Li ber opoul os- Koukoum al os, 95-114

On the Effect of Variability and Uncertainty in
Advance Denand I nformation on the Perfornmance
of a Make-to-Stock Supplier

Geor ge Li beropoul os
Departnment of Mechanical and | ndustrial Engineering, University of
Thessaly, G eece

Stel i os Koukouni al os
Departnment of Financial and Managenment Engi neering, University of the
Aegean, G eece

Abst r act

Qur aimin this paper is to investigate how variability and uncertainty in
advance demand information (AD) affects the performance of a make-to-stock
supplier. To this end, we develop a nodel of a supplier who receives orders
for one item at a tinme from custoners that may belong to one of two
cl asses. Each custoner in the first class requests inmedi ate delivery, and
hence provides no ADI at all. Each customer in the second class nakes a
cancel able reservation in advance of his requested due date, and hence
provides uncertain ADI. W assune that the supplier uses an order base
stock replenishnent policy with a release lead tinme. According to this
policy, each ~custoner order triggers the potential placenent of a
repl eni shment order by the supplier at a time that is determned by
offsetting the demand due date by a fixed planned supply lead tine. The
repl eni shment order is actually placed only if there have been fewer
cancel lations that replenishment orders in the past; otherwise, it is
ski pped. W investigate via sinulation the inmpact of inportant AD related
paraneters on the optimal decision variables and performance of the
repl eni shment policy, for four different variations of the nodel. In each
variation, the replenishment (or supply) process is represented by a
different queueing system The systens that we consider are the MM,

MD 1, MM¥, and MD ¥ queues, respectively.
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| nt roducti on

Production and operations managenent researchers and practitioners agree
that obtaining and distributing demand information to all the partners of a
supply chain is essential for inproving the coordination and ultinmately the
performance of the supply chain. The benefits of sharing demand infornmation
are further anplified when this information is obtained ahead of tine. From
a supplier’'s side, one of the mamin advantages of having access to advance
demand information (ADI) is that such information can be used as a tradeoff
for finished goods (FG inventory and can thus lead to reduced inventory
costs.

One way that a supplier can obtain AD is by inciting his custoners to
place their orders ahead of time. This can be acconplished by offering
incentives such as price discounts or service priority to customers who
order in advance. In many real situations, however, not all custoners who
are given the opportunity to order in advance will do so, and of those who
will, sone may subsequently change or cancel their orders; therefore, in
practice, ADI is wusually both variable and uncertain. Yet, with a few
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exceptions, nost of the literature on ADI concerns nodels in which AD is
assunmed to be known with certainty (and in nmany cases to be even constant),
per haps because the literature on ADl is still in its early stages and such
nodel s are naturally the first to be devel oped and anal yzed. Sonme of that
literature is reviewed in the next section. Consequently, the self-evident
managerial interest in assessing the inpact of variability and uncertainty
in the anmbunt of ADI has not been satisfactorily addressed in the
literature.

The nature of the beneficial tradeoff between FG inventory and ADI, even
when ADI is constant, is in general very difficult to assess analytically,
particularly when the supplier is a capacitated production/inventory
system because production capacity affects this tradeoff in a non-trivial
way. Wien AD is variable and uncertain, the difficulty in obtaining
anal ytical results seens insurnountable. Gven the nanagerial interest in
assessing the inpact of variability and uncertainty in the anount of ADI on
the supplier’'s performance, but also the intricacy in carrying out this
assessnent analytically, in this paper we investigate this inpact via
simulation. Qur hope is that the results of our investigation nay shed sonme
light into the nature of the tradeoff between FG inventory and ADI, and may
provide sone supporting evidence and intuition to nore courageous
researchers who set off to find anal ytical answers.

To carry out our investigation, first we develop a nodel of a nmake-to-stock
supplier who has access to variable and uncertain AD . The supplier
receives orders for one itemat a tinme from custoners that nay belong to
one of two classes. Each customer in the first class requests inmediate
delivery (rush job), and hence provides no ADI at all. Each custonmer in the
second class nakes a cancelable reservation a fixed demand lead tine in
advance of his requested due date, and hence provides uncertain ADI. Once
he makes a reservation, he must subsequently confirm or cancel it a fixed
confirmation lead time before this due date.

We assune that the supplier uses a nodified order base stock repleni shnent
policy with a release lead tinme. According to this policy, each custoner
order triggers the decision by the supplier to place or not a replenishnent
order. The time of this decision is determ ned by offsetting the demand due
date by a fixed planned supply lead tine. Wien this decision tinme cones,
the supplier decides to place the order only if there have been fewer
cancel l ations than replenishnment orders in the past; otherw se, he skips
the order. The parameters of the nodified policy are the order base stock
| evel and the planned supply |lead tine.

To investigate the inpact of variability and uncertainty of AD on the
performance of the supplier, we study the inpact of the AD related
paraneters on the optimal decision variables and performance of the
nodi fied order base stock policy with a release lead tinme, for four
variations of our nodel. In each variation, the replenishment (supply)
process is represented by a different queueing system The four systens

that we consider are the MM1, MD1, MM¥, and MD ¥ queueing systens,
respectively. The first two systens are single-server queues and hence
represent capacitated suppliers, whereas the latter two systens are
infinite-server queues and hence represent uncapacitated suppliers.

In our investigation we seek to address the followi ng questions for we
whi ch we have no a priori intuition.

The first set of questions is related to the inpact of the demand lead tine
(denoted by T) of class-2 customers on the optinmal decision variables and
performance of the supplier’s replenishnent policy. One of these variables
is the order base stock |evel. The order base stock |level can be viewed as
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bei ng nade up of two conponents. The first conponent is ained at ensuring
adequate service to class-1 custoners (rush jobs), while the second
conponent is ained at ensuring adequate service to class-2 custoners.
Intuition and previous analysis for the case where the supplier has

const ant, reliable AD, i.e., only class-2 custonmers (e.g., see
Li beropoul os (2008) and reference therein), suggest that as T increases,
the optimal order base stock |evel should decrease until it reaches a

certain minimmlevel at certain critical value of T. If this turns out to
be true in the nore conplex nodel examned in this paper, where there are
two classes of custonmers, then what is this mninum order base stock |evel
equal to, and what is the corresponding critical value of T? Wuat happens
if T is larger than the critical value? Does the conponent of the optinal
order base stock level ainmed at servicing class-1 custoners decrease al so,
given that the rush orders from class-1 custoners can be satisfied by FG
inventory replenishnments triggered by class-2 custoner orders? How does the
opti mal planned supply lead tine vary with T?

Anot her set of questions is related to the inpact of the rush job
probability (denoted by p), the cancellation probability (denoted by q),
and the confirmation lead tinme (denoted by A) on the optimal paraneters and
performance of the nodified order base stock policy with a release |ead
time.

Intuition suggests that as p decreases, i.e., as there are fewer rush jobs,
the amount of ADI increases, and therefore the supplier’s optinmal order
base stock level and cost should decrease. At the sane tine, as
decreases, the overall percentage of cancelled reservations, (1 - p)q,
increases. As a result, the nunmber of superfluous replenishnment orders,
i.e., orders that are triggered by eventually cancelled reservations, also
i ncreases, raising FGinventory along the way. Intuition suggests that this
increase in FG inventory should cause a further decrease in the supplier’s
optimal order base stock level and resulting cost. To sunmarize, as p
decreases, intuitively the supplier’s optinmal order base stock level and
cost tends to al so decrease. Does the optimal planned supply lead time al so
decrease with p?

What is the inmpact of g and A on the optimal decision variables and
performance of the nodified order base stock policy with a release |ead
tine? Is it as sinple to guess as the inpact of p? Intuition suggests that
as ( decreases, i.e., as there are fewer cancellations, or A increases,
i.e., the confirmation lead tine beconmes |onger, the uncertainty of ADI
decreases, and therefore the supplier’s optimal order base stock |evel and
cost shoul d decrease. At the sane tine, as q decreases or A increases, the
supplier places fewer superfluous repleni shnent orders, causing a reduction
in FG inventory. Intuition suggests that this reduction in FG inventory
shoul d cause an increase in the supplier’'s optinmal order base stock |evel
to keep the custonmer service from dropping. To sunmmari ze, as ¢ decreases or
A increases, intuitively the supplier’s optimal order base stock |evel and
cost tend to both decrease and increase. Wich of the two effects
predom nat es?

Finally, how does capacity interfere with variability and uncertainty in
ADI, and does a capacitated supplier, whose replenishnent orders are
typically pipelined, behave differently than an uncapacitated supplier,
whose repl eni shment orders do not necessarily arrive in the order in which
t hey were placed?

The rest of this paper is organized as follows. In the follow ng section,
we review some of the literature on ADI, particularly that which is nost
closely related to our work. Next, we describe our nodel, and then we
investigate via sinulation the inpact of inportant ADI related paraneters
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on the optimal replenishnent policy decision variables and perfornmance of
our nodel, for the cases where the supply process is nodeled as an MM 1,
MD1, MM¥, and MD¥ queue, respectively. Initially, we look at the
sinpler case where there are no cancellations, and then we exam ne the nore
conplicated general case wth cancellations. W conclude at the |ast
section.

Literature revi ew

The literature on ADI is growing fast. Mst of it concerns pure inventory
systens, i.e., systems with no production capacity and hence queueing
effects. One of the earliest and nost influential works for systens wth
exogenous replenishment tines is the work of Hariharan and Zi pkin (1995).
They study a nodel of a supplier who uses a continuous-review order-base-
stock repl eni shnent policy to nmeet customer orders that arrive according to
a Poi sson process. Each custonmer order is for a single itemto be delivered
a fixed demand | ead-tinme following the order. They consider three cases for
nodel i ng the demand and replenishment (i.e., supply) lead-tinmes. In each
case, they construct an equivalent conventional nodel, i.e., one with no
demand | ead-tines, in which the replenishment |ead-tinmes are offset by the
demand |ead-tinmes. This shows that the effect of a denmand |ead-time on
overall system performance is the sane as a corresponding reduction in the
repl eni shment | ead-tinme.

Gal l ego and Czer (2001) consider a single-stage periodic-review inventory
system wi th exogenous replenishments and variable but finite demand | ead-
tinmes. They show that for the zero set-up cost case, an order-base-stock
policy is optimal if the replenishment tine is greater than the maxi mum
demand lead-time. Gallego and Czer (2003) and Czer (2003) extend this
analysis to nmulti-echelon and distribution systens, respectively, and Wang
and Toktay (2006) extend it to systenms with flexible delivery. Finally,
(Qzer and Wei (2004) prove the optimality of a state-dependent nodified
order-base-stock policy for an extension of the single-stage system in
whi ch the capacity is limted.

O her works that show the benefits of AD on systenms wth exogenous
repleni shnment times are Bourland et al. (1996), Gilld (1997), Decroix and
Mookerjee (1997), Chen (2001), van Donselaar et al. (2001), Lu et al.
(2003), Marklund (2006), and Tan et al. (2007).

For queue-type capacitated production/inventory systenms, Buzacott and
Shant hi kumar (1993, 1994) present a detailed nodel of a single-stage nake-
to-stock manufacturer who wuses a continuous-review order-base-stock
repl eni shment policy to neet custonmer demands that arrive a fixed denmand
lead-tine in advance of their due-dates. They analyze in detail the case
where demands arrive according to a Poisson process and the manufacturing
system consists of a single server wth exponentially distributed
processing tine and FCFS service protocol; hence, the flow through the
manufacturing systemis identical to that through an MM 1 queue. For this
system they show that the optinal demand |ead-tine and associated cost is
a linearly decreasing function of the order-base-stock |evel.

For the discrete-tinme version of the MM1 nmake-to-stock manufacturing
system anal yzed in Buzacott and Shanthi kumar (1993, 1994), Karaesnen et al.
(2002) evaluate analytically the perfornmance of the optinmal order-base-
stock policy. They then conpare it to the performance of the overall
opti mal repleni shnent policy, which they evaluate nunerically using dynamc
programm ng. Their numerical results show that the optinal order-base-stock
policy is quite effective.
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Karaesnmen et al. (2003) conplenent the work of Buzacott and Shant hi kumar
(1993, 1994) with sonme results on the influence of production |ead-tine
variability on the tradeoff between the order-base-stock level and the
demand | ead-tine. Along the way, they propose an approxi mati on schene for a
general i zation of the nodel studied by Buzacott and Shanthi kumar (1993,
1994) in which the flow through the nmanufacturing systemis identical to
that through an MG 1 queue.

Karaesmen at al. (2004) assess the value of ADI for the nodel considered by
Buzacott and Shanthi kumar (1993, 1994) by assuming that the manufacturer
pays a fixed or a denand | ead-tinme-dependent price for obtaining ADI. They
then evaluate the effects of processing capacity on the value of AD . They
repeat this assessnent for a variation of the nobdel in which custoners
accept deliveries earlier than their required due-dates. For this
variation, they show that the effect of a denmand lead-tinme on overall
system performance is the same as a reduction in the backorder cost in an
equi val ent conventional system i.e., one with no demand | ead-ti nes.

Li beropoul os et al. (2003) propose an order-base-stock-type policy for a
nodel of a nake-to-stock supplier with two classes of custoners: those who
provide unreliable ADI in the form of cancel able reservations, and those
who provide no ADI at all. They optimze this policy via sinulation

Gayon et al. (2006) and Benjaafar et al. (2006) use Markov decision process
analysis to characterize the structure of the optinmal policy of a single-
stage capacitated supply systemwth inperfect AD, where custoners either
nake cancel able reservations, as in the system introduced by Liberopoul os
et al. (2003), or provide changeabl e due-dates, respectively.

Li beropoul os et al. (2005) investigate via sinulation the tradeoff between
the optimal order-base-stock levels and kanbans (WP-control linmts) and
the demand | ead-tine, in order-base-stock policies with/without WP-linmts,
for a single- and a two-stage nake-to-stock capacitated nanufacturing
systemw th ADI .

Wjngaard (2004) considers a single-stage make-to-stock manufacturing
system that either produces at a constant production rate R or not all. The
goal is to neet customer orders with mninum average i nventory and stockout
costs; both cases of lost sales and order backlogging are considered.
Custoner orders arrive according to a Poisson process a fixed demand | ead-
tinme h in advance of their due-dates. The flow through the manufacturing
systemis therefore equivalent to that through an M D1 queue, except that
production is continuous. The nain result is that for high utilization rate
o and smal |l demand | ead-tines the finished-goods inventory reduction due to
t he foreknow edge of ADI is equal to (1 - p) h R

W jngaard and Karaesnmen (2007) show that for the make-to-stock MD 1-type
gueue considered in Wjngaard (2004), if the demand lead time is snaller
than a certain threshold value, then an order base stock policy is optinal.
For unit production rate, this threshold value is equal to the optinal base
stock level for the case w thout ADI.

Finally, Liberopoulos (2008) develops sone analytical results on the
tradeoff between FG inventory and ADI for a nodel of a single-stage, nake-
t o-stock supplier who uses an order base stock repl eni shment policy to neet
custoner orders that arrive a fixed tine in advance of their due dates.

Model description

We consider a nodel of a nake-to-stock supplier who has access to variable
and uncertain ADI. The supplier receives orders for one itemat a time from
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customers that arrive randomy according to a stationary Poisson process
with nmean arrival rate A. Each arriving custoner nay belong to one of two
classes, 1 and 2. Each custonmer in class 1 requests imediate delivery
(rush job), i.e., his requested due date coincides with the arrival tinme of
his order. Each custoner in class 2 nakes a cancel able reservation a fixed
tinme, T, before his requested due date. W refer to T as the denmand |ead
tinme. For both classes, if no items are available at the requested due
date, the demand is backordered. If we let R denote the demand |ead tine of
any custoner, then

i0 for class-1 custoners,
=i
iT, for class-2 custoners.

(1)
Each arriving custoner belongs to class 1 or 2 with a fixed probability p
and 1 — p, respectively. W refer to p as the rush job probability.

Once a class-2 custoner makes a reservation, he nust subsequently confirm
or cancel this reservation a fixed time, A, prior to his requested due
date. W& refer to A as the confirmation lead tinme. Note that if Ao > T,
offsetting the demand due date by A would yield a time instant that
preceded the custonmer order arrival time. In this case, the custoner would
have to confirmor cancel his order before he even places it. Since this is
i npossible, we assume that in this case, the custonmer mnust confirm or

cancel his reservation inmmediately wupon arrival. Therefore, the tine
instant at which a class-2 custoner confirns or cancels his reservation is
(T-0)7 (2)
time units after his arrival, where x* °© max(0, x). If a class-2 custoner
confirns his reservation, the remaining tine until he clains his item at
his requested due date is
T—-(T-2)%=mnmn(T, 1). (3)

Each class-2 custonmer cancels or confirnms his reservation with a fixed
probability q and 1 — g, respectively. W refer to g as the cancellation
probability.

Gven that custoners arrive according to a Poisson process wth nean
arrival rate A and that all class-1 custoners and a fraction (1 - q) of
class-2 custoners consume FG itens, the total demand for the consunption of
itens fromFG inventory is Poisson with rate

Ae = A[p + (1 -p)(1-a0a)]. (4)

The reservation-confirmati on nechani sm descri bed above can al so be viewed
as a surrogate for a forecasting systemin which there are sone confirned
orders in the short term and forecasts of orders in the longer term The
paraneters that affect the variability and uncertainty of ADl are A, T, p,
g, and A.

There is no setup cost or setup tinme for placing a replenishnent order and
no limt on the nunber of orders that can be placed per unit time. The
supplier uses a type of an order base stock replenishnent policy which we
call nodified order base stock policy with a release lead tine. To describe
how this policy works, we must first explain how the conventional order
base stock policy with a release lead tinme works. The conventional order
base stock policy with a release lead tine, which was first proposed by
Karaesmen et al. (2002), works |ike the classical base stock policy, except
that each replenishment order is triggered by a custonmer order instead of
an actual demand, and the time of placing this order is offset fromthe due
date by a fixed tinme L, just like in the time phasing step of the MR
procedure. We refer to L as the planned supply lead tine. Mreover, the
supplier starts with an initial level of items in FG inventory, S, as in
the classical base stock policy. W refer to S as the order base stock
| evel . The advantage of the conventional order base stock policy with a
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release lead tinme is that it requires mnimal information and is very
sinple to inplenment. Mreover, under sone conditions, it has been shown to
be effective or even opti nal

In the nodified order base stock replenishment policy with a release |ead
tine that we propose in this paper, each customer order does not
necessarily trigger the placenment of a new replenishment order by the
supplier. If it did, then in the long run nore replenishnent orders than
actual custonmer demands would be placed — since sone custoner reservations
are cancelled — leading to the accunulation of infinite FG inventory. The
decision to place or not a replenishnent order is offset fromthe due date
by the planned supply lead tine, L. W refer to this decision as place-or-
ski p decision, for short. Once again, note that if the demand lead tine T
is smaller than L, then offsetting the demand due date by L would yield a
tinme instant that preceded the customer order arrival time, which neans
that the supplier would have to nmake his place-or-skip decision before the
custoner order even arrives. Since this is unreasonable, we assune that in
this case the supplier nmakes his place-or-skip decision imediately upon
the arrival of the custonmer order. Therefore, the time instant of the
supplier’s place-or-skip decision is
i0 for class-1 custoners,
(R- L) =

kT - L)', for class-2 custoners, (3)

time units after the arrival of a custoner order

The outcome of the supplier’'s place-or-skip decision is deternmned as
follows. At the tine instant of the place-or-skip decision, the supplier
conpares the cunulative nunber of cancelled reservations against the
cunul ati ve nunber of replenishnent orders that have been placed up to that
instant. If there have been nore cancelled reservations than repl eni shnment
orders, then the supplier sinply skips placing a new repl eni shment order.
If there have been fewer cancelled reservations than repl enishnent orders,
then the supplier places a new repl eni shrent order i mediately.

To keep track of the surplus of the cunulative nunber of canceled
reservations over the cunulative nunber of replenishment order placenents,
the supplier uses a stack which we call cancelled reservations surplus
stack (CRSS), whose level increases/decreases as follows. Wenever a
customer cancels his reservation, the CRSS level is increased by one.
Whenever the CRSS is not enpty at a place-or-skip decision instant, the
supplier skips a replenishment order and the CRSS level is decreased by
one; otherwi se he places an order and | eaves the CRSS | evel unchanged.

If the supplier’s decision is to place an order, he does so i medi ately and
receives one item after W time units. W refer to W as the actual
repl eni shment (or supply or flow) time. Wis a random variabl e that depends
on the supply process.

A schematic representation of the nodel that we described above is shown in
Figure 1, where big circles represent delays, small circles represent
probabilistic routing, and squares represent decision points. To better
understand how the nodified order base stock policy with a release |ead
time works, a typical sequence of events is shown in Figure 2, for the case
where L < A < T.

The policy that we described above is reasonable, because it guarantees
that in the long run, the supplier places as nmany replenishnent orders as
there are confirnmed demands. Moreover, we think that it should also be
quite effective, because in his place-or-skip decision, the supplier uses
the nost recent information on cancelled reservations. An alternative,
sinpler policy would be, for exanple, for the supplier to sinply decide to
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pl ace or skip a replenishnent order with stationary probability 1 — g and
g, respectively. Such a policy would also guarantee that in the long run
the supplier places as many replenishnent orders as there are confirned
demands; however, it would probably be less effective than the nodified
order base stock replenishnent policy we described in the previous
par agraphs, because it uses no feed-back information on cancelled
reservations.

If CRSS is not enpty, do
not pl ace repleni shnent

Del ay before making a order. Decrease CRSS by
| ace- or-skip deci si on One. ) FG
P % \\\\ inventory

(R- 1) 1

{1 | ={¥}————> P
If CRSS is enpty, place Replenishnent JJSet”(;SngrOS
repl eni shnent or der Ti me

i mredi ately. w _

Del ay before
confirm ng a
reservation > H

(T —20)* N\ -

Qust oner
orders

1-p Del ay before % Backor dered
1-g demandi ng an item denands
Reser vati ons a \\ PNT- mn(T, A)
Confi rned
Cancel | ed reservations

reservations.

I ncrease CRSS by one. RSS
Figure 1: Mdel of a single-stage, nmake-to-stock supplier with variable,
unreliable ADI, operating under a nodified order base stock repleni shnment
policy with a release lead tine
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- At t,, a class-1 customer order arrives. The class-1 custoner
i medi ately demands an item and the supplier decides to place or
skip a repl enishment order based on the current CRSS level. If his
decision is to place the order, then he places it imediately.

- At t,, a class-2 custoner order arrives

- At t;, the class-2 customer confirns or cancels his order. |If he
cancels his order, the CRSS level is increased by one.

- At ty, the supplier decides to place or skip a repl enishment order
based on the current CRSS level. If his decisionis to place the
order, then he places it imrediately.

- At ts, the class-2 custoner demands an item

Figure 2: Typical sequence of events for the case where L < A < T.

The nodel that we described above is quite versatile. The decision
vari abl es of the nodified order base stock policy with a release lead tine
are the order base stock level S and the planned supply lead tinme L.
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Parameters A, T, p, q, and A characterize the variability and uncertainty
of ADI and are considered as exogenous. Setting these paraneters to their
extreme values yields several characteristic special cases of the nodel.
Bel ow, we |ist sone of these cases.

T=20: Inthis case, there is no ADI and the supplier has a single class of
custonmers, nanely, rush jobs. Custoner orders, i.e., denmands, arrive
according to a Poisson process with rate A, given by (4). Paraneters L and
A are irrelevant. The supplier uses a classical base stock policy, nanely,
he places a replenishnment order inmediately upon the arrival of a custoner
demand.

A = 0: In this case, every class-2 custoner confirnms or cancels his
reservation T tinme units after he places it, i.e., right on his requested
due date.

A > T In this case, every class-2 custoner confirnms or cancels his
reservation imediately upon arrival. This nodel is equivalent to a nodel
in which there are no cancellations and the supplier has two classes of
custoners, nanely, rush jobs and customers who place orders T time units in
advance of their requested due dates. In the equivalent nodel, class-1
custonmers arrive according to a Poisson process with rate Ap, and class-2
custonmers arrive according to a Poisson process with rate A(1 — p)(1 - Q).
The supplier always places — i.e., never skips — a replenishment order
i mredi ately upon the arrival of a custoner order.

p =0: In this case, the supplier has a single class of custoners, nanely,
custoners who nmake cancel able reservations T tine units in advance of their

requested due dates. Custonmer orders, i.e., reservations, arrive according
to a Poisson process with rate A, and the consunption of itenms from FG
inventory occurs according to Poisson process with rate A(1 — q). Here,

there are two subcases to consider. The first is the subcase where A > L or
L >A>T. Inthis case, the resulting nodel is equivalent to a nodel in
whi ch custoners arrive according to a Poisson process with rate A(1 - p),
there are no cancellations, each custoner places a firm order mn(T, L)
tinme units in advance of his requested due date, and each customer order
i mredi ately triggers the placenent of a new repl eni shnent order. The second
subcase is one in which A <L and A < 7. In this case, the resulting nodel
is equivalent to a nodel in which custoner reservations arrive according to
a Poisson process with rate A, each custoner nmust confirnficancel his
reservation mn(T, L) — A tine units after he places it. If a custoner
confirnms his reservation, the remaining tine until he clains his item at
his requested due date is A.

p = 1. In this case, the supplier has a single class of custoners, nanely,
rush jobs, so there is no AD. Customer orders, i.e., demands, arrive
according to a Poisson process with rate A. Paraneters T, L, A, and q are
irrelevant. The supplier uses a classical base stock policy, nanely, he
always places a replenishment order inmmediately upon the arrival of a
custormer demand. This case is identical to the case where T = 0, except
that the custoner demand arrival rate is A instead of A..

g = 0: In this case, there are no cancellations. The supplier has two
cl asses of customers, nanmely, rush jobs and custonmers who place orders T
time units in advance of their requested due dates. Cass-1 custoners
arrive according to a Poisson process with rate ap, and class-2 custoners
arrive according to a Poisson process with rate A(1 — p). Paraneter A is
irrelevant. The supplier always places - i.e., never skips - a
repl eni shnment order (R — L)" tine units after the arrival of a custoner
order. This case is simlar to the equivalent nmodel in the case where A >
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T, except that in that nodel, the supplier always places a replenishment
order inmediately upon the arrival of a customer order.

g = 1: In this case, all reservations are cancelled. This nodel is
equivalent to a nodel in whhich the supplier has a single class of
custoners, nanely, rush jobs, so there is no AD. Custoner orders, i.e.,

demands, arrive according to a Poisson process with rate Ap. Paraneters T,
L, and A, are irrelevant. The supplier uses a classical base stock policy,
narmely, he always places a repl eni shment order inmmediately upon the arrival
of a customer demand. This case is identical to the case where T = 0,
except that the customer demand arrival rate is Ap instead of A

p=9g=0: Inthis case, there are no cancellations, and the supplier has a
single class of custoners, nanmely, custoners who place their orders T tine
units in advance of their requested due dates. Custoner orders arrive
according to a Poisson processes with rate A This case represents the
situation where the supplier has access to constant, reliable AD (see
Li ber opoul os, 2007).

Effect of variability and uncertainty in ADI on the supplier’s performance

We consider a standard optim zation probl em whose objective is to find the
values of S and L that mnimze the long-run expected average cost of
hol di ng and backordering FG inventory, for given AD related paraneters A,
T, p, g, and A, and inventory hol ding and backordering cost rates, h and b,
respectively. Qur goal is to investigate the inpact of the AD related
paraneters on the supplier’s optinal decision variables and perfornance. W
carry out our investigation for four variations of the nodel that we
devel oped in Section 0O, where in each variation the supply process is
represented by a different queueing system The four systens that we
consider are the MM1, MD1, MM¥, and MD ¥ queues, respectively. The
cost rates h and b are the same in all the variations and are set equal to
1 and 9, respectively. For each variation, we consider two different val ues
for the custoner arrival rate, namely A = 0.8 and A = 0.95. For each
gueuei ng system variation and for each value of A, the service rate of the
gueuei ng system denoted by pu, is set so that EfW = 5 in order to have a
comon basis when conparing the results between different systenms. Note
that for the MM1 and MD'1 queues, E[W is equal to 1/ u(l - p) and 1/ u +
0°12(1 — p)A, respectively (e.g., see Goss and Harris, 1998), whereas for

the MM¥ and M D ¥ queues, E[W is sinply equal to 1/ .

To carry out our investigation, we proceed step by step. Initially, we | ook
at the sinpler case where there is no order canceling; hence AD is
variable but reliable. Then, we |look at the nore conplicated general case
where ADI is both variable and unreliable.

Effect of variability

First, we investigate the case where q = 0. As we nentioned in the previous
section, when g = 0, there are no cancellations; hence AD is variable but
reliable. Parameter A is irrelevant and the supplier always places a
repl eni shnent order (R — L)" tine units after the arrival of a custoner
order. A schematic representation of the resulting nodel is shown in Figure
3.

Let L° denote the optimal planned supply lead time. Let S(T) and C(T)
denote the optimal order base stock |evel and the corresponding m ninum
| ong-run expected average cost, when the planned supply lead tine is L and
the demand lead tine is T. As was nentioned in the previous section, when T
= 0, the nodel reduces to a classical base stock nodel without AD, for
whi ch analytical results exist. If T > 0, on the other hand, there exist no
exact analytical expressions for the optinal decision variables and
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performance, except for the case where p = 0 (see Liberopoulos (2008)).
Using the anal ytical expressions for p = 0, we can conpute S(0), C(0), L',
S(L"), and C(L"), for each queueing system and for each value of A; note
that S(L") and C(L") are the optimal order base stock level and the
corresponding mninmum |ong-run expected average cost, when the planned
supply lead time is L° and the demand lead time T is equal to L". The

results are shown in Table 1.

Del ay before placing a ]
repleni shment order FG inventory
(R-D"

> Items to

Cust omer customers
orders Rush Repl eni shnent Ti nme
JTbS w
1 — o/ A
P '\A\ € Backor der ed
Orders with ADI Del ay before demanding an item demands
T

Figure 3: Mdel of a single-stage, make-to-stock supplier with variable but
reliable ADI, operating under a nodified order base stock replenishnent
policy with a release lead tine

Table 1: Optimal replenishnent policy decision variables and correspondi ng
m ni rum | ong-run expected average cost for the case where p = q =0

Suppl y Case 1: A = 0.8 Case 2: A = 0.95

process u L S(0) C(0) S(L") C(L") u L S(0) C(0) S(L") C(L")
M/M 1 1 11.5129 10 10.319 O 9.210 1.15 11.5129 12 12.052 O 10.937
MD'1 0.9123 9.4796 9 8.997 0 7.675 0.94310.7035 11 10.700 O 8.785
M M ¥ 0.2 5 7 3.848 2 2.964 0.2 5 8 4.169 2 3.284
M D/ ¥ 0.2 5 7 3.848 0 0 0.2 5 8 4.169 0 0

Let L" denote the optimal planned supply lead time. Let S(T) and C(T)
denote the optimal order base stock |evel and the corresponding m ninum
| ong-run expected average cost, when the planned supply lead tine is L and
the demand lead tine is T. As was nentioned in the previous section, when T
= 0, the nodel reduces to a classical base stock nodel w thout AD, for
whi ch anal ytical results exist. If T > 0, on the other hand, there exist no
exact analytical expressions for the optinmal decision variables and
performance, except for the case where p = 0 (see Liberopoul os 2007). Using
the analytical expressions for p = 0, we can conmpute S(0), C(0), L,
S(L"), and C(L"), for each queueing system and for each value of A; note
that S(L") and C(L") are the optimal order base stock level and the
corresponding mninmum |ong-run expected average cost, when the planned
supply lead time is L° and the demand lead time T is equal to L. The
results are shown in Table 1.

To investigate the inpact of the ADI related paraneters on the optinal
deci sion paraneters and performance, we optimzed L and S(T) for different
val ues of paraneters T and p, for each queueing system variation and for
each value of A. Tables 2-5 show the resulting values of L, S'(L"), and
C(L"), for different values of p. In these tables, we purposely omitted
di splaying S(T) and C(T) for different values of T, except for T =L", for
space considerations; however, the behavior of S(T) and C(T) vs. T is
di scussed in observations 2 and 3 that follow The values in the first row
of each table correspond to the instance where p = q = 0 and are therefore
identical to those in Table 1. The results in all other rows were found
after running a large nunber of sinulations at different L and S val ues and
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choosing the best conbination of values. The values of the mninm cost

C(L") are therefore estimtes produced by the sinulations. The sinulation
run length was set to 60, 20, 10 and 10 mllion customer arrivals, for the
MM1, MD1, MM¥ and MD ¥ queueing systens, respectively. These run
| engths guaranteed that in each instance exam ned, the upper and | ower

limts of the 95% confidence interval for the average FG inventory are
within 0.3% fromits estimate, and the upper and lower limts of the 95%
confidence interval for the average nunber of backordered demands are
within 3% fromits estimate. Finally, we should note that the optimzation
was perforned over integer values of L only, even though in reality L is a
conti nuous paraneter.

Table 2: Optimal replenishnent policy decision variables and correspondi ng
m ni mum | ong-run expected average cost for the MM 1 queuei ng system

Case 1. p =1, 2 = 0.8 Case 2. p = 1.15, A = 0.95
p C S(L) c(L) C S(L) c(L)
0 11. 5129 0 9. 210 11. 5129 0 10. 937

0.2 14 0 9.222 13 0 10. 428

0.5 23 0 9. 390 22 0 10. 523

0.7 38 0 9. 669 36 0 10. 800

Tabl e 3: Optimal replenishnent policy decision variables and correspondi ng
m ni mum | ong-run expected average cost for the MD/'1 queuei ng system

Case 1. p = 0.9123, A = 0.8 Case 2. p = 0.9430, A, = 0.95
P C S(L) C(L) C S(L) C(L)
0 9. 4796 0 7.675 10. 7035 0 8. 785

0.2 12 0 7. 866 12 0 9.328

0.5 20 0 7.874 20 0 8. 937

0.7 34 0 8. 073 34 0 9.775

Tabl e 4: Optimal replenishnent policy decision variables and correspondi ng
m ni mum | ong-run expected average cost for the MM ¥ queuei ng system

Case 1. 1 =0.2, 2 = 0.8 Case 2. = 0.2, 2 = 0.95
p C S(L) C(L) C S(L) C(L)
0 5 2 2. 964 5 2 3.284

0.2 5 3 3. 161 5 3 3.508

0.5 5 4 3. 489 5 5 3.720

0.7 5 5 3.617 5 6 3. 909

Tabl e 5: Optimal replenishnent policy decision variables and correspondi ng
m ni mum | ong-run expected average cost for the MD/ ¥ queueing system

Case 1: u=0.2, A = 0.8 Case 2: u=0.2, A = 0.95

0 - S0 ) - S0 o
0 5 0 0 5 0 0

0.2 5 2 1.779 5 2 1.955

0.5 5 4 2.750 5 4 3. 030

0.7 5 5 3. 207 5 6 3. 510

Fromthe results in Tables 1-5 we can make the foll owi ng observati ons.

1 From Table 1, we can see that S(0) and C(0) are lower in the
uncapacitated MM¥ and M D/ ¥ queues than in the respective capacitated
MM1 and M D 1 queues, because the variability of the replenishment tine
is smaller in the uncapacitated queues than in the respective capacitated
gueues. Moreover, anong the capacitated queues, the MD/' 1 queue has | ower
values of S(0) and C(0) than the MM1 queue. Again, this is because
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the variability of the replenishnent tine is smaller in the former than
in the latter queue. For the uncapacitated queues, S(0) and C(0) are
the sanme, because S(0) and C(0) depends only on the nean and not the
variance of the replenishment tine, as is well-known from Palnmis Theorem
in Queueing Theory (e.g., see Goss and Harris, 1998).

In all instances of the capacitated MM1 and M D1l queues, the optinal
order base stock level, S(T), exhibits the behavior shown in Figure 4
(a). Namely, as T increases, S(T) decreases until it reaches zero at T =

L. For T > L", S(T) remains at zero. This behavior inplies that there is
a tradeoff between T and S'(T). Mreover, this tradeoff appears to be
“exhaustive” in the sense that S(T) drops all the way to zero when T >
L. The fact that the tradeoff between T and S(T) is exhaustive is
proved in Liberopoul os (2007) for the case where p = g = 0, which as was
noted earlier represents the situation where the supplier has only one
class of custonmers that provide constant, reliable ADI. Karaesnen et al.
(2002), Wjngaard (2004) and Karaesnen and Wjngaard (2007) also show
that, for the case with one class of custoners, all advance orders may be
aggregated in determning whether to order as long as the demand | ead
tine is shorter than the cover time for the optinal base stock level for
the case without ADI. The simulation results presented here suggest that
the tradeoff between T and S(T) appears to be exhaustive also in the
case where ADI is variable and reliable.

Figure 4 (a) also shows the delay of placing a replenishnent order
following the arrival of a class-2 custonmer order, (T — L))", vs. T. By
| ooking at both graphs of Figure 4 (a), nanely, S(T) vs. T and (T - L")"
vs. T, we can conjecture that for the capacitated queues, when T < L,
S(T) is positive and the delay in placing a replenishment order is zero,
whereas when T > L', S(T) is zero and the delay in placing a
repl eni shment order is positive and equal to T — L". In other words, when
T < L, it is optimal for the supplier to keep some FG inventory to
ensure good custoner service and at the same tinme place a replenishnent
order imediately upon the arrival of a class-2 custoner order. Wen T 2>
L", on the other hand, it is optimal for the supplier not to keep any FG
inventory and at the sane delay placing a replenishment order when a

cl ass-2 custoner order arrives.

In all the instances of the uncapacitated MM¥ and MD ¥ queues, the
opti mal planned supply lead tinme is equal to the nmean repl eni shnent tine,
i.e., L' = EfW = 5. Mreover, the optinmal order base stock level, S(T),
exhibits the behavior shown in Figure 4(b). This behavior is simlar to
that shown for the capacitated queues in Figure (a), except that the
S(T) does not drop all the way to zero at T = L°, but at a nininmm
positive level, S(L). The only exception is the case of the MD ¥ queue
when p = 0, where S (L) = 0, just like in the capacitated queues. For T
> L, SY(T) remins at S(L"). This behavior inplies that in the
uncapacitated queues (except in the case of the M D ¥ queue when p = 0),
the tradeoff between T and S(T) is not exhaustive.

Figure 4 (b) also shows the delay, (T — L)* in placing a replenishment
order, following the arrival of a class-2 custoner order, vs. T. By
| ooki ng at both graphs of Figure 4(b), nanely, S(T) vs. T and (T - L")"
vs. T, we can conjecture that for the uncapacitated queues, S(T) is
always positive (except in the case of the MD ¥ queue when p = 0). The
delay in placing a replenishment order, on the other hand, is zero, when
T < L, and positive when T > L". This suggests that, if T > L", it is
optimal for the supplier to keep some FG inventory and the same tine
delay the placenent of a replenishment order when a class-2 custoner
order arrives; hence he is not making use of all the demand lead tinme T
to further reduce the optinmal order base stock |evel. This observation is
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in line with the result in the seminal work by Hariharan and Zipkin
(1995) that ADI beyond the supply lead time is useless in the case of
infinite capacity.

AlMM1, MD1, and MD¥ 4 MMY¥ and MD¥ .
(when p = 0) (except when p = 0) |
* Delay (T — L)* o
S(0) A Delay (T - L)* | ) ay ( )
S(T) S s 4 sD \
/ \""' R ""’ )
S(L") A .
Ll:' T [‘*‘ T
(a) (b)

Figure 4. Qualitative behavior of S(T) and the delay (T — L)" vs. T for the
capaci tated and uncapacitated queues, respectively.

4 To see why when p = 0, S(L) =0 for the MD ¥ queue, and S(L") > 0 for
the MM ¥ queue, recall fromthe discussion at the end of Section 0, that
if p=0, the supplier has a single class of custoners, nanely, custoners
who nake reservations T tinme units in advance of their requested due
dates. If T = L, then the supplier places his replenishment order
(assumng the CRSS is enpty) imediately upon the arrival of a custoner

demand. Now, if the supply process is nodeled as an M D/ ¥ queue, the tinme
of this replenishnent order, W is deterministic and equal to its nean,
E[W. In this case, it is clear that if L = EW, then the supplier
al ways receives the repl eni shment order exactly E[W tinme units after the
demand that triggered it, i.e., right on-tine to fill this demand. For
this reason, he does not need to hold any FG inventory in advance, hence
S(E[W) = 0. In fact, this is the best the supplier can do; therefore L
= EfW. If the supply process is nodeled as an MM ¥ queue, on the other
hand, then the replenishment tine, W is random and may be larger or
smaller than its nmean, E[W. In this case, it is clear that if L = E[W,
the supplier does not always receive the replenishnent order on time to
fill the demand that triggered it. For this reason, he needs to build
some FG inventory in advance; hence, S(E[W) > O.

5 To see why when p > 0, S(L") > 0 for the MD/ ¥ queue, note that if p >0

and the supply process is nodeled as an MD ¥ queue, the time of the
repl eni shment order, W is still deterministic and equal to its nean,
E[W; therefore, the supplier always receives the replenishment order
exactly E[W time units after the demand that triggered it, as in the
case when p = 0. This is right on-tinme to fill this demand, if the
customer that placed the order is a class-2 custoner; however, it is late
if the order was placed by a class-1 customer. For this reason, the
supplier needs to build sone FG inventory in advance to service class-1
custoners; hence S(E[W) > 0.

6 L" and C(L") are lower in the uncapacitated MMY¥ and M D ¥ queues than
in the respective MM1 and MD/'1 queues. This is because the variability
of the replenishnent time is smaller in the uncapacitated queues than in
the respective capacitated queues, as was noted in observation 1.
Mor eover, anong the capacitated queues, the MD/1 queue has |ower val ues
of L and C(L) than the MM1 queue. Again, this is because the
variability of the replenishnent tine is smaller in the former queue than
it is in the latter, as was also noted in observation 1. For both the

uncapacitated MM¥ and MD/¥ queues, on the other hand, L" is the sane
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(see also observation 3 above), whereas C(L") is lower in the MD¥
queue than in the MM¥ queue (except when p = q = 0, where they are
equal to each other).

7 Let L°(p), denote the optimal planned supply lead tine as a function of
p, and let S(T; p), and C(T; p) denote the optimal order base stock
| evel and the correspondi ng mni num | ong-run expected average cost, when
the planned supply lead time is L(p), and T = L'(p). In all instances,
we found that L'(p) and S(T; p) exhibit the behavior shown in Figure 5
(a), for the capacitated queues, and Figure 4 (b), for the uncapacitated
queues. Nanely, for the capacitated queues, L°(p) is increasing in p.
Moreover, it appears to approximately satisfy

* L'(p) = L'(0)/(1 - p),

where L' (0) is the optimal planned supply lead time when p = 0. For the
uncapacitated queues, L'(p) appears to be independent of p and, as was
already noted in observation 3, appears to be equal to E[W.

For all queues, S(T; p) and C(T, p) are increasing in p. This can be
explained by the fact that as the rush job percentage p increases, the
anmount of  ADI decreases (since fewer custoners provide ADI).
Consequently, the need to keep safety stock and the costs associated with
this need increase. Wwen p = 1, there is no AD at all. Mre
specifically, S(T, p) appears to approxi mately satisfy

S(T; p) = pS(0 0 +(1 - PS(T; 0

= pS(0 1) +(1- p)S(T; 0.
In other words, S(T; p) appears to be approximately equal to the
wei ght ed average of the optinmal order base stock |evel of the two cl asses
of custoners in isolation.

S(T: A S(T;p)a MMy, MD¥|

S(T 1 S(T; 1

S(0:0) ( ) S(0; 0) ( ‘

S(T;p:
S(Tpy (@ S(T by )
S(T0) \ S'(T; 0)

\S (T; pa)
N

(0 L(p) L(p) T L(0) =L(p) =L(p) =L(D) T

Figure 5. Qualitative behavior of L'(p) and S(T; p) vs. T, for p = 0, pi,
p2, 1, where 0 < p; < p2 < 1.

8 For the capacitated queues, L" is increasing in A, whereas for the
uncapacitated queues, L" is the sanme and equal to E[W for both val ues of
Ze. This is because the service rate of the underlying queueing systemis
set so that EfW is the sanme for all queueing systemvariations. For all
queues, S(T) and C(T) are increasing in A. This can be explained by the
fact that as A, increases the systemutilization increases.

Ef fect of uncertainty

In the previous section we |ooked at the sinpler case where there are no
cancel l ations, and therefore ADI is variable but reliable. In this section,
we investigate the general and nore conplicated case where AD is both
variable and unreliable. To do this we let both the rush job probability p
and the cancellation probability g be greater than zero. In this case the
confirmation lead tine A is no longer irrelevant. Due to the conplexity of
the nodel and the relatively |arge nunber of AD paraneters whose influence
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on the supplier’s performance we want to investigate, we restrict our
attention to the MM1 and M D/ ¥ queues only.

As before, we optimzed L and S(T) for different values of parameters T and
p but also g and A, for the MM1 and MD ¥ queues, and for each val ue of
A. Tables 6 and 7 show the resulting values of L", S(L"), and C(L"). The
values in the rows where q = 0 are identical to those in Tables 2 and 5,
respectively. The results in all other rows were found after running a
| arge nunber of sinulations at different L and S values and choosing the
best conbination of values. As in the case of Tables 2-5, in these tables,
we purposely onitted displaying S(T) and C(T) for different values of T,
except for T = L", for space considerations.

Tabl e 6: Optimal replenishnent policy decision variables and correspondi ng
m ni mum | ong-run expected average cost for the MM 1 queuei ng system

Case 1. u=1, % =0.8 Case 2. u = 1.15, % = 0.95
p q A L S(L) (L) L S (L) C(L)

0o - 11. 5129 0 9.210 11. 5129 0 10. 937

0 10 0 9. 440 10 0 10. 604

0.15 5 10 0 9. 409 11 0 10. 562

0 8 11 0 9. 258 11 0 10. 414

0 8 0 9.882 8 0 11. 043

0.35 5 9 0 9. 548 9 0 10. 719

8 10 0 9.411 10 0 10. 582

0o - 14 0 9.222 13 0 10. 428

0 12 0 9.519 13 0 10. 846

0.15 5 13 0 9. 405 13 0 10. 880

0.2 10 13 0 9. 401 13 0 10. 658
0 10 0 9.923 10 0 11. 217

0.35 5 12 0 9. 699 13 0 11. 141

10 13 0 9.523 14 0 11. 013

0o - 23 0 9.390 22 0 10. 523

0 21 0 9.607 20 0 10. 888

5 22 0 9.543 22 0 10. 917

0.15 10 22 0 9.522 23 0 11. 091

15 23 0 9. 465 23 0 11. 087

0.5 20 24 0 9. 359 24 0 11. 081
0 19 0 9.986 20 0 11. 657

5 20 0 9.912 22 0 11. 582

0.35 10 22 0 9.810 25 0 11. 414

15 24 0 9. 698 25 0 11. 096

20 25 0 9. 627 26 0 11. 024

0o - 38 0 9. 669 36 0 10. 800

0 37 0 9. 864 34 0 11. 585

5 37 0 9.777 35 0 11. 494

0.15 10 38 0 9.723 37 0 11. 279

15 39 0 9.717 37 0 11. 263

0.7 20 40 0 9.703 38 0 11.184
0 34 0 10. 047 33 0 11.576

5 36 0 10. 045 35 0 11. 587

0.35 10 37 0 10. 003 38 0 11. 646

15 39 0 9.948 38 0 11. 493

20 41 0 9. 940 39 0 11. 403
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Table 7: Optimal replenishment policy decision variables and corresponding
m ni mum | ong-run expected average cost for the M D ¥ queueing system

Case 1. 1 =0.2, 2 = 0.8 Case 2. = 0.2, 2 = 0.95
p q 4 L S(L) C(L) C S(L) C(L)
I 5 0 0 5 0 0
0.15 O 5 0 0. 881 5 0 1.015
0 3 5 0 0. 453 5 0 0. 507
0.35 O 5 0 2. 680 5 0 3.085
3 5 0 1.351 5 0 1.522
e 5 2 1.779 5 2 1. 955
0 5 2 2. 262 5 2 2.416
0.15 3 5 2 2. 070 5 2 2. 250
0.2 7 5 2 1. 901 5 2 2.186
0 5 1 2. 905 5 1 3.172
0.35 3 5 2 2.539 5 2 2.709
7 5 3 2.223 5 3 2.279
e 5 4 2. 750 5 4 3. 030
0 5 4 3. 046 5 4 3.292
o015 3 5 4 2. 951 5 4 3.278
7 5 4 2.845 5 4 3.311
0.5 13 5 4 2.845 5 4 3.311
0 5 4 3.521 5 4 3.702
0.35 3 5 4 3. 247 5 4 3.591
7 5 4 3. 107 5 4 3. 906
13 5 4 3. 107 5 4 3. 906
e 5 5 3. 207 5 6 3.510
0 5 5 3.396 5 6 3.724
0.15 3 5 5 3. 352 5 6 3. 655
13 5 5 3. 291 5 6 3. 552
0.7 20 5 5 3. 291 5 6 3. 552
0 5 5 3.671 5 6 4.045
0.35 3 5 5 3.543 5 6 3. 861
13 5 5 3. 468 5 6 3. 679
20 5 5 3. 468 5 6 3. 679

Fromthe results in Tables 6 and 7 we can nmake the foll owi ng observations.

1 For the MM1 queue, as q increases, C(L") increases and L  decreases.

For the MD¥ queue, as g increases, C(L") increases but L" remains
unchanged. This can be explained as follows. As q increases, nore
reservations are cancelled; therefore, the wunreliability of AD and
consequently the system cost increase. At the sanme tinme, on the average,
nore replenishment orders triggered by eventually cancelled reservations
are placed. This tends to cause an increase FGinventory and consequently
a decrease S(T). For the MM1 queue, as S(T) decreases, L also
decreases, whereas for the MD¥ queue, L° is independent of . The
effect of increasing q is qualitatively simlar to that of decreasing p,
shown in Figure 5.

2 For the MM 1 queue, as A increases, C*(L*) decreases and L* increases.

For the MD¥ queue, as A increases, Cr(L*) decreases but L* remains
unchanged. This is the opposite of observation 9 and can be explained as
follows. As A increases, customers are forced to confirmor cancel their
reservations earlier; therefore, the unreliability in the amount of AD
and consequently the system cost decrease. At the sane time, on the
average, fewer replenishment orders triggered by eventually cancelled
reservations are placed. This tends to decrease FG inventory and
consequently increase S*(T). In case 1, as S*(T) increases, L* also
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i ncreases, whereas in case 4, L* is independent of A. The effect of
increasing A is qualitatively simlar to that of increasing p, shown in
Fi gure 5.

Concl usi ons

The nost interesting observation from the nunerical results reported in
this paper can be summarized as foll ows.

When the supply process is nodeled as a capacitated queue, the optinal
pl anned supply lead time, L, is increasing in both p and A and decreasing
in g. Mreover, the tradeoff between the optinmal order base stock |evel and
the demand lead time of class-2 custoners is exhaustive. Nanely, when the
demand lead tinme T switches from zero to L°, the optinmal replenishnent
policy switches from a pure nake-to-stock policy into a pure make-to-order
policy. Wen the supply process is nodeled as an uncapacitated queue, on
the other hand, L is independent of p, g, and A and is equal to EW.
Moreover, the tradeoff between the optinal order base stock |evel and the
demand-lead tine is not exhaustive. This means that when the demand |ead
time T switches fromzero to L, the optimal supply policy does not switch
from a pure nake-to-stock policy into a pure make-to-order policy, except

for the MD ¥ queue when p = 0.

The main difference between the capacitated and uncapacitated cases is that
in the former cases, the replenishment orders caused by different custoner
demands are sequential and are queued in the order of their arrival tines,
whereas in the latter cases, they are independent of each other. Thus, if
there are two classes of custoners, those who require i nmedi ate service and
those who provide ADI, in the uncapacitated cases, the optimal nodified
order base stock replenishment policy with a release lead tine is a mxture
of the optinmal nodified policies for the two classes in isolation. This
inmplies that the order base stock |evel should be kept for rush custoners
and at the same tinme the placement of replenishment orders should be
del ayed for customers who order well in advance, i.e., whose demand | ead
time is greater than L. In the capacitated cases, however, the optinma
nodi fied order base stock replenishnent policy with a release lead tine
| eads to the exhaustive tradeoff between the optinmal order base stock |eve
and the demand lead tinme. This inplies that replenishnent orders should be
pl aced imediately even for those custonmers who order well in advance,
i.e., whose demand lead time is greater than L™ in isolation, because this
| eads to the decrease of the order base stock |evel needed to satisfy rush
cust oners.
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