p(z), for x €R.

We now show that V' satisfies all of the conditions in Theorem 4.1. Thus,
Theorem 4.1 shows that the expected total discounted cost under any fea-
sible policy is at least V. Since V(z) is the expected total discounted cost
under control band policy ¢* = {d*,u*} with starting point =, V(z) is the
optimal cost and control band policy ¢* is optimal among all feasible poli-
cies.

First, V(z) is in C?((d*,u*)). Theorem 6.2 and the definition of V in
(6.16) imply

lim V”(z) =0 = lim V”(z), and lim V"(z) =0 = lim V" (2).
Jim V() lim V¥(z) Jim V() Jim V7(z)

Then V”(z) is continuous at d* and u*. Note that V"(x) = 0 in (—o0, d*)
and (u*,00). Therefore, V(z) is in C%(R). Let

M= sup |g(z)],
x€E[d* u*]

we have |V'(x)| < M for all z € R.
To check (4.1), first, we find that

I'V(z) - BV (z) +h(z) =TV(xz) — BV (z) + h(z) =0 for z € [d*,u"].
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In particular
(6.17) LV (d*) — BV (d*) + h(d*) =0
and

V(u*) — BV (u*) + h(u*) = 0.

IV (z) - ﬁV()+h@)
V()+MVWﬂ—BV@%+M@

V'(d*) 4+ pV'(d*) — B(V(d*) + k(d* — x)) + h(z)

|QM[\3|QMM|Q

V(d*) + pV'(d) — BV (d*) + h(d*) + h(z) — h(d*) — Bk(d* — z)
z) — h(d*) — Bk(d" — z)

AVal
S o

9

where the last equality follows from (6.17), and the inequality follows from
(6.15) and the convexity of h. Similarly, we can check that

L'V (x) — BV (z) + h(xz) >0

for x > u*.

Finally, (4.2) and (4.3) hold because V'(x) = g(z) is strictly increasing
in z, z € [d*,u*], and V'(z) = —k for x € (—oc0,d*), V'(x) = { for = €
(u*,00). Thus, Theorem 4.1 implies the optimality of control band policy
©* = {d*,u*}. O

7. No inventory backlog. Prohibiting inventory backlog, we add con-
straint Z(t) > 0 for all ¢ > 0. The holding cost function A(-) is defined on
[0,00), and a € [0,00) is its minimum point. We focus on the impulse con-
trol case when K > 0 and L > 0. Thus, this section parallels Section 5.
In particular, the results and proofs in this section are analogous to those
in Section 5. Below, we highlight the differences and note that cases when
K=0and L =0, when K >0 and L =0, and when K =0 and L > 0, are
analogous to this case. For example, we can obtain the optimal policy for
the case when K = 0 and L = 0 with constraint Z(¢) > 0 by adapting the
arguments presented in Section 6.

For control band policy {d, D,U,u} with0 < d < D < U < u, we continue
to use Theorem 5.1 to evaluate its performance and to obtain its expected
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total discounted cost function. However, we need to modify Theorem 4.1,
the lower bound theorem, slightly as follows.

THEOREM 7.1.  Suppose that f € C1([0,00)) and f' is absolutely con-
tinuous with f" being locally in L'. Suppose there exists a constant M > 0
such that | f'(z)] < M for all x € [0,00). Assume further

(7.1) I'f(z) — Bf(z) +h(x) >0  for almost all z € [0, 00),
(7.2) fly) = f@) <K +k(z—y) forO<y<uz,
(7.3) fy)—fl@) <L+ly—=x) for0O<z<y.

Then DC(z,¢) > f(x) for each feasible policy ¢ and each initial state
Z(0—) =z € [0,00).

7.1. Optimal policy parameters. Recall that for a given control band pol-
icy {d,D,U,u} with 0 < d < D < U < u, the corresponding value function
satisfies (5.1)-(5.3). To search for the optimal parameters (d*, D*,U*, u*),
we impose the following conditions on {d, D,U,u} and V

(7.4) VI(U) =1,

(7.5) V'(u) =1,

(7.6) V(D) = —k,

(7.7) V'(d) = -k — a,
(7.8) 0<d<D<UC<u,
(7.9) ad =0, and

(7.10) a > 0.

This section is analogous to Section 5.2 and Section 5.3. We highlight the
differences and omit some details to avoid repetition.

Recall that @ is the minimum point of holding cost function h(z) on [0, c0).
It is possible @ = 0 or a > 0. In the following, whenever we invoke Assump-
tion 1 for h, we ignore any condition on h(z) with < 0. By convention,
we set h'(a—) = h'(a+) when a = 0. The following theorem solves the free
boundary problem when inventory backlog is not allowed. For a graphical
illustration of function g in the theorem, see Figure 3 in [6].

THEOREM 7.2. Assume that holding cost function h satisfies Assumption
1. There exist unique A*, B*, z7, x5, d*, D*, U*, u* and o™ with

(7.11) 0<d"<zi<D" and U*<uxj<u’
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such that g(x) = ga= p+(x) in (5.21) satisfies

D
(7.12) / lg(z) + Kdz = —K,
g
(7.13) / 9(z) — fdz = L,
(7.14) g(d*) = -k —a, g(D*)=—k,
(7.15) g(U”) = g(u*) =4,
(7.16) o*d* =0, and
(7.17) a* > 0.
Furthermore,
(7.18) B (z}) < =Bk ifxy >0 and K (z}) > L.

Function g(x) has a local minimum in [0,a] at 7 € [0,a] and g has the
mazimum at x5 € (a,00). Function g is decreasing on (0,z7), increasing on
(x7,2%) and decreasing again on (3, 00).

We leave the proof of Theorem 7.2 to the end of this section.

THEOREM 7.3. Assume that holding cost function h satisfies Assump-
tion 1. Let 0 < d* < D* < U* < u*, along with constants A*, B* and
a*, be the unique solution in Theorem 7.2. Then control band policy ¢* =
{d*, D*,U*,u*} is optimal among all feasible policies to minimize the ex-
pected total discounted cost when inventory backlog is not allowed.

PROOF. The proof is identical to that of Theorem 5.3. O

Next, we explain the proof for Theorem 7.2, which is similar to that
for Theorem 5.2. We provide an outline of the proof here, highlighting the
differences between the two proofs. In the following, we assume a > 0; when
a = 0, the proof is simpler and is omitted.

Similar to (5.36), we define

(7.19) By = Ha=) = [ M0y

First, we have the following lemma.
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LEMMA 7.1.  For A > I (a—), there exists a unique B(A) € (B, A] such
that

(7.20) (A _ () + /0“ e M(y—a) h”(y)dy) o—Ma
= (E(A) — W (a—) + /a er2(y—a) h”(y)dy) Hea

0

PROOF. Fix A > I'(a—). Then, (A—h (a—)+ [ e~ M0 h”( )dy)e M >
0 is a constant. Consider function H(B) = (B — h/(a + Jie A2(y—a)
h (y)dy) e The function is linear in B and is strlctly 1ncreasmg By the
definition of B, we have H(B;) =0. At B = A,

HA) = (A=Ham)ee+ [ty
> (A—H(a—))e M+ /Oa "M (y)dy

= (A-"n(a) +/ e~ MUTIR (y)dy) e M.

0

Thus, there exists a unique B(A) € (B, A] such that

H(B(A)) = (A—h(a—)+ /0 "0 h'(y)dy)e M,

and the lemma is proved. O

Recall the expression of ¢'(x) in (5.47). Definition (7.20) implies

(7.21) 0) = 0.

glA,B(A)(

From (7.20), it follows that

where

Buin = I (a—) + / e MYE (y)dy - e 2 — /0 MW= (y)dy > B;.
0
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A=h(a-)

Fic 7. (a) The shaded region is the set of (A, B) that satisfies (7.22)-(7.23). The unique
minimum x1 = x1(A, B) € [0, a) is well defined for all (A, B) in this region.

(b) For each A € (h'(a—) V (—kf),+00), there exists a unique B(A) € (—oo, AAO) such
that g4 5ay(®1(A, B(A))) = —k. Thus, on curve B = B(A), ga,p(z1(A, B)) = —k. Curve
B = B(A) is decreasing.

Therefore, B(A) is linear in A and is strictly increasing, mapping (A'(a—), o0)

onto (Bpin, ). See Figure 7 for the line {(A, B(A)) : A € (h'(a—),0)}.
The following lemma is analogous to Lemma 5.2. The only difference is

that the expression for 1 = x1(A4, B) has two forms in Lemma 7.2.
LEMMA 7.2. (a) For each A satisfying

(7.22) A > 1 (a—)

and each B satisfying

(7.23) B<A

ga,B(z) attains a unique minimum in [0,a] at z1 = z1(A, B) € [0, a].
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For each (A, B) satisfying
(7.24) B<A<A,

ga.B(x) attains a unique mazimum in (a,00) at xo = x2(A, B) € (a,00).
(b) For each fized A satisfying A > h'(a—) and B satisfying

B(A)<B< A

the local minimizer x1 = x1(A, B) > 0 is a unique solution to (5.41), and
the local minimizer

(7.25) x1 = 21(A, B) = 0 for each (A, B) with A > h/'(a—) and B < B(A).

For each (A, B) satisfying (7.24), the local mazimizer xo = x9(A, B) is the
unique solution in (a,00) to (5.44).

(¢c) Furthermore, for each A satisfying h'(a—) < A < A and each B satis-
fying B < A, we have g;"B(:E) < 0 for x € (0,21(A, B)), gQLB(x) > 0 for
z € (21(A, B),2(A, B)), and gy g(x) <0 for x € (v2(A, B), 0).

Remark. The set of (A, B) that satisfies (7.22)-(7.23) is the shaded region
in Figure 7.

PRrROOF. The proof for the existence of zo = z5(A, B) and for its prop-
erties is the same to that in Lemma 5.2. We now prove the existence and
uniqueness of 1 = x1(A, B).

For A > I'(a—) and B(A) < B < A, the proof is similar to that in Lemma
5.2 and the local minimizer x; = x;(A, B) > 0 is the unique solution to
(5.41). We next prove the case when A > h/(a—) and B < B(A), which
we subdivide into two cases: A > h/(a—) and B < By or A > h/(a—) and
B, < B < B(A).

Case 1: A > h/(a—) and B < B;. In this case, recall the expression for
g' in (5.47) and By in (7.19). Condition A > h’(a—) implies ¢4 p(x) > 0 for
0 < = < a. Thus, the local minimizer z; = z1(4, B) = 0.

Case 2: A > h/(a—) and B; < B < B(A). From the expression of ¢’ in
(5.47), it follows that

g plx) > g;1 B(A)($) for any B, < B < B(A) and z € (0,a).
Next, we prove that for A > h/(a—),

(7.26) >0 forze(0,a);

grA,B(A) (l‘)
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therefore, the local minimizer of g4 p(z) is 1 = z1(A, B) = 0. Because
B(A) € (By, A, the proof for (7.26) is divided into either B(A) € (By, h'(a—)]
or B(A) € (W (a—), A].

If B(A) € (B, h(a—)], there exists z” € [0,a) such that

B(A) = W(a) - / =) () dy

and

(7.27) B(A) — K (a—) —1—/ MWD (y)dy > 0 for x € [0,2"),

(7.28) B(A) — h'(a—) —I—/ MW= ()dy < 0 forz €[z, a).
Recall the expression for g” in (5.48). Inequality (7.27) implies ¢/} - ( A)(x) >
0 for z € [0,2"), which, together with (7.21), implies

g;"B(A)(x) >0 forz e (0,2”).

Also, (5.47) and (7.28) imply

g;‘ B(A)(x) >0 forxe€[z" a).
Therefore, we have proved (7.26) when B(A) € (B, (a—)].

If B(A) € (h'(a—),A], from the expression for ¢” in (5.48), we have
9% B4y () > 0 for x € [0,a), which, together with (7.21), implies

g;‘ B’(A)(x) >0 forze(0,a).
Therefore, we have proved (7.26) when B(A) € (h/(a—), A]. O

The following lemma is analogous to Lemma 5.3.

LEMMA 7.3. Suppose (A, B) satisfies (7.22)-(7.23). For each B, local
minimizer x1(A, B) is continuous and nonincreasing in A. For each A, local
minimizer x1(A, B) is continuous and nondecreasing in B. Suppose (A, B)
satisfies (7.24). For each B, local mazimizer x2(A, B) is continuous and
strictly increasing in A. For each A, local mazximizer xo(A, B) is continuous

and strictly decreasing in B. Furthermore, (5.61)-(5.63) hold.
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PRrOOF. Fix A € (W (a—),0). We have 1 (A4, B) = 0 for B € (—o0, B(A)).
Thus 21 (A, B) is continuous in B for B € (—oco, B(A)). It follows the proof of
Lemma 5.3 that z1 (A, B) is continuous in B € (B(A), A). It is easy to check
that z1(A, B) is also continuous at B = B(A) and that x;(A, B) has the
desired monotonicity property for B € (—o0, A). The proof for properties of
z1(A, B) in A is similar and is omitted.

The proof for the properties of x5(A, B) and (5.61)-(5.63) is identical to
that in Lemma 5.3. O

The following lemma is analogous to Lemma 5.4. The only difference is
that we modify the range of B(A) in part (b).

LEMMA 7.4. (a) For each B satisfying (5.70), there exists a unique
A(B) € (BV0,A)
such that

(7.29) 9a),B(x2(A(B),B)) = ¢.

Furthermore, for B € (—oo, h'(a+) A Lf),

dAB) M Outn)(@a(A(B),B)a)
(7.30) el <0.
Therefore, function A = A(B) is strictly decreasing in B € (—oo, h'(a+) A
(B); see Figure 3 for an illustration. For A € (A(B), A),

(7.31) gap(ra(A,B)) > L.

(b) For each A satisfying (5.73), there exists a unique

B(A) € (—o0, ANO)
such that
(7.32) 9aBa)(@1(A, B(A))) = —k.

Furthermore, for A € (h'(a—) V (—=kpB), ),

(7.33) L(A) - _ﬁe()\l‘F)@)(ml(A,E(A))—a)<0.

dA A1
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A=h(a=) A B

B = h'(a+)

.............. B =h'(a+) A LB

~

B =B(4)

/ (0.B0))

A=H(a=)V (=kB)

FiG 8. (a) On the curve B = B(A), ga,g(z1(A, B)) = —k and on the curve A = A(B),
9a,8(z2(A, B)) = L. _ _

(b) The two curves {(A(B),B) : B € (—o00,0]} and {(A, B(A)) : A € [0, A]} have a unique
intersection point (A™, B™) that satisfies 0 < A(0) < A™ < A and 0 > B(0) > B™ >
B(A). For any (A, B) in the shaded region G1 definied in (7.40), ga,s(x1(A, B)) < —k
and ga,p(x2(A, B)) > £.

Therefore, function B = B(A) is strictly decreasing in A € (h'(a—) V
(—kB),0); see Figure 7 for an illustration. For B € (—oo, B(A)),

(7.34) gA7B(ac1(A, B)) < —k.

(c) The two curves {(A(B),B) : B € (—00,0]} and {(A,B(A)) : A €
[0,00)} have a unique intersection point (A™, B that satisfies

(7'35) F(Aint) _ Bint and A(Bint) — Aint
with

(7.36) 0 < A(0) < A™ < A(B) < A,
(7.37) 0> B(0) > B™ > B(A) > B.

See Figure 8 for an illustration.



PART 2: DISCOUNT-OPTIMAL CONTROLS 565

PROOF. The proofs for (a) and (c) are identical to those in Lemma 5.4.
We now prove (b). Fix an A that satisfies (5.73). We first prove that for
B € (—00, ANO),

Ogap@i(A,B)) 2 1 1 @ aB)-o

(7.38) OB T 2N+ N

~

For (7.38), we first assume B € (B(A), AA0). In this case, z1(A, B) > 0 and
the expression for dga p(x1(A, B))/JB is given by (5.82), which is identical
to (7.38).

When B € (—oco, B(A)], from (7.25), it follows that z1(A, B) = 0. Using
the expression of g4 p(0) in (5.21), we have

59A,B($1(A,B)) _ agA,B(O) _ 2 1 ie)\za > 0.

> 0.

0B OB  02A + A Ao

Thus, (7.38) continues to hold in this case. )
From (7.25), it follows that z1(A, B) = 0 when B < B(A). Therefore,

(7.39) Bl¢i1—noo ga.B(z1(A,B)) = Bliir_noo g4,8(0) = —o0,

where the latter limit follows from the expression of g4 g(0) in (5.21).
If Ae (h(a—)V (=kB),0), (5.21) and (5.61) imply

2 1 1 1
li AB)=——"_(—+—
Bl']I\Iz-igA’B(xl( ’ )) 0_2 )\1 + )\2 )\1 + )\2)

A
5
Because A > —kf3,
jlglgléng7B(a:1(A,B)) > —k.

which, together with (7.38)-(7.39), implies that there exists unique B(A) €
(—o0, A) such that

9ama)(@1(A, B(A))) = —k
and for B € (—oc, B(A))
ga.p(z1(A,B)) < —k.
If A € [0,00), (5.21) implies

léITI(l] ga.B(z1(A, B))

2 1 1 a
—lim—=——— | —(A+\ “M=a) b () dyy) e (@1(AB)—a)
El?]% o2\ + Ao [M( * l/xl(A,B)e 2 y)e
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a

_’_L(B - )\2 / e)\g(y—a)hl(y)dy)e—)\g(:cl(A,B)—a):|
A2 21(A,B)

2 1 |:iAe)\1(x1(A7B)—a) + iBe—)\z(Z‘l(A,B)—a)

:é%ﬁ)\l—k)q A1 A2
N /a (exl(ml(A,B)—y) _ e—Az(ml(A’B)_y))h/(y)dy]
z1(A,B)
>0
> _ka

where the first inequality has used h'(z) < 0 for < a. This plus (7.38)-
(7.39) imply that there exists a unique B(A) € (—oo,0) such that

9a ) (@1(A, B(A))) = —k
and for B € (—oo, B(A))
gap(z1(A,B)) < —k.
Applying the Implicit Function Theorem to (7.32), we also have (7.33). O
Let
(740) G ={(A,B):AB)<A<@A, —00<B<B(A)}

be the shaded region in Figure 8. Region (G has two corners. They are
(ANt BInt) (A B(A)). Its boundary has three pieces: the top, the right and
the left. The bottom has no boundary, extending the region all the way to
—oo in the B axis. For any (A4, B) € Gy, there exist U(A, B) and u(A, B)
that satisfy

U(A, B) < z2(A,B) <u(A, B),

(5.89) and (5.91).

With Lemma 7.4 replacing Lemma 5.4, Lemma 5.5 holds without any
modification. Recall the definition of B; in (5.100) and see Figure 9 for
point (A1, By). The following lemma is analogous to Lemma 5.6. The only
difference is that we modify the range of B to be (—oo, By].

LEMMA 7.5.  (a) For B € (—o0, By], there exists unique A*(B) € [A;, A)
such that

(7.41) As(A*(B), B) = L.

See Figure 10 for an illustration.
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BA

Aint

B = B(4)
o | (4(0),0) l

Y

A, (4,B(4,)) =1

"~ 4 (AB®A)

B = B(A)

A= AB)

A=A

F1G 9. Point (A1, B1) is the unique point on the top boundary of G1 such that Az (A1, By) =
L. For any point (A, B) on the top boundary and to the right of (A1, B1), A2(A,B) > L.

(b) For B € (—o0, B1],

dA*(B)  N3(e™ (A (BLB)~a) _ o—2a(U(A"(B),B)~0))

dB ) (eM@A (B).B)-a) — M (U(A"(B).B)-a)) <0.

(7.42)

PRrROOF. The proof is identical to that of Lemma 5.6. O

The following lemma gives a proof of Theorem 7.2 except for (7.18). The
latter will be proved in Lemma 7.7 below.

LEMMA 7.6. There erists a unique B* with B* € (—oo, By), d*, D*, x}
and o with 0 < d* < 27 < D* such that

gax(B),-(D*) = —k,
ga(pe),p-(d") = —k —a”,
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‘ (4,B(4))
S A (A*(B*),B*) = —K

A, (A*(B),B) =L

A =:A(B)

FiG 10. For B € (—oo, B1], there exists unique A*(B) € [Ay, A) such that A2(A*(B),B) =
L. There exists a unique B* with B* € (—oco, B1) that satisfies A1(A*(B*), B*) = — K.

D*
/d [gA*(B*),B*(x) + k‘]daz = —K,
o*d* =0, and

d* > 0.

See Figure 10 for point (A*(B*), B*).

PROOF. For any B € (—o0, B1), (A*(B), B) € G and then

9a~B),B(r1(A"(B), B)) < —k.

Therefore, there exists a unique D(B) > x1(A*(B), B) such that

(7.43) D(B) > 0, (3 5(D(B)) = —k, gy ) (D(B)) > 0.

If

(7.44) 9a+(B),5(0) > —F,

there is a unique d(B) < x1(A*(B), B) such that

(7.45) d(B) >0, ga~p)B(d(B)) =~k, ghp pldB)) <O0.
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To investigate when (7.44) holds, we study 0g4+(p),5(0)/0B. For B € (—o0,
By), from the expression of g4 p(z) in (5.21), we have

89A*(B),B(0) B 3 1 {i dA*(B) e—)\la + iekza]
0B 02 M+l dB Ao
2 1 1 1

o2 A1+ A2 )\_% eM(u(A*(B),B)—a) _ A1 (U(A*(B),B)—a)
X [/\1 (6_)‘2(“(‘4*(3)73)—@) _ e—)\z(U(A*(B),B)—a))e_)\la
+ Mg (M HATE)B)a) eA1<U<A*<B>,B>—a>)eA2“}

2 1 A1 1
2 A+ Mg Ay M (A (B).B)—a) — oh(U(A*(B).B)—a)

> |:e)\1(y2—a)e)\2a - e—)\z(yl—a)e—)\la]

x (u(A*(B), B) — U(A*(B), B))
> 0,

where the second equality follows from (7.42), the third equality follows
from (5.110)-(5.111), and the inequality follows from the fact that a <
U(A*(B),B) < y1 < u(A*(B),B) anda < U(A*(B), B) < y2 < u(A*(B), B).
Therefore, ga-(p),p(0) is strictly decreasing in B € (—00, B1). Let (B2, B1)
be the interval over which g4«(p) g(0) > —k. If there is no B that satisfies
ga=(B),B(0) > —k, then set By = By. Thus, for B € (Ba, B1), (7.44) holds
and d(B) > 0 satisfying (7.45) is well defined. For B € (—oc, Bs], (7.44)
fails to hold and thus we set d(B) = 0. In this case, ga-(p)p(d(B)) < —k
and

0d(B)

0B

The remainder of the proof mimics the proof of Lemma 5.7. Define

(7.46) ~0.

D(B)

A (A*(B),B) = /d(B) [gA*(B),B(x) + k]dm.

First, we need to prove that Ay (A*(B), B) is continuous and strictly increas-
ing in B € (—o0, B;) and

lim A;(A*(B),B) =—oc0 and lim A(A"(B),B)=0.
Bl—c0 BB,

Therefore, there exists a unique B* € (—oo, B1) such that

A (A*(BY),B") = —K,
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from which we prove the lemma by choosing A* = A*(B*), d* = d(B*),

D* = D(B*), o} = a1(A*(B"), B*) and o* = (k + ga-(5+).5+(0))".

We need to show that Ai(A*(B), B) is continuous and strictly increasing
in B € (—o0,By). It suffices to prove that (5.116) continues to hold for
B € (—o00, B1). Examining the proof of (5.116), we conclude that all of its

equalities continue to hold where the second equality follows from

% [94+().5(d(A7(B), B)) + k] =0,

which holds because either (7.45) or (7.46) is true.

It is also easy to see that the limit (5.107) continues to hold as well. It

remains to prove

(7.47) Blfl—noo A1 (A*(B),B) = —c0.

First, we need to prove that

(7.48) i 2M(A(B), B)

0
Bl—o0o 0B >

from which (7.47) immediately follows.
To study the limit (7.48), we only need to consider A;(A*(B),
B € (—00, B3). When B € (—o0, Bs), d(B) = 0 and hence

D(B)
M B).B) = [ o nle) + K.

For B € (—o0, By),

0\ (A*(B), B)
0B
B /D(B) 994+(B),B()
0

(7.49)

OB 1 BB ,5(D(B)) ]

2 1 DB) 1 dA*(B) ,, 1
-4 - et \P) M(x—a) |~ —Xe(z—a)
o2\ + )\2 / [ c + € ]dﬂj

A\ dB A2
2 / |:1 —X2(z—a)
O’2 )\1 + Ao )\2

)—

)—

A (e —X2(u(A*(B),B)—a) _ o—A2(U(A™(B), B)—a))
N2 (M @A (B B)—a) — Mi(U(A(B).B)-a))
2 1
RCCPYEDY

eAl(”c—“)] dx

B) for
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D(B
“ / ( )[Le—xz(m—@ _Le—xz@l—a)—hwz—a)exl(m—aq e
0

Ao Ao
D(B
> 3#/ ) [ie—kz(ﬂc—a) _ ie—kz(yl—a)] dr
T o2 N+ Ny 0 Ao Ao
D(B
s2_ Ut 1 / w [E—Am—a) _ e—)\z(D(B)—a)} e
T o2 AN 0 ’

where the third equality follows from (7.42), the fourth equality is due to
(5.110)-(5.111), the first inequality is due to D(B) < U(A*(B),B) < ys,
and the second inequality is due to D(B) < U(A*(B), B) < y1.

Similar to proving (5.115), for B € (—oo, B1), we can prove

dD(B)
1B <0,
which implies that for B € (—oo, B1),
d D(B)

(7.50) [e—xz(x—co _ o (DB)-a)] 4y

dB Jo

D(B) dD(B)
1 / o—2(D(B)—a) dr
> Jo dB

< 0.
Therefore, (7.49) implies
. OM(AY(B), B)
lim 220 AP 2)
Bloto 0B
by 211 D(B)
> lim ———
- Bilfnoo a2 A1+ Ao Ao 0
9 1 1 [DP(Bs)
=02+ AN g
> 0,

e M2(@=a) _ ,=2(D(B)=a)] g,
| )

[E_Az(x_a) B e—)\g(D(Ea)—a)} da

where B3 is a fixed number satisfying B3 € (—oo, By) and the second in-
equality is due to (7.50).

Therefore, we have proved limp|_ OA1(A*(B), B)/0B > 0, which com-
pletes the proof of the lemma. O

The following lemma proves (7.18).

LEMMA 7.7.  For (A, B) € G1, we have
W (x1(A,B)) < —Bk if21(A,B) >0 and b (z2(A, B)) > L.
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PROOF. The proof is identical to the proof of Lemma 5.8. O

Proor or THEOREM 7.2. We have defined B*, d*, D*, 7 and o* in
Lemma 7.6. As mentioned, we have defined U(A, B) and u(A, B) in this
section as same as those in (5.87), (5.89) and (5.91). Recall the definition
of z9(A, B) in Lemma 7.2. We set U* = U(A*, B*), v* = u(A*, B*) and
x5 = x9(A*, B*). Next, we check that ga- p+(x), together with d*, D*, U*,
u*, xf, x5 and o, satisfies (7.11)-(7.18) and the monotonicity properties of
g in Theorem 7.2.

First, (5.87) implies the second part of (7.11), and (5.89) implies (7.15).
Second, Lemma 7.5 implies (7.13). Furthermore, Lemma 7.6 implies the first
part of (7.11), (7.12), (7.14) and (7.16)-(7.17). Finally, Lemma 7.2 implies
the monotonicity properties of g« g () and Lemma 7.7 implies (7.18). O
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