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Abstract

We consider the optimal control of a production-inventory system with a single product where items are
produced one unit at a time. Upon arrival, customer orders can be fulfilled from existing inventory, if
there is any, backordered, or rejected. Although customers are willing to wait if their orders are back-
logged, they are not infinitely patient. In particular, customers cancel their orders if their waiting time
in backlog exceeds a certain patience time. This patience time is random and varies from one customer
to another. At each decision epoch, we must determine whether or not to produce an item and, should
an order arise and there is no inventory on-hand, whether to reject the order or backorder it. Rejecting
an order incurs a rejection cost. If an order is backordered but the order ends up being cancelled by the
customer, we incur a cancellation cost. We can mitigate both costs by holding inventory but we incur
an inventory holding cost. We formulate the problem as a Markov decision process. We show that the
optimal policy can be described by two thresholds: a production base-stock level that determines when
production takes place and an admission threshold that determines when orders should be accepted. We
also characterize analytically the sensitivity of these thresholds to operating parameters, including the
demand and production rates and the various cost parameters. Using the structure of the optimal policy,
we formulate the dynamics of the corresponding production-inventory system as a Markov chain, which
allows us to compute efficiently the performance of the system for any choice of base-stock level and
admission threshold, In a numerical study, we compare the performance of the optimal policy against
several other policies and show that those that ignore customer impatience can perform poorly.

Keywords: Production-inventory systems, customer impatience, optimal control, make-to-stock queues,
Markov decision processes



1 Introduction

Inventory problems treated in the literature fall mostly into two categories. One deals with systems where
customers are assumed to be infinitely patient, so that a customer whose order is backlogged is willing
to wait for that order to be fulfilled no matter how long it takes. The other deals with systems where
customers have zero patience, so that a customer whose order cannot be fulfilled immediately is considered
lost. However, in practice, it is more common for customers to be willing to wait, but only up to a point.
Customers whose orders are backordered eventually cancel their orders and leave if their waiting time in
backlog exceeds a certain patience time. This patience time usually varies from one customer to another
and, for the same customer, may vary from one ordering instance to the next. Despite the prevalence of
such behavior in practice, there is limited literature that deals with this issue. Consequently very little
is known about optimal control policies, or even effective heuristics, for such systems. Very little is also
known about the impact of not accounting for customer impatience in making inventory decisions.

In this paper we address some of these limitations in the context of a production-inventory system with
a single product. In particular, we consider a continuous time and continuous review system where demand
orders arrive continuously over time one unit at a time with stochastic inter-arrival times. With each order
arrival, a decision must be made regarding whether to fulfill the order from on-hand inventory, backorder
it, or reject it. If an order is rejected, a rejection cost (e.g., a lost sale cost) is incurred. If an order is
backordered but the order ends up being cancelled by the customer due to impatience, a cancellation cost
(e.g., the sum of a lost sale cost and a penalty for loss of goodwill) is incurred. We can mitigate both costs
by increasing the number of items held in inventory, but there is a linear cost for keeping inventory on-
hand. Inventory is replenished from a production facility that produces units one at a time with stochastic
production times. At any point in time, the system manager must decide on whether or not to produce
and whether or not to accept an incoming order, should one arise.

We formulate the problem as a Markov decision process (MDP) and use it to characterize the structure
of the optimal policy. We show that the optimal policy can be described by two thresholds: a production
base-stock level and an admission threshold. The production base-stock level determines when production
takes place while the admission threshold determines when orders should be accepted. We also charac-
terize analytically the sensitivity of these thresholds to operating parameters, including the demand and
production rates and the various cost parameters. Using the structure of the optimal policy, we model the
dynamics of the corresponding production-inventory system as a Markov chain which allows us to compute
effeciently the performance of the system for any choice of base-stock level and admission threshold. Using
numerical results, we compare the performance of the optimal policy against several other policies and
show that those that do not account for impatience can perform poorly.

In the existing inventory literature, the issue of customer impatience has been treated mostly in the



context of so called inventory systems with partial backordering. Under partial backordering (see for
example Montgomery et al. (1973), Moinzadeh (1989), Smeitink (1990), Nahmias and Smith (1994), and
the references therein), an arriving customer that faces a stockout is backordered with a certain probability
and is lost otherwise. In situations where multiple orders are placed at once, this means that a fraction of
customers are backordered while the remainder is lost. These models capture the simplest case of customer
impatience with a mixture of only two types of customers: some that are infinitely patient and, therefore,
can be backordered, and some that have zero patience and, therefore, are lost if they cannot be fulfilled
immediately. This obviously ignores the possibility of having customers who are willing to wait but with
varying degrees of patience. Posner et al. (1972) and Das (1977) do consider systems where customers
are initially willing to wait, but if their demand is not fulfilled within their patience time, they leave the
system. However, in their case, they assume a particular inventory control policy, either a (g,7) or a
base-stock policy, and do not allow for the possibility of rejecting customers. To our knowledge, our paper
is the first to characterize the optimal policy for an inventory system with customer impatience.

Although the modeling of customer impatience is surprisingly limited in the inventory literature, there
is significant and growing literature that models impatience in the context of queueing systems; see for
example Gans et al. (2003), Garnet et al. (2002), Mandelbaum and Zeltyn (2005), Jouini et al. (2007a,
2007b), Armony et al. (2007), Ward and Kumar (2008), and the references therein. A queueing system
can be viewed as a make-to-order version of the system we consider in this paper, where inventory is not
allowed to be held in anticipation of future demand. Much of the queueing literature that incorporates
impatience is focused on performance evaluation and not optimal control. Moreover, the optimal control
problem in a queueing system is simpler as there is typically only a decision about whether or not to admit
a customer.

The rest of the paper is organized as follows. In Section 2, we formulate the problem. In Section 3,
we characterize the structure of the optimal policy. In Section 4, we describe a performance evaluation
model. In Section 5, we present numerical results. In Section 6, we offer a summary and some concluding

comments.

2 Problem Formulation

We consider a system where a single product is produced at a single facility to fulfill demand from customers
who place orders continuously over time according to a Poisson process with rate A. Items are produced
one unit at a time with exponentially-distributed production times with mean 1/u. The production facility
can produce ahead of demand in a make-to-stock fashion. However, items in inventory incur a holding

cost h per unit per unit time. Upon arrival, an order is either fulfilled from inventory, if any is available,



backordered, or rejected. If an order is rejected, the system incurs a rejection cost r. If an order is
backordered, the system incurs no immediate cost. However, customers are impatient and may decide to
cancel their orders if their waiting time in backlog exceeds a patience time. If a customer cancels her order,
the system incurs a cancellation cost c. We assume that the rejecting cost is larger than the cancellation
cost (r < ¢). Otherwise, it is optimal for the customers to accept all orders. The rejection cost can be
viewed as a lost sale cost (e.g., the opportunity cost of generating revenue from the sale of one unit), while
the cancellation cost can be viewed as the sum of a lost sale cost and a penalty for backlogging the order
and not fulfilling it within the customer’s patience time. We assume there is no other cost to backordering,
although it is possible to impose an additional cost that increases with the amount of time an order stays
in backlog. Customer patience times are independent and exponentially distributed with mean 1/+. This
means that customers are willing to wait for an amount of time that is exponentially distributed for their
orders to be fulfilled; otherwise, they cancel their orders. We assume that there is a finite upper bound
M on the number of orders that can be on backorder at any time. ”This assumption, which is made for
mathematical tractability, is however not restrictive as we allow this upper to be arbitrarily large.

At any point in time, the system manager must decide whether or not to produce an item. We assume
that preemption is possible, so that deciding not to produce could mean interrupting the production of
a unit that was previously initiated. If interruption occurs, we assume it can be resumed the next time
production is initiated (because of the memoryless property of the exponential distribution, resuming
production from where it was interrupted is equivalent to initiating it from scratch). We assume that there
are no costs associated with interrupting production. This conforms to earlier treatment of production-
inventory systems in the literature; see, for example, Ha (1997a, 1997b). This assumption is not restrictive
since, as we show in Theorem 1, it turns out that, generally, it is not optimal to interrupt production of
an item once it has been initiated. At any point in time, the system manager must also decide on how to
handle incoming orders. In particular, should an order arise and there is no inventory on-hand, a decision
must be made on whether to backorder it or to reject it.

In our model, we assume that demand is Poisson and both production times and patience times are
exponentially distributed. These assumptions are made in part for mathematical tractability as they allow
us to formulate the control problem as an MDP and enable us to describe the structure of an optimal
policy. They are also useful in approximating the behavior of systems where variability is high. The
assumptions of Poisson demand and exponential production times are consistent with previous treatments
of production-inventory systems; see for example, Buzacott and Shanthikumar (Chapter 4, 1993), Ha
(1997a, 1997b), Zipkin (2000), and de Véricourt et al. (2002), among others. In Section 6, we discuss how
these assumptions may be partially relaxed. The assumption of exponentially distributed patience times

has been widely used in modeling customer impatience in queueing systems; see for example Mandelbaum



and Zeltyn (2005) and Garnet et al. (2002). It captures the realistic feature that customers’ willingness to
wait decreases quickly with time, leading to a setting where most customers are willing to wait for only a
relatively short period, with few (the most loyal customers) willing to wait for an extensive length of time.

The state of the system at time ¢ can be described by net inventory X (t), where X (¢)™ = max|[0, X ()]
corresponds to on-hand inventory, and X (¢)~ = —min[0, X (¢)] to backorder level (the number of orders
that are still waiting to be fulfilled). Note that because of the possibility of interrupting production, it
is not necessary to include in the state description whether an item is currently being produced or not.
Furthermore, because both order inter-arrival times and production times are exponentially distributed,
the system is memoryless and decision epochs can be restricted to only times when the state changes
(i.e., the completion of an item, the arrival of an order, or the cancellation of an order due to customer
impatience). The memoryless property allows us to formulate the problem as an MDP and to restrict our
attention to the class of Markovian policies for which actions taken at a particular decision epoch depend
only on the current state of the system. In each state, the system manager makes two types of decisions,
one regarding production and the other regarding order fulfillment. A policy d specifies for each state x
whether production should be initiated or not and should an order arise whether it should be fulfilled from
on-hand inventory, backordered or rejected (if there is inventory on-hand, it is trivial to show that it is
always optimal to fulfill it).

Let R(t) denote the number of orders that have been rejected up to time ¢ and N(¢) the number of
orders that have been cancelled by customers due to impatience up to time ¢t. Then the expected discounted
cost (the sum of inventory holding, order cancellation, and lost sales costs) over an infinite planning horizon

obtained under a policy d and a starting state x can be written as:

vi(z) = B¢ [ /0 - e X T (t)dt + /0 h e *rdR(t) + /O h e_atch(t)} ,

where a > 0 is the discount rate (extending the analysis to the case where the objective is to minimize
average cost is straightforward and is briefly described at the end of Section 3). Our objective is to choose
a policy d* that minimizes the expected discounted cost. We refer to the optimal cost function as v* where
v* = v, Following Lippman (1975), we work with a uniformized version of the problem in which the
transition rate in each state under any action is 5 = A+pu+ M~y so that the transition times between decision
epochs form a sequence of i.i.d. exponential random variables, each with mean 1/3. The introduction of
the uniform transition rate allows us to transform the continuous time decision process into a discrete time

decision process, simplifying the analysis considerably. To further simplify the analysis, and without loss

of generality, we also rescale time by letting o + 8 = 1. The optimal cost function can now be shown to



satisfy the following optimality equation:
v*(z) = ha™ + AT v™ () + pWTproav™ (z) + Y Timpv™* (), (1)

where the operators Tjoq, Tyrr, and Ty, are defined as follows,

Tproqv(x) = min(v(z), v(z + 1)), o

Tumafa) = § 0@ = Dhvl@) ) i w> =M 3)
v(x) +r, if 2= —M. and

Timpv(z) = ];;;[1(;(;5 +1) + ]+ (M + z)v(x) i’ x_>]\/_; <z<-1 "

Operator T4 is associated with the production decision: a decision to produce would increase the
inventory level by one unit once production is completed while a decision not to produce will leave the
inventory level unchanged. Operator Ty, is associated with the handling of the arrival of an order: fulfilling
the order from on-hand inventory or backordering it reduce inventory level by one unit while rejecting it
leaves the inventory level unchanged but leads the system to incur cost r. (Note that when the backorder
level reaches M an incoming order is always rejected and the cost r is incurred.) Operator Ty, is associated
with customers canceling their orders due to impatience. If the number of orders backordered is k, then
the transition rate out of this state due to cancellations is ky. To maintain a uniform transition rate, we
use the standard approach of allowing for fictitious transitions from the state to itself with rate (M — k),

so that the overall transition rate is always M.

3 The Structure of the Optimal Policy

In this section, we characterize the structure of the optimal policy. In order to do so, we show that the
optimal value function v*(x) for all states  satisfies certain properties as specified in Definition 1 below.

We then show that these properties imply a specific rule for the optimal action in each state.

Definition 1 Let U be a set of real valued functions defined on the set of integers Z, such that if v € U,
then:

Property P1 Av(z) > —c, for all x,

Property P2 A?u(x) >0, for all z,

Property P3 Av(z) > —r, for allx > 0, and

Property P4 Av(z) <0, for all x <0,



where Av(x) = v(x+1) —v(z) and A%v(z) = Av(z+1) — Av(z). Therefore, convexity of v(z) is equivalent
to A?v(zx) > 0.

Lemma 1 Ifv € U, then Tv € U where Tv(z) = ha™ + N4 v(2) + T proqv(x) + Y Timpv(x). Furthermore,

the optimal cost function v* is an element of U. That is, v* € U,

The proof of Lemma 1 and all other subsequent results can be found in the Appendix. In the proof, we
first show that the operator T' preserves properties P1-P4, which together with the convergence of value
iteration, allows us to conclude that the optimal cost function v* satisfies properties P1-P4. Applied to
v*, property P1 indicates that it is never desirable to have cancellations due to impatience. Property P2
implies that the marginal cost difference due to increasing net inventory is non-increasing. That is, the
optimal value function is convex. Property P3 indicates that it is more preferable to fulfill orders from
on-hand inventory, if there is any, than to reject them. Property P4 implies that it is optimal to produce
whenever there is a backlog.

In order to describe the optimal policy implied by the above properties of the value function, we first

define the following two threshold parameters:

s* min(z : Av*(x) > 0), (5)

and w* = max{—M,min(x : Av*(z) +r > 0)}. (6)

We are now ready to characterize the optimal policy.

Theorem 1 There exists an optimal policy that can be specified by thresholds s* and w* as follows. The
optimal production policy is a base-stock policy with base-stock level s*, such that it is optimal to produce if
x < 8% and not to produce otherwise. The optimal order fulfillment policy is a limited admission policy with
admission threshold w*, such that it is optimal to accept an order if x > w* and to reject it otherwise. An
admitted order is fulfilled from on-hand inventory if there is any and is backordered otherwise. Moreover,

we have the following:
o [t is always optimal to produce if there are any backorders; that is, s* > 0.
e [t is always optimal to accept orders if there is on-hand inventory; that is, w* < 0.

o If s* > 0, then it is never optimal to preempt production once it has been initiated.

In contrast to common pure lost sales and pure backorder policies, the optimal policy allows for both
backordering and order rejection. In doing so, the policy limits both inventory and backorder levels
(inventory is costly because of holding costs and backordering is costly because it increases the chance of

customers canceling their orders due to impatience). Note that as long as s* > 0, it is never optimal to



preempt production once it is initiated. In particular, if it is optimal to produce in state 0 < x < s*, then
it continues, by virtue of the fact that the production policy is a base-stock policy with base-stock level
s*, to be optimal to produce in state x — 1 if an order arrives and we decide not to reject it (of course
it continues to be optimal if an order arrives and we decide to reject it, leaving the system in state x).
Similarly, if it is optimal to produce in state w* < x < 0, then it continues to be optimal to produce in both
states « + 1, corresponding to an order cancellation, and state x — 1, corresponding to an order arrival.”

The only scenario under which preemption is possible is when s* = 0 (i.e., inventory is never held and
we produce only if there is a backorder). However, even in this case, preemption is optimal only if the
system is in state x = —1 and an order is cancelled, moving the system to state x = 0.

The structure of the optimal policy in Theorem 1 can be shown to continue to hold for several variants
of the problem, including systems where there is a one time backordering cost per unit backordered, a linear
production cost and a convex holding cost. It also continues to hold in the case where the optimization
criterion is the average cost per unit time instead of the expected discounted cost. The existence of an
optimal policy for the average cost, and for this average cost to be finite and independent of the starting
state, can be proven via an argument involving taking the limit as a — 0 in the discounted cost problem
(see for example Cavazos-Cadena and Sennott (1992) and Weber and Stidham (1987)).

In the following theorem, we further characterize the structure of the optimal policy by characterizing

the impact of various system parameters on the base-stock level and the admission threshold.

Theorem 2 The optimal base-stock level s* is non-increasing in h, p, and M and is non-decreasing in c,
r, and \. The optimal admission threshold w* is non-increasing in h, p, v, and M and is non-decreasing

m c and \.

The proof of Theorem 2 involves defining various super- and sub-modularity properties and showing that
these are satisfied by the optimal cost function, v*, which then implies the monotonicity results described
in the theorem. Full details of the proof can be found in the Appendix. Theorem 2 also pertains to the
average-cost case. In Figure 1, we provide representative numerical results, for the average cost criterion,
that illustrate the impact of system parameters on s* and w*. These results show that both s* and w*
can be quite sensitive to changes in system parameter values. For example, when ¢ — r, w* — —oo and
it becomes optimal never to reject any order. When ¢ — oo, w* — 0 and it becomes optimal to always
reject orders when there is no inventory on-hand. When A is much larger than p, it also becomes optimal
to always reject when there is no on-hand inventory (In this case, there is not sufficient capacity to fulfill
demand and a fraction of total demand must always be rejected). Note that we were not able to establish
monotonicity results with respect to the impatience parameter . In Section 5, we present numerical results

regarding the effect of v and examine the impact of customer impatience on system performance.
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4 A Performance Evaluation Model

In this section, we use knowledge of the structure of the optimal policy to construct a performance evalua-
tion model to compute efficiently the optimal base-stock level and the optimal admission threshold under
the average cost criterion. Having such a model eliminates the need to use dynamic programming to carry
out computations. Moreover, a dynamic programming algorithm, depending on problem parameter values,
may require truncation of the state space, making the corresponding results approximate.

The approach we take follows from the recognition that a system operating under a control policy
specified by a fixed base-stock level s and an admission threshold w can be modeled as a Markov chain. In
particular, the net inventory level, X (), evolves as a continuous-time Markov chain with transition rates

from state j to state k, g, given by

A ifk=7—-—1Lw<j<s,
Gk =S pu+vj~ ifk=7j+1Lw<j<s,
0 otherwise,

where j~ = —min[0, j|]. This Markov chain is graphically illustrated in Figure 2.

O @s

u-wy  pe(wHlyy  pey

Figure 2: The transition diagram for the Markov chain model

The stationary probabilities, m; = lim;_,o, P(X (t) = j), for the Markov chain can be shown to be given by
the following:

p* g if0<j<s,
= (H;il ﬁ) Py ifw<j <0, (7)
0 otherwise,
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where p = m and

-1

ZPJ+Z<TJ[MH,§> | ®)

j=w \k=1

For given s and w, the expected cost, which we denote by V (s, w), can now be obtained as:

s -1
V(s,w) = hE(X1) +cyE(X7) +rim, = thwj +cy Z —JTj 4+ T ATy. 9)

j=1 j=w
The above expression involves the sum of finite terms and, therefore, can be computed efficiently. The
optimal values for s and w can be obtained via an exhaustive search over a large enough range of s and
w (unfortunately, the function V(s,w) is not jointly convex in s and w). The computational effort for
carrying out this search is generally modest. For example, a search over a 1,000 by 1,000 grid takes only
few seconds on a standard personal computer. The computations can be further expedited by noting that
the optimal base-stock level, s*, has an upper bound given by the optimal base-stock level, §*, of a system
where backorders are never allowed and where items are always rejected when they cannot be fulfilled from
on-hand inventory. In the appendix, we show how an upper bound on §* and, therefore, also on s* can be

obtained in closed form.

5 Some Numerical Results

In this section, we briefly provide some numerical results that illustrate the impact of customer impatience
on optimal average cost and that examine the sensitivity of the base-stock level and admission threshold to
system parameters. We also provide numerical results that compare the optimal policy to other commonly
used policies.

In Figure 3, we present results that show the impact of varying the patience time parameter v on
optimal average cost. As we can see, customer impatience can have a significant impact on the cost.
Cost is increasing in a roughly concave fashion in the impatience parameter, v. These results highlight
the importance of carefully accounting for customer impatience, as under or over-estimating customers’
willingness to wait can lead to significantly under or over-estimating the true cost. They can also lead to
significant errors in selecting values for the base-stock level and the admission thresholds (Figure 4).

In Figure 5, we compare the performance of the optimal policy with four other policies, that are perhaps
simpler to implement as they all involve a single control parameter, but that either ignore or do not fully

account for the impact of customer impatience. The policies are as follows:
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Base-stock Level %)

Average Cost

0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 3: Impact of impatience rate on the average cost when A =0.9,u=1,r =50,h =1

Admission Threshold (w*)

0.05 0.1 0.15 02 025 03 -10

Figure 4: Impact of impatience rate on s* and w* when A =0.9,u=1,r=50,h =1
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Policy Hi: Orders are never rejected and are always backordered. Production is managed according to a

base-stock policy with a fixed base-stock level.

Policy Hs: Orders that cannot be fulfilled from on-hand inventory are always rejected. Production is

managed according to a base-stock policy with a fixed base-stock level.

Policy Hs: No inventory is held in anticipation of future demand and orders are always backordered as

long as the backorder level does not exceed a specified threshold.

Policy H4: No inventory is held in anticipation of future demand and orders are always backordered when

they arrive.

The above policies can all be viewed as special cases of an (s, w) policy, where production is managed
using a base-stock policy with base-stock level s and order fulfillment is managed using an admission policy
with an admission threshold w. In the case of Hi, s > 0 and w = —oo; for Hy, s > 0 and w = 0; for Hs,
s =0and w < 0; and for Hy, s = 0 and w = —oo. To allow for a fair comparison against the optimal
policy, the parameters of the four policies are always chosen optimally. Figure 5 shows the percentage cost
difference between the cost of the optimal policy and the optimal cost of each policy. The percentage cost
difference, ¢;, for policy H; is computed as §; = (C — C*)/C* x 100%, where C} is the optimal average
cost under policy H; and C* is the average cost under the optimal policy.

As we can see from Figure 5, all four policies can perform poorly. In general, policies that do not allow
for rejection (w = —o0) perform poorly when customers are very impatient (v is high), cancellation cost
is high (c is high), rejection cost is low (r is low), or when the utilization of the production facility is high
(the ratio A\/u is high). On the other hand, policies that always reject orders when they cannot be fulfilled
from on-hand inventory (w = 0) perform poorly when customers are patient (y is low), impatience cost is
low (c is low), rejection cost is high (r is high), or when the utilization of the production facility is low (the
ratio A\/p is low). There are of course settings where each of the four policies performs reasonably well.
However, in most settings when impatience matters, either because of a low customer patience time or a
high cost of cancellation, there are significant benefits to using the optimal or, to a lesser degree, a policy

that limits the number of backorders, such as policy Hy or Hj.
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6 Conclusions and Future Research

In this paper, we have analyzed a production-inventory system with impatient customers. We characterized
the structure of the optimal policy and studied the sensitivity of the optimal policy to various operating
parameters. Given the structure of the optimal policy, we described a performance evaluation model that
allows for computing control parameters of the optimal policy efficiently. From numerical results, we
investigated the impact of customer impatience on total system cost and compared the performance of the
optimal policy against the performance of alternative control policies that ignore or do not fully account
for customer impatience.

The results of the paper highlight the importance of incorporating customer impatience in the manage-
ment of inventory systems. The results also highlight the inadequacy of existing inventory models which
tend to assume that orders that cannot be immediately fulfilled from on-hand inventory are either all
backordered (pure backorder systems) or all rejected (pure lost sales systems) and illustrates the need for
models that allow for both backordering and rejection.

This paper is obviously only a first step toward a more comprehensive modeling and analysis of inventory
systems with impatience. Avenues for future research are many. It will be useful to consider systems with
different demand, production time, and patience time distributions. For example, it is possible to substitute
the exponential distribution by Phase-type distributions which can be constructed to approximate other
more general distributions. Phase-type distributions retains the Markovian property of the system and
continues to allow the formulation of the problem as an MDP. It will also be useful to extend the analysis
to systems with multiple demand classes with different patient time parameters and different rejection and
cancellation costs. This would give rise to new types of decisions regarding how on-hand inventory should

be allocated and how fulfillment priorities should be assigned to orders that are in backlog.
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A Online Appendix

A.1 Proof of Lemma 1

Throughout this proof, we assume that the value function v belongs to Y. In order to prove Lemma 1, we

will prove that T'v satisfies properties P1, P2, P3 and P4.

Preliminaries

As v satisfies Property P2, we can define the thresholds s and w:

s = min(z: Av(x) > 0),

w = max{—M,min(z : Av(z) +r >0)},

and for x > —M, we have:

Av(z) > 0 if and only if x > s,

Av(z) +r > 0 if and only if z > w.

Using the definitions of s and w, we can rewrite operators Tg,, and T},,oq as follows:

v(x—1) if
Torrv(z) =
) v(x) +r if
) v(x+1) if
Tyroav() = v(x) if

The first order differences for the operators Ty, Tproq and Ty, can be written as follows:
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x> w

r < w,

r<s

T > S.

(14)

(15)



Av(z) if z<w-1
ATyv(z) = —71 if x=w (16)
Av(z —1) if x>w,

Av(z+1) if z+1<s

ATproqu(z) = ¢ 0 if rz4+1=s (17)
[ Av(z) if z41>s,
—c— HA 1 M A if < -1
ATimo(a) = c—(x+1DAv(z+1)+ (M + x)Av(x) i x < as)
MAv(zx) it x>0,

and the second order differences are:

A%v(z—1) if z>w
A + if =
AT () = 4 Sv@ i e =w (19)
—r—Av(z) if z4+1l=w
A2y(x) it z+2<w,
Az +1) if x<s-—2
—Av(z+1) if z=s-2

AT, rodV () = (20)
! Av(z+1) if z=s-1
A2p(x) if x>s,
—(x+2)A%(x +1) + (M +2)A%0(x) if —-M<z<-2
A?Tipv(z) = ¢ MA20(z) + Av(z) + ¢ it r=-1 (21)
MA2y(x) it  x>0.

Since we defined the first and second order differences, we are now ready to prove that properties P1-P4

hold for Tw.

Property P1

First of all, we have Av(xz) > —c for all z since v satisfies P1. Secondly, —r > —c by assumption. Using
(12)-(13) and (16)-(18), we show that, for all , AT,.v(z) > —¢, ATy oqv(z) > —c and AT, v(x) > —Me.

We can now conclude that Property P1 holds for T, since, for all x:

ATv(x) = h + pATyreqv(z) + AATrv(x) + YATjmpv(x) > —( + X+ yM)e > —c.
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The last inequality results from the rescaling of time assumption given in Section 2 which implies that

wHEANFyM <1

Property P2

Using (12)-(13), (19)-(21) and properties satisfied by v (in particular P1, P2 and P3), we show that
AT v(), AQTpmdv(x) and AQTimpv(a:) are non-negative, for all . Therefore, for all x, we have the

following inequality:
AQTU(:(:) = MAQTpmdv(x) + )\AZTm«rU(:L') + 7A2Empv(x) >0,
and we conclude that Tv satisfies Property P2.

Property P3

We have Av(z) > —r when x > 0 since v satisfies P3. As a result, equations (16)-(18) imply that
ATgpv(x) > =1, ATpoqv(z) > —1 and ATjppv(x) > —Mr if £ > 0. Therefore, when x > 0, we have the

following inequality:
ATv(z) = h+ pATp0qv(z) + AATyrrv(z) + YA jmpv(z) > —(pp+ A +yM)r > —r,
and T'v satisfies P3.

Property P4

We have Av(z) < 0 when x < 0 since v satisfies P4. As a result, equations (16)-(18) imply that ATy,,v(x) <
0, ATy oqv(z) < 0 and ATjppv(x) < 0if 2 < 0. Finally, when = < 0, we have the following inequality:

ATv(z) = pATproqv(x) + AATgrpv(x) + YATimpv(z) < 0,
and T'v satisfies P4.

Conclusion

We have shown that v € U implies that Tv € Y. The fixed point theorem (Puterman 1994) ensures that
the sequence of functions v,+1 = Tv,, converges to v* for any vy. If we take vg(x) = 0 for all =, we have

vg € U and we conclude by induction that v* € U.
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A.2 Proof of Theorem 1

From Lemma 1, we know that v* € U. Property P2 guarantees the existence of threshold levels s* and
w*. Furthermore it implies that it is optimal to produce if z < s* and not to produce otherwise and to
accept an order if x > w* and to reject it otherwise. Property P3 states that it is optimal to accept orders
if there is on-hand inventory and implies that w* < 0. Property P4 states that it is optimal to produce if

x < 0 and implies that s* > 0.

A.3 Proof of Theorem 2

In order to show monotonicity properties for s* and w* with respect to various system parameters, we
adapt the following approach. We compare the optimal value functions of two systems that are identical
except for the value of one system parameter, denoted by p. For short, we write p = A when demand rate
is varied, p = r when rejecting cost is varied and so on. The optimal base-stock level, admission threshold
and value function corresponding to a given system parameter p will be represented by sy, wy and vy, (x)
respectively, where p belongs to the set of system parameters {\, u, h,c, 7, M }.

We state that a function v, is submodular in  and p (denoted by SubM (z,p)), if and only if,

Avp(z) > Avpye(z),Ve > —M,Vp # M, Ve > 0.

The supermodularity in  and p , denoted by SuperM (z, p), is the opposite inequality (Av,(z) < Avpic(x)).
These definitions can be used when p € {r,c, h, A, u}. However, when p = M, p is discrete and the state
space depends on M. In this case, we state that v is SubM (x, M) if and only if the following inequality
holds:

Avpr(x) > Avprg (), Ve > —M, VM € IN.

Super M (xz, M) is the same inequality in opposite direction.
Let us start our proof by defining the necessary properties to be satisfied in order to show the results

given in Theorem 2. Firstly, we define V' a set of real valued functions, with the following properties:
Definition 2 Ifv € V, then:

Property Q1 v € U,

Property Q2 Vp € {u,h, M}, v is SuperM (z,p) and Vp € {\,r,c}, v is SubM (z,p),

Property Q3 Av,ic(z) + € > Avy(z),Vr > 0,Ve > 0.

If we prove that v* € V, then, we obtain the monotonicity results for s* and w* as described in Theorem

2.
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The uniformization rate depends on {\, p, M} and needs to be constant for two systems to be compara-
ble. We rescale the time using a uniformization rate ¢ which is sufficiently larger than (a+ A+ u+ M~) to
have the same uniformization rate with parameter values p or p+e¢. Therefore, the optimality equations are
redefined by adding a new operator, Ty, ¢, to maintain a constant uniformization rate. T}, is a fictitious
event operator that transfers the system into the same state. Optimality equations can be rewritten as

follows:

v, (x) = Tv,(z), vz,
1
with Tvp(z) = 5 [hat + AT vp (@) + 1T pr0ap(®) + Y Timpp(2) 4+ Tunifvp(2)]

and  Typifvp(x) = (0 —a— A — p — My)vy(x).

Operators Ty, Tproq and Tipy,, are defined as previously. Note that all operators may depend on p. For

instance, if p = A, we have the following optimal operator T" when the arrival rate equals A + € :

L

Tvyye(z) 5 hat + (A4 €)Tarrvase(T) + ,UTprodU)\—&-e(x) + YT impUrte (v)

+(0—a—A—e—p—My)vr(z)]

In order to prove that T preserves properties of the set V), we are going to prove two lemmas. In Lemma

2, we show that individual operators Ty,rod, Timps Tarr, Tunif Preserve some monotonicity properties.

Lemma 2 Ifv eV, then:

SuperM (z,p) | SubM (x,p)

hx™ | Vpe{u,h, M} | Vp e {\ecr}
Toroav | Y0 € {pt,h, M} | Vp € {\,c,7}
Timpv | Vp€{p,h} | Vpe{Acr}
Torrv | Vp€{p,h, M} | ¥p € {\ e}
Tunifv Vp € {u, h} Vp e {\cr}

Table 1: Preservation of submodularity and supermodularity by the operators

Table 1 can be interpreted as follows. For instance, if v € V then Tjp,v is SuperM (z,p) for all p € {u, h}
and SubM (x,p) for all p € {\, ¢, 7}.
Proof: We assume in all this proof that v € V. It is clear that ha™ is Super M (x,p) for p € {u, h, M} and
SubM (z,p) for p € {\, ¢, r}.

If we adapt results from Cil et al. (2009), we have Tp,poqv is Super M (x, p) for p € {u, h} and SubM (x,p)
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for p € {\,¢,7}. When p = M, the state space depends on M. However, the argument used by Cil et al.
still holds, since there is no transition from state (—M) to state (—M — 1) associated with production.
For operator Ty, Equation (18) implies that Tjp,v is SuperM (z,p) for p € {u, h} and SubM (x,p)
for p € {\, ¢, r}.
For operator Ty, Cil et al. (2009) show that T,,v is Super M (z,p) for p € {u, h} and SubM (z,p) for

p € {\, c}. Consider the case p = r, it is slightly more complex since operator Ty, depends on r. We have:

Avp(z) < —r if x <w,
AT v () =< —r if z =w, (22)
Avp(z—1) > —r if x> w,.

Above equation implies that
ATyrvp(x) > —r if and only if > w;. (23)
As v satisfies Q3, we have w,1. < w, and the following cases:

AT(M‘T'UT-‘,-E(«T) - ATarrvr(«T)

Avpge(x) — Avp(2) <0 if £ < wpie < w,
—(r+e)—Av.(z) < —(r+e¢e)— Avppe(z) <0 if v = wrge < wy
Avppe(rz —1) — Avp(2) < Avpye(x) — Avp(z) <0 if wpye <z < wy

= (24)
_ESO ifx:wr_i_&:w?q
Avppe(z—1)+r < Av(z—1)+r <0 if wpe <x=w,

Avpye(r—1) — Avp(x —1) <0 if wypge < w, < .

Inequalities in (24) are based on property P2 (i.e. Av.(z) < Av.(z + 1)), on SubM (z,r) of v (i.e.
Avpic(z) < Avp(x)) and on definition of w, which ensures that Av,(z) +r > 0 if and only if z > w,.
Consider now the case where p = M. As v is SuperM (xz, M), we have Avyr(x) < Avpryi(xz) when

x > —M. Moreover, wyr+1 < wyr. We have:

ATarrUM—i—l <$) — AT oy (J;)

Avprir(z) — Avpr(z) >0 if —M<zx<wyi
— ATa’/‘TUM—&—l(m) - ATarrUM(x) >0 if WM+1 <z < wy,x > -M (25)
>-r <—r

Avpyr(x —1) — Avpyrpa(x —1) >0 if 2 > wy > —M.
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Therefore, we have ATy vpr41(2) — ATgrrvp(z) > 0 when o > —M and Typpv is Super M (z, M).
Finally, it is clear that T,;sv is SuperM (z,p) for p = h and SubM (z,p) for p € {c,r}. [ |

The following lemma will be used to prove that T preserves SuperM (z, ) and SubM (xz, ). We have

omitted p since these results hold independent of p.

Lemma 3 Ifv e U, then
1. AlTyoqv(z) —v(z)] >0, for allz > —M

2. AlTgrrv(z) —v(x)] <0, for allz > —M

Proof: Assume that v € Y. From Cil et al. (2009), we know that convexity of v in x implies that
(Tprodqv — v) is non-decreasing in x.

We will now show that (Tyv — v) is non-increasing in x.

0 ife<w
AlToyrv(z) —v(2)] = —r — Av(z) <0 if 2 =w (26)
Av(z —1) — Av(z) <0 ifx > w.

Inequalities in (26) come from the definition of w and convexity of v € U. [

The last lemma, based on lemmas 2 and 3, show that 7T preserves properties of V. It also implies, by

value iteration, that v* belongs to V and thus Theorem 2.

Lemma 4

If v ey thenTv e V.

Proof: Assume that v € V.
Property Q1
By Lemma 1, Tv € U and hence satisfies Q1.
Property Q2
When p belongs to {c¢,r,h}, Tv is a linear combination of ha™t, To,rv, TproaV, Timpv, Tunifv where the
coefficients of the combination do not depend on h,c,r. Therefore, Lemma 2 implies that T preserves
SubM (x,p) for p € {¢,r} and preserves SuperM (z,p) for p = h.

When p belongs to {\, i, M }, the transition rates depend on A, x and M and we can not apply above ar-
gument. Cil et al. (2009) have shown how lemmas 2 and 3 imply that T'v is SubM (x, \) and Super M (x, j1).
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We remind their argument for p = A. We have the following inequality:

ATvy.o(z) < ATvp(a)

PAT proqUx+e(T) PATpr0qur(T)
FAAT rULe(T) +AAT,rvp ()
= VAT pvate() < +YATpvr(2) : (27)
+(0 —a—X—pu— My)Avyi(z) +(0 —a—X—p— MNAvy(z)
FeA[Tarrvate() — vate(w)]

The first four lines of (27) satisfy the inequality (<) since Tprod, Tarr and Tjyp preserve SubM (x,\)
(Lemma 2). Moreover, A[Tyrrvate(z) — vate(z)] < 0 by Lemma 3. Therefore, inequality (27) holds and

Tv is SubM (x,\). The arguments are similar for proving supermodularity of Tv in (z, u).

Now, consider SuperM (x, M). We have:

1
Top(x) :g[thr + 1T proava () + ANTarrvn (2) + YT imponr ()
+ (6 —a—A—p—Myou(z),
1
Toprs1(x) Zg[hﬂﬁ + W proavr+1(2) + A arrvar41(2) + Y impvnr+1(x)

+ (0 —a—X—pu—(M+1)y) v ()],

and the following inequality, when > —M,

ATvpr41(x) > ATvp(2)

NATprodUM-‘rl (l‘) NATprod'UM (ZL’)
+)\AT(17‘7‘ +)\ATCLT'I’
- vr41(2) - vn () (28)
A ATiprr41(2) — Avars1 (@) AT g (2)
+(0—a—X—p— My)Avpiq(x) +(0—a—X—pu— My)Avy(z)

Inequalities in lines 1, 2 and 4 of Equation (28) hold from Lemma 2. Remains to prove that ATjy,pvar41(x)—

Avpr41(x) > ATmpon (), for > —M. We have:

—c—(z+1DAvy(z+ 1)+ (M +z)Avy(z) if —M<z< -1
ATimpon (x) =

29
MAvy(z) #)

if x >0,
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and

ATimpvai41(z) — Avpr41 ()
—c— (z+1D)Avp(z+ 1)+ (M + 2)Avpyrp(z) if —M <z < -1

= (30)
MAvpr41(z) itz > 0.

Since v is Super M (xz, M), we have Avpri1(x) > Avp(z). If we compare equations (29)-(30), it follows
that [ATimpvn+1(x) — Avarpi(z)] > ATmpua(xz). We conclude that inequality (28) holds and Tv is
Super M (xz, M). Finally, Tv satisfies Q2.

Property Q3

Here, we have:

1
ATv.(z)+1r = 5 {h + p[ATproqvr (x) + 7] + N[ AT grpvr () + 1] + Y[ATimpvr (2) + 7] + [ATynigvr(x) + 7]} .
(31)
We can use similar arguments to those used for property Q2 to show that (AT},roqv + 1), (ATimpv + 1) and

(ATynifv + r) are non-decreasing in 7.

As v satisfies Property Q3, we have Av,i¢(x) 4+ € > Av,(x) and w,4. < w,. Therefore,

ATy Vrye(x) + € — AT yppvp ()

Avpie(x) + € — Avp(x) >0 if £ < wpie < w,
ATarTUr—i-e(‘r) +€— ATarrvr(x) >0 ifwge<z<w,

>—(r+e) <=
Avppe(x —1)+e—Av(x—1) >0 if wrpe < wp < .

Inequalities (< —(r +¢€)) and (> —7) in (32) come from (23). Finally, we conclude that ATv,.(z) 4 r is

non-decreasing in r and T'v satisfies Q3. |

A.4 Bounds on the Optimal Base-stock Level

Theorem 3

V2xr /I ifp<1

0<s"<s, with s,= . and h' = h/(\r)
(p=1)/(Wp)+1/Inp if p>1
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Proof: The lower bound 0 < s* is a direct consequence of Theorem 2.

From Theorem 2, we know that s*(M) is non-increasing in M and hence we have s*(M) < s*(M = 0).
When p > 1, Ha (1997a) has established that s*(M = 0) is bounded by the smallest nonnegative integer
larger than (p — 1)/(k'p) +1/Inp — 1 with A" = h/(Ar). When p < 1, Ha shows that the average cost
V(s,0) is convex in s.

We complete the analysis of Ha by providing a simple upper-bound on the optimal base-stock level when
p <1 (or A < pu). We consider the limiting case where u = X and M = 0 where the stationary probabilities
simplify to m; = SJ%I The average cost has a simple expression: V(s,0) = hs/2+ Ar/(s+1). Since V (s,0)
is convex in s, the optimal base-stock equals L\/WJ From Theorem 2, the optimal base-stock level is
non-increasing in g and hence \/m is an upper-bound on s* when A < pu. |
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