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Abstract

We consider an (R, @) inventory model with two types of orders: normal orders
and emergency orders, which are issued at different inventory levels. Those orders
are delivered after exponentially distributed lead times. In between deliveries, the
inventory level decreases in a state-dependent way, according to a release rate function
a(+). This function represents the fluid demand rate; it could be controlled by a
system manager via price adaptations.

We determine the mean number of downcrossings 0(x) of any level = in one
regenerative cycle, and use it to obtain the steady-state density f(z) of the inventory
level. We also derive the rates of occurrence of normal deliveries and of emergency
deliveries, and the steady-state probability of having zero inventory.

1 Introduction

(R, Q) policies, also known as reorder-point/order-quantity policies, belong to the most
common policies in inventory control systems. In (R, Q)-type models considered in this
paper the inventory level is gradually decreasing, due to a deterministic fluid demand.
When the inventory level drops below a certain control level R, an order of size @) is
placed. That order arrives after a certain lead time, and at this time epoch the inventory
increases by (). In contrast to classical EOQ models, the lead times are not negligible but
stochastic variables.

The problem faced by the controller is when to place an order and how much to order.
The decision variable R answers the when question and the decision variable () answers
the how much question. In the broad literature of economics and finance similar models
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are called trigger-target models [1, 2, 3, 4, 12]; R is the value of the trigger and @ is the
value of the target.

The main contribution of our study is the analysis of an inventory model, called (R, Q),
with two types of orders: normal orders and emergency orders. Here R = (r,,r.) and
Q = (qn,q.). There are two trigger levels: r, that triggers a normal order with normal
lead time « exp(\,) and 7. that triggers an emergency order with emergency lead time
« exp(Ae). We also have two target sizes (¢,,q.). We assume that r. < r,, since an
emergency order is placed when the normal order is still pending while the inventory level
is close to 0 (we use the terminology that during its lead time an order is pending). We
assume, for the sake of simplicity, that ¢. = q,, although often in practice ¢. > ¢, because
the set-up cost of the emergency order might be higher than that of the normal order. Our
analysis goes through for ¢. > ¢, (or ¢, > ¢.) as well, but at the expense of an (even)
more intricate distinguishing of cases. These complications will become clear in the proof
of Theorem 1. In the sequel we simplify the notation and set r. = a, r, = b > a and
Gn = ¢. = q. Accordingly, the inventory considered here is characterized by the triple
(a,b,q) with ¢ > b > a.

A key feature of our study is that the inventory level process V.= {V(t) : t > 0} de-
creases continuously according to a quite general state-dependent release rate function a(x),
when the inventory level is x, between positive replenishments of size ¢ which are delivered
at the end of the respective lead times. The motivation for introducing a state-dependent
release rate a(-) stems from pricing. When the content level is too high the controller will
be interested in getting rid of excess inventory as quickly as possible, to reduce the holding
costs. To achieve this goal she lowers the price continuously in order to raise the demand
rate (it seems natural that price and demand rate are related deterministically). Similarly,
when the inventory level is low she will raise the price and thereby reduce the demand rate.
This way the risk of losses due to shortage and unsatisfied demand is also reduced.

The main result of the paper is an exact (non-transform) closed-form expression for the
stationary density of the inventory level, which turns out to be highly complicated. The
approach to derive this density also appears to be of methodological interest. We circum-
vent the problems that the inventory level process is not Markovian, and that deliveries do
not arrive according to a Poisson process, by relating the stationary inventory level density
f(z) to the mean number of downcrossings 6(z) of level x in one regenerative cycle, and
by first determining 6(z) — which subsequently also gives us f(x). We also derive the
rates of occurrence of normal deliveries and of emergency deliveries, and the steady-state
probability of having zero inventory.

Different supply modes are used in many real-world inventory systems. For example,
shipping of orders can be carried out on sea or land but also via air, probably at a higher
cost, or there may be more expensive sources of replenishments which are only used in
case of very low inventory levels. Complex emergency situations of this latter kind have
recently occurred in the worldwide hunt for medical equipment in the face of the corona
pandemic. Our model is a modest theoretical contribution to this problem area.

In the classical inventory literature, models with two supply modes have been frequently
suggested (see e.g. [7, 15, 17, 16, 10, 11, 13, 14]). In contrast to this paper, they assume
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stochastic demand, usually of jump type, and two deterministic lead times for the different
order types; their objective is multi-period optimization. In our model demand follows
deterministic paths but the lead times are random, and we derive the stationary charac-
teristics of the system. Only in [13] the policy studied here has been considered, albeit in
a different model. To the best of the authors” knowledge, a steady-state analysis as in this
paper can nowhere be found.

The remainder of the paper is organized as follows. The model is described in more
detail in Section 2. In Section 3 we prove that the inventory level process is regenerative. Its
formidable steady-state distribution is subsequently determined in Section 4. We derive the
rate of emergency deliveries in Section 5 and that of normal deliveries in Section 6. Section 7
is devoted to a variant of the model, with a somewhat different procedure regarding normal
orders. Finally, Section 8 contains some suggestions for further research. In particular, we
briefly indicate how our steady-state results could be used for optimization purposes — an
important topic but outside the scope of the present paper.

2 Model description

In this section we describe the model in more detail. The inventory level process V =
{V(t) : t > 0} under consideration is a jump-fluid process with state-dependent deter-
ministic release rate: for every state x > 0 the release rate (due to the fluid demand)
between jumps of size ¢ is a(x). We discuss the jumps (occurring instantaneously after
order deliveries) below, but first we consider the release rate in more detail.

We assume that _—

Az) == /0 a(w)dw < 00, (1)
for every x > 0. The latter assumption simply says that level 0 can be reached in a finite
amount of time, since for every 0 < z7 < x9, A(z3) — A(z1) is the time it takes to go from
level x5 all the way down to level z if no jumps (deliveries) occur in between. We refer
to Harrison and Resnick [9] for an early study of inventory and storage processes with a
state-dependent release rate, and to [5] for a steady-state analysis of storage processes with
state-dependent input and output rates.

The assumption (1) simplifies the analysis of the model, but is not necessary. It is enough
to assume that fax mdw < 00. This means that level a can be reached from any level
x> a.

Remark 1. In practice, the price often cannot be changed continuously over time.
Thus, there are certain predetermined levels such that each of their downcrossings leads to
a change in the price. An example is the case when there are switchover levels vy, ¥a, ..., Vn,



such that
Qq, 0<uz S Y1,

oz, 7 < x <,
a(r) =

Qpy i1 ST < Yp

That is, the controller switches between n different demand rates for which it is natural to
assume that oy < s < -+ - < a,. A

Next let us describe the jump structure of V using the language of normal and emer-
gency orders. If just before downcrossing level b no order is pending, the controller places
a normal order, of size ¢, immediately after the downcrossing of level b; but in case at least
one order is pending (a normal order or an emergency order) she will not place a new one.
If just before downcrossing level a (recall that a < b) no emergency order is pending, the
controller places an emergency order, also of size ¢, immediately after the downcrossing.
Note that at the moment of the latter downcrossing an emergency order is placed even if
a normal order is still pending. This policy is natural, since level a can be interpreted as a
warning level: the inventory level approaches 0 and the controller would like to avoid the
risky situation of an empty system, which is interpreted as a period of unsatisfied demand.
If just before downcrossing level a no normal order is pending, then also a normal order is
placed.

Remark 2. In Section 7 we study the following variant of the above-described model.
If just before downcrossing level b no normal order is pending, the controller places a
normal order — even if an emergency order is pending. The implication is that, in this
variant, there is always already a normal order pending when level a is reached. B

The lead times for normal orders, and also for emergency orders, are assumed to be
independent and identically distributed; normal lead times and emergency lead times are
also independent of each other. We suppose that normal lead times are exponentially
distributed with rate \,, while emergency lead times are exponentially distributed with
rate \.. It would be natural to assume that A\, > \,, as an emergency lead time should
typically be stochastically shorter than a normal lead time; however, in our analysis such
a condition is not necessary.

In this study we restrict attention to parameters a,b,q satisfying 0 < a < b < ¢ <
b+ q < 2q + a (see Figure 1). This ordering seems natural, but one can think of other
parameter relations, like 0 < a < ¢ < b < b+ ¢q < 29 4+ a. In principle the derivations
for such other cases are very similar. If one wants to do optimization, then of course all
possible orderings have to be taken into account.

3 V as a regenerative process

In this section we prove that the inventory level process is a regenerative process, with the
periods between two successive downcrossings of level a as regeneration cycle.
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Figure 1: The inventory level

The process V is not a Markov process (relative to its natural filtration), even though
the lead times are exponential. To see this, consider V for example at some time instant
t at which it hits level b. Then either one order is pending (possibly an emergency order)
or no order is pending in which case a new normal order is issued. Therefore the process
continues with one pending order whose residual lead time can be exp(\) or exp(u), both
cases occurring with positive probability. However, from the evolution of V before ¢ it
might be known that exactly two jumps have happened before the first hitting of b at time
t; in this case it is clear that the two jumps are due to the arrivals of the normal and
the emergency order which were pending at the start of the current cycle, and now the
order which is pending immediately after ¢ must be a normal one. Hence the conditional
probability law of the process after ¢ is different from the one only conditional on V(¢) = b.
In other words, given V (t), the future development from ¢ on depends on the history prior
to t. Thus V is not a Markov process. Note however that the joint process of V and the
numbers of pending normal and emergency orders is a Markov process, whereas V alone
is also not Markovian relative to the filtration generated by the three processes together.
Furthermore, the jump process of V is not a Poisson process, since the arrival times of
future deliveries depend on the history of V. Notwithstanding, as we shall prove below,
V is a regenerative process, governed by three known parameters — the decision variables
(a;b; q) — and the known release rate function a(z).

Lemma 1 V is a regenerative process and the time between two downcrossings of level a
15 a regenerative cycle that starts with two pending orders.



Proof. We focus on the question how V enters the set of states [0,a). Obviously, V
enters this set at a downcrossing time of level a. As we have seen in Section 2, at that
downcrossing time an emergency order was still pending or else a new emergency order is
placed, and the same holds for a normal order. Hence exactly two orders, one normal and
one emergency, are pending when the inventory process decreases from a onwards. The
assumption that all lead times are independent and exponentially distributed now implies
that V is a regenerative process, with regeneration epochs beginning and ending at the
time instants at which level a is downcrossed. =

We are almost ready to derive the steady-state distribution of V and close this section
with an observation that plays an important role in that derivation, and — first — with a
lemma that provides some useful insight. In this second lemma we relate the number of
pending orders with certain subsets of the sample space of V.

Lemma 2 The state space of V is [0, a + 2q) and the following implications hold:
(a) V € [0,a) = {two orders pending}
(b) V € [a,b) = {exactly one order pending}
(¢) V € [b,a+ q) = {at most one order pending}

(d) V € [a+q,a+2q) = {no orders pending}

Proof. Since there are at most two orders pending, and the process decreases in between
order deliveries, while b < a + ¢, we have V < a + 2q.

(a) This assertion was already derived in the proof of Lemma 1.

(b) Consider the moment of the first delivery in the cycle. Immediately after this
epoch, V € [q,a+ q). There are two possibilities. Possibility (i): the first delivery is of the
emergency type. Then no more emergency orders will be placed until the end of the cycle.
By Lemma 1, after V downcrosses level b only the normal order is pending. Possibility
(ii): the first delivery is of the normal type. Then the emergency order is still pending.
If it continues to be pending until the end of the cycle, no more normal orders will be
placed and level a will be reached with an emergency order pending. If the delivery of
the emergency order occurs before the end of the cycle, immediately after that delivery
V > ¢ > b. Once V returns to level b a normal order is placed and by Lemma 1, during the
time period it takes to go from level b down to level a, a normal order is always pending.

(c¢) As in (b), immediately after the first jump in the cycle we have V € [q,a + q).
If during the way down towards level b no jump (delivery) occurs, V will reach level b
with one pending order. However, if during the way down towards level b the other jump
(delivery) occurs, V will reach level b with no pending orders.

(d) V enters this region only if the second delivery occurs in relatively close proximity
of the first one. Another jump will then only be possible after V reaches level b. m

Remark 3. Suppose that a normal order is pending right after a downcrossing of level b.
This implies that no emergency order is pending (see Statement (b) of Lemma 2). During a
time period between a downcrossing of level b and the first subsequent downcrossing of level
a, there now is a geometrically distributed number of normal deliveries, with parameter
e MnlA®) =A@ (which is the probability of zero normal deliveries during this time interval).



To see this, recall that order lead times are memoryless. If the delivery occurs before V
downcrosses level a, V jumps above level b. When, later, V downcrosses level b again the
controller will face a probabilistic replication of the situation at the previous downcrossing
of level b. This means that there are no interruptions during the time period of going from
level b down to level a, and the probability of the latter event is e *[A®)-A@)] 1

4 Steady-state analysis

In this section we determine the steady-state density f(-) of the inventory level process V.
Notice that this density always exists, and has finite support (0,a + 2¢). As observed in
the previous section, V is not a Markov process. Moreover, the jump process representing
the delivery of orders is not a Poisson process since given the “present” value of V, future
deliveries depend on past deliveries. Thus, PASTA cannot be applied in order to find the
steady-state law by the traditional LCT (Level Crossing Technique, cf. [6, 8]) concept of
equating the rate of upcrossings of any fixed level x by V with the corresponding rate
of downcrossings. We obtain f(-) via an, as far as we know, novel application of LCT.
Introduce, for 0 < x < a + 2¢q,

0(x) := Enumber of downcrossings of level z during a regenerative cycle].

In the sequel, C denotes the length of an arbitrary regenerative cycle, the time between
two successive downcrossings of level a. We relate f(z) to #(x) in the following lemma.
Subsequently we determine 6(z) in Theorem 1.

Lemma 3 We have the following relation between the stationary inventory level density
f(z) and the mean number of downcrossings in a cycle, 6(x): for all x € [0,a + 2q),

() f()
M) = @) fla) @

so that
fa) = %ew 3)

Proof. Since 0(z) is the mean number of downcrossings per regenerative cycle, and E[C]
the mean cycle length, the downcrossing rate of level z equals 6(z)/E[C]. On the other
hand, the downcrossing rate of level z also equals a(x)f(x). To prove (2), and hence also
(3), it remains to show that

(4)

This relation follows by observing that level a is downcrossed exactly once per cycle, and
that the downcrossing rate of level a equals a(a)f(a). =



We now derive some properties of f(-) (under the assumption that A(z) < oo for all z > 0).
First, let m be the steady-state probability of having zero inventory. By the normalizing
condition we have

a+2q
/0 flz)de =1—m. (5)

When A(z) = oo, like for example in the shot noise case a(w) = w, we have 7 = 0
and the normalizing condition is f0a+2q f(z)dz = 1. In addition, we have some continuity

properties, because the inventory level process decreases in a continuous way. In particular,
flz—)= f(z+) for x=ua, b, a+q, b+q, 2q. (6)

However, f(-) is not continuous at ¢, because there is a positive probability to reach ¢
from 0:

a(q)[f(g=) = flg+)] = (An + Ae)m. (7)

Finally, LCT does work at level 0, where the upward jumps do occur according to a Poisson
process:

a(0)£(0) = (An + Ac)7. (8)

We are now in a position to introduce the steady-state equations which relate the rate
of downcrossings among different levels, and thus to obtain expressions for 6(z) which,
via (3), translate into expressions for the content level density f(x). In order to ease the
notation we use the following abbreviations:

An e

A P R

, (9)

which are the probabilities that a normal order comes first or that an emergency order

comes first, and
Jo(z;w) = e~oA@— AW (10)

Observe that J,(x; w) is the probability that an exp(o)-distributed random variable exceeds
the time to decrease from z to w, if no jumps occur. We shall take o = \,, Ao, A, + Ac
below. In particular, if both a normal order and an emergency order are pending when the
process is at level x, then J, 1, (z;w) is the probability that level w is reached from level
x before an order is delivered. In the latter case, we even write J(z;w) := Jy, 4, (; w). It
will be convenient, in the next theorem, to observe that

dJ(a;w) = %e_w“e)m @ gy

represents the probability that the first upward jump of the inventory level process, after
a has been downcrossed, occurs when the level is between w and w + dw, while J(a;0),
the atom at zero, is the probability that zero has been reached from a before an upward
jump has occurred.



Theorem 1 The following expressions hold for the expected number of downcrossings 0(x)
of level x during a regenerative cycle.
1. 0<z<a:

0(x) = J(a;x). (11)

1

0(z) = fem

@ 1
+ fn/O [(1—JA6(CI+U);$))T

(z;a)
+ I\ (q+ w;a)|dJ(a; w). (12)

+ (D¢ +w;z) = Iy (¢ +w;a))(1+ ——

3. b<z<q:

1

O(z) = fe/oa[(l—JAn(quw;x))m

+ (JAn(q+w;x) — J)\n(q—F w;b))(l + m)

+ J\, (g +w;b) |dJ(a; w)

1
J,\n(b;a)
Ty / [<1—JAe<q+w;x>>m
+ (D(g+wiz) — I (¢ +w; b)) (1 + !

I, (b§ a)

)

)+ Iy (¢ + w;a)]dJ(a; w). (13)

+ (Mlg+w;b) = Jr(g+w;a))(1+ Ix, (b a)



4. g<x<a-+gq.

o) = 1 [ (1= Dulat i) g
+ (D (g +wiz) = Jy, (g +w; b)) (1 + NC a>)
1
s p [ e )
1=, (b;a) .
+ an(q—kw,b)m]d(](a, w)
+ fu / [(1- JAe(quw;fE))m
+ (g wie) = Dfg +usb) (1 + )
+ (g wit) = g+ wia)) (1 + )
+ JI(q+w;a)|ld)(a;w)
s h [ =)
+  (Ia(g+w;b) — Ix (g +w; a))m]dJ(a; w).

Sboa+qg<xr<b+gq.
0(x) = fe /Oa[(l — I, (g +w; b)) (1 + Bu()) + Iy, (q + w; b) B (x)]dJ (a; w)

+ fa /Oa[(l — I (g +w; b)) (1 + Bu(2)) + Jx (g + w; b) Be(2)]d T (a; w),

where B,(x) and B.(z) are given by

1= J, (b;r—q)
Bnlw) = Jy, (b;a) ’

1—J (b;a)

Be(x)=1—Jy, (b —q)+ (1 — Jy, (b;x — q)) T (ba)

6. b+q<x<2:
b(z) = ﬁA(wam+ww—®MﬂmM
n h/?l—hxmmmx—QMAmwy
0
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(14)

(18)



7 2q<z<a+2q:

a

ba) = Jo [ (= Do+ wiz = @)Ly @ 0)
0
s f [ 0= et 0= )l a5 0) (19)
0
Proof.
1. 0 < 2z < a. In this region the number of downcrossings of level x is at most

one. Hence the mean number of downcrossings 6(z) of level 2 € [0,a) equals the
probability that z is downcrossed, which is J(a;x) = Jy, 12, (a; x).

a < x <b. By Lemma 2, in this region exactly one order is pending; it can either
be the normal order or the emergency order, but not both of them. Accordingly, to
determine #(x) we distinguish the events where the emergency delivery occurs first
and the normal delivery occurs first. We shall now explain the terms of (12).

1. The term in line 1 of (12). This term corresponds to the case that the emergency
delivery comes first. The probability of that event is f, = /\n’\j)\e. After the arrival
of the emergency order, only the normal order is pending, and there will be no
more emergency order in the rest of the cycle. Immediately after the arrival of the
emergency order, V > b, and level x € [a,b) will be downcrossed at least once until

the end of the cycle. That number of downcrossings D, is geometrically distributed,

PD, =m)=Jy, (z;a)(1 = Jy, (z;0)™ ", m=1,2,..., (20)

with mean ED, = 1/J, (x;a). Indeed, each time when = has been downcrossed, the
probability that level a will be reached (and hence the cycle will be ended) before
another normal delivery arrives (in which case b will be upcrossed and later down-
crossed again, and subsequently x will be downcrossed again) equals Jy, (z;a).

2. The term in lines 2-8 of (12). The probability that the normal delivery arrives
when the state is in (w,w 4 dw) (for 0 < w < a) and before the emergency delivery
is f,dJ(a;w). Immediately after the arrival of the normal delivery the state becomes
q + w (by definition g + w > b), and from this moment only the emergency order is
pending. If that emergency delivery arrives before level x is downcrossed (which has
probability 1—J,(g+w;x)), the process jumps above b, and at the next downcrossing
of b a normal order is pending. Hence one then again has 1/.J, (z;a) downcrossings
of level xz. If the emergency delivery arrives after x is downcrossed but before a is
downcrossed (probability Jy, (¢+w;x)(1—Jy, (z;a)) = Jy (¢+w;x) — Jy, (¢ +w;a)),
then = has already been downcrossed once, and the process jumps up by ¢, subse-
quently b is downcrossed again and a normal order is pending, and we have on average
1/Jy, (x; a) more downcrossings of level x. If the emergency delivery does not arrive
before a is reached (probability .Jy,(¢;a)), then we have just one downcrossing of
in the cycle.
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At this stage we would like to emphasize that, with probability J(a;0), zero is reached
before an order has arrived. Indeed, the atom at zero in the integral in (12) gives the
contribution

Fad (a;0)[(1 = I (52)) 5y + (D (@2) = I (5 0) (1 + 550) + (g5 0)).
These terms correspond to the case in which no delivery arrives before level 0 is
reached, after which a normal delivery arrives first (probability f,,J(a;0)). In each of
the cases 3-6 below, where an integral [°_ z(w)dJ(a;w) appears, there is a similar
contribution z(0)J(a;0) from the atom at 0 as when w is in the interior; similarly for

fj;g z(w)dJ(a;w) in case 4 below.

. b <z < q. We shall explain all terms of (13) successively.

1. The terms in lines 1-3 of (13). This concerns a case in which the emergency
delivery arrives first, when the state is in (w,w + dw) (or in 0, the contribution
from the atom). The process now jumps to ¢ + w > x. From this moment only the
normal order is pending. We now consider the various possibilities for the arrival of
a normal delivery. (i) It arrives with probability 1 — J, (¢ +w;x) before x is crossed.
That leads to a jump in the process, some time later a crossing of z and no further
orders until subsequently b is reached. The mean number of crossings of x is now
1+ 1;;7%(;1:)(1) = 3 %b;a). (ii) It arrives with probability Jy, (¢+w; x)—J, (¢+w; b) when
x has leready been crossed a first time, but before b is reached. After b is reached,
there are on average m more crossings of . (iii) It arrives with probability
1—Jy,, (b;a)

I, (bsa)

Jz, (g+w; b) not before b is reached. After b is reached, there are on average
more arrivals of normal deliveries and subsequent crossings of x.

2. The terms in lines 4-6 of (13). This concerns a case in which the normal delivery
arrives first, when the state is in (w,w + dw) (or, again, in 0, the contribution from
the atom). Lines 4-5 are completely analogous to lines 1-2. Line 6 differs more
fundamentally from line 3. We get with probability Jy (¢ + w;b) — Jy. (¢ + w;a)
an emergency delivery between b and a, giving rise to, on average, 1/.J,,(b;a) more
crossings of x. With probability Jy, (¢ + w;a) there is no emergency delivery before
a is reached and the cycle is ended; in this case, there was just one crossing of x.

. q <z < a+ q. We successively explain all terms of the 11 lines of (14).

1. Lines 1-8 of (14). These lines concern the case in which an emergency delivery
occurs first, when the state is in (w,w + dw), for z — ¢ < w < a (so now there
is no contribution from an atom at 0). Distinguish between the three possibilities
in which (i) the normal delivery occurs before x is crossed; (ii) the normal delivery
occurs between the crossings of x and b; and (iii) the normal delivery has not yet

arrived when b is crossed. These three possibilities give rise to, on average, m,

1+ 5 1(b.a) and - 1(b,a) crossings of .
2. Lines 4-5 of (14). These lines concern the case in which the jump is from w €

[0,z — ¢) and hence ends up in ¢ + w < x. Now there are two possibilities: (i)

12



the normal delivery arrives before b is reached; (ii) the normal delivery has not yet

arrived before b is reached. These two possibilities give rise to, on average m
1—Jx, (ba) "

d ']An (b7 )

3. Lines 6-9 of (14). The normal delivery arrives first, when the state is in (w,w +
dw), where z — ¢ < w < a (lines 6-9). Now distinguish between the four possibilities
in which (i) the emergency delivery arrives before x is crossed; (ii) it arrives between
the crossings of x and b; (iii) it arrives between the crossings of b and a; (iv) it does
not arrive before the end of the cycle. The first three possibilities now give rise to,
on average, m, 1+ 5 (b and 1+ T (b ) crossings of x (actually, we could have
combined possibilities (11) and (iii)). P0351b111ty (iv) gives exactly one downcrossing
of  in the whole cycle.

4. Lines 10-11 of (14). Let 0 < w < x — q. Now the first jump ends below z, and
hence all the mean numbers of crossings of = are one less then for z — ¢ < w < a.

an crossmgs of x.

. a+q <z <b+q. We successively explain both lines of (15). For this, we first need
to define the following two expectations:

Bn(z) = mean number of downcrossings of x in a cycle, when starting from b with
only the normal order pending;

Be(x) = mean number of downcrossings of x in a cycle, when starting from b with
only the emergency order pending.

It is easily seen that (3, (x) and f.(x) satisfy the following two equations:

Pn(x) = (1= Jx, (52 — @) (1 + Pu(z)) + (r, (2 — q) = JIx, (b;a)) Bu(x),  (21)

Pe(x) = (1= I (b;2 = @) (1 + Bu(@)) + (b2 — @) = In.(b;0))Bu(2). (22)

Hence, with a <z — ¢ < b, Equations (16) and (17) follow.

Line 1 of (15). After the arrival of the emergency delivery and the corresponding
jump to ¢+ w, only the normal order is pending. If it arrives before b is reached, the
process jumps up by ¢ and we have one crossing of z, and subsequently the process
will reach b and we have on average another 3, (x) crossings of z. If it does not arrive
before b is reached, we get on average [3,,(x) crossings of .

Lines 2 of (15). Similar to line 1, but now the normal delivery is the first to arrive
when the process goes down from a to 0, and only the emergency order is pending.
If it arrives before b is reached, the process jumps up by ¢ and we have one crossing
of x, and subsequently the process will reach b and we have on average another 3, ()
crossings of x. If it does not arrive before b is reached, we have on average [.(z)
crossings of x.

.b+q < x < 2q. In this range there is at most one downcrossing of = during a
cycle. Hence () is also the probability that level z is downcrossed during the cycle.
The first term in the righthand side of (18) concerns the case in which the emergency
delivery arrives first, the process jumps to level ¢+ w, and the normal delivery arrives
before level x — ¢ is reached, resulting in a jump to a level above z. From here on no

13



delivery can arrive until level b is reached, and thereafter the process can never get
higher than b 4 ¢ anymore in the cycle. The second term does the same for the case
in which the normal delivery arrives first.

7. 2¢ < x < a+ 2q. In this range there is again at most one downcrossing of x during
a regenerative cycle. Hence () is again the probability that level = is downcrossed
during the cycle. The two terms in the righthand side of (19) are the same as the
first two terms in the righthand side of (18). It should be noticed that here, unlike
the cases 2-6, there is no contribution from the atom at 0: If 0 is reached in the
beginning of the cycle, then the level cannot reach 2¢ anymore during this cycle.

[ ]

Remark 4. A few terms in (13) can be combined, yielding a slight simplification.
Observe that for w € [b,q), the term inside the first square brackets for #(x) in (13) can
be compressed into

1

e Ul wa) — g )

A similar remark applies in some other formulas. We can now easily integrate that m
1 e

term (taking the atom at 0 into account), which yields fem.
It is reasonably straightforward to verify that (6) holds, viz., the continuity of f(x), and
hence of §(x),inx =a, b, a+q, b+¢q, 2¢. A

Theorem 1 uniquely determines 6(z). However, it follows from (3) that the content
level density f(x) is thus only determined up to the yet unknown constant f(a). The
normalizing condition provides one additional equation: fOHQq f(x)dz = 1 — m; but the
stationary probability 7 of having zero inventory is also unknown yet. LCT at level zero,

as given in (8), gives us the extra equation that we need:
(An + Ae)m = a(0)£(0),

in which an expression for f(0) (or rather f(0)/f(a)) is obtained by substituting z = 0 in
(11) and (3). It should be observed that 7 is also the fraction of time in which there is
zero inventory, during which no demand is satisfied.

Remark 5. In the region z € (0, a) we can also use the traditional methodology of LCT
to obtain the same solution as given in (11). To see this, recall that two orders are pending
below level a. Since the two lead times are independent and exponentially distributed, we
conclude that, below level a, the arrival process of jumps is a Poisson process with rate
An 4+ Ae. LCT now gives the balance equation

a(x)f(z) = (A + Xe) F(x),

where the righthand side, with F'(z) the steady-state distribution of the inventory level,
gives the rate of upcrossings of level z € (0,a). Rewriting this into

fl@) At A
F(z)  a(z)
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and integrating gives
Fla) = Kot l§ atpdv

Y

with K some constant. Differentiation yields

in agreement with (11); the last equality was obtained by substituting z = a.
This approach does not work for x > a since there the arrival process of the jumps is not
a Poisson process. B

Remark 6. For some special choices of the state-dependent release rate function «f-),
the expressions in Theorem 1 simplify considerably. We mention two special cases.

Ezample 1: a(z) = a. In this case, A(z) = £ and hence

Jo(z;y) = e a@v), (23)

In this case, all integrals appearing in Theorem 1 can be easily evaluated.
Ezample 2: a(x) = rz. In this case, A(z) as defined in (1) would diverge. However, we
can still determine

Jo(wiy) = (277, >y >0 (24)

and it should be observed that J,(z;0) = 0 (indeed, the origin can never be reached).
Various terms in (11)-(19) now disappear, and others become relatively simple. These two
special cases are quite natural. In the first example, one might try to choose « such that
a particular profit function is optimized. In the second example, the choice of r has to do
with pricing; its value reflects the demand caused by a certain price setting. H

5 Rate of emergency deliveries

In this section we determine the rate p. of emergency deliveries. Let I be the number of

emergency deliveries during an arbitrary regenerative cycle. We have p, = % In the
next theorem p, is obtained by determining E[I].
Theorem 2 The rate of emergency deliveries is given by
pe=a@f @1+ fu [ [ Il + wia)dI(@ ) (25)
0

Proof. First of all, we observe that the numbers of emergency deliveries Iy, I, ... in
successive cycles are independent, Bernoulli distributed random variables, and hence E[I] =
Pr(I = 1). Secondly, since F[C] = m, we have p. = a(a)f(a)Pr(I = 1). It remains
to show that Pr(I = 1) is given by the term between curly brackets in (25).

The cycle starts at level a where the two orders are pending. From this moment two

disjoint events may happen, corresponding to the two terms between curly brackets in the
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righthand side of (25): (i) the emergency delivery arrives first. The probability of this
event is f.. (i) The normal delivery arrives first and finds V at level w (w = 0 gives
the contribution J(a;0)[1 — J),(¢;a)]). Then V jumps to level ¢ + w. An emergency
order arrives before the inventory level decreases from ¢ + w to a; its probability equals
1—J(¢g+w;a). =

6 Rate of normal deliveries

Let p, be the rate of normal deliveries and E[N] the mean number of normal deliveries

per cycle. Then
E[N]
= F[e a(a)f(a)EN] (26)
Below we determine E[IN].
We shall repeatedly use the fact that (cf. (20)) the mean number of normal deliveries

from the moment b is reached while a normal order is pending is given by E[Dy] — 1 =
1=Jx, (ba)
Ixy, (bia)

Theorem 3 The rate of normal deliveries is given by

B 4 . 1 1= Jy,(b;a) .
pu = @@, [ 10— Tl wih) T + o+ wih) 5
“ . 1-— J)\n (b, CL) i
g [0 0= i) T T ), 27)

Proof. We need to show that the mean number E[N] of normal deliveries per cycle
is given by the expression between curly brackets in (27). First consider the first term
between curly brackets. It corresponds to the case that the emergency delivery comes first.
Now distinguish between the two cases in which (i) a normal delivery occurs before b is
first downcrossed (probability 1 — Jy, (¢ + w; b)) and (ii) no normal delivery occurs before
b is first downcrossed. In case (i) we get on average F[D;,| normal deliveries, and in case
(ii) one less.

Next consider the second term between curly brackets. This term corresponds to the
case that the normal delivery comes first, and the inventory is at level w, jumping to g+ w.
That normal delivery contributes one unit to F[N]|. With probability 1 — J_ (¢ + w;a) an
emergency delivery arrives before a is reached. It results in an upcrossing of level b, which
is on average followed by (1 — Jy,(b;a))/Jy,(b;a) normal deliveries until the end of the
cycle. m

7 A model variant

In this section we briefly consider the following model variant. The only change with
respect to the model of Section 2 is that now, when level b is downcrossed, a normal order
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is always placed when it is not already pending — even if an emergency order is already
pending. As a result, it becomes less likely that level a is reached without any delivery
having arrived.

Lemma 1 remains true in this variant: the period between two downcrossings of level a
still is a regenerative cycle that starts with two pending orders. Statement (b) of Lemma
2 has to be adapted: for V € [a,b), at least one order is pending, instead of exactly
one (and the normal order is always pending in this interval). Lemma 3, which relates
the inventory level density f(x) and the mean number of downcrossings (), remains
unchanged. Theorem 1 needs to be adapted, but only in the region = € [b,b + ¢) — which
corresponds to the four Cases 2 — 5 of the theorem. The reason is that the only difference
with the model treated above occurs once level b is downcrossed. There is no change in the
regions [b+ ¢,2q) and [2¢,a + 2q) (Cases 6 and 7) because levels higher than b + ¢ cannot
be reached in this model variant after level b is downcrossed. There is no change in the
region [0,a) (Case 1) because the regenerative cycle starts the same in the model variant
as in the original model, with both a normal order and an emergency order pending. In
la, b+ q) the analysis becomes slightly more complicated than in Theorem 1. However, all
terms corresponding to cases in which the emergency order comes first in the regenerative
cycle are unaltered, because a normal order now becomes pending once b is downcrossed,
in both the variant and in the original model.

Below we show how Formula (2.2) needs to be adapted; this concerns Case 2, i.e., the
region [a, b). Similar adaptations have to be made for the region [b,b + q).

Case 2 in the model variant. a < x < b: the mean number of downcrossings of level x in
the model variant equals

0(x) = fem
. 1
g [ 10 = Dlar ) s+ g+ byl ), (9

where g(x) is the mean number of downcrossings of level x € [a,b) in a cycle, from the
moment level b is downcrossed in a cycle, given that an emergency order is pending.

The rationale behind (28) is the following.

The first term in the righthand side is the same as the first term in (12): this is the case
in which the emergency delivery occurs first.

The second term reflects the case in which the normal delivery occurs at level w and before
the emergency delivery. The process jumps to ¢ + w. One possibility now is that the
emergency delivery comes before b is downcrossed. From then on, there are on average
1/Jy, (z;a) downcrossings of x in the remainder of the cycle. The second possibility is that
the emergency delivery has not occurred before b is reached. From then on, one has on
average g(x) downcrossings of level x.
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Here g(z) satisfies the following relation.

g9(x) = Jna(bia) (29)

+  fe(1— J(b; x))m
L) = T+ )
+ fa / (1= Jx. (g + w; b))m + Iy (q + w; b)g(2)]dJ (b; w)

+ [ /_ (1= Ja(q+w;b))(1+ m) + Iy, (g + w; b)(1 + g(z))]dJ (b; w).

g(x) can be trivially solved from this relation; observe that one can add the two terms with
g(x) in the righthand side of (29) into the product of g(z) and an integral from a to b that
does not involve z.

The rationale behind (29) is the following. At the beginning of the remaining cycle, both a
normal order and an emergency order are pending. There are now five cases, corresponding
to the five lines in (29).

Case 1: both orders remain pending until a is reached. That gives exactly one downcross-
ing of x.

Case 2: an emergency delivery occurs first, and before z is downcrossed. The process
jumps up by ¢, and eventually reaches b again but there will be no more emergency order.
We have on average 1/.J,,(z;a) downcrossings of x.

Case 3: an emergency delivery occurs first, but between levels x and a. Now = has already
been downcrossed once, but thereafter the process jumps up by ¢, and eventually reaches
b again; now see Case 2 above.

Case 4: a normal delivery occurs first, and before x is downcrossed. The process jumps
up by ¢. Now there are two sub-cases: either an emergency delivery occurs before b is
reached, or it does not. In the former case one gets 1/.J,, (x; a) downcrossings of x, and in
the latter case the process reaches b again and we are back in the old situation: one has
on average g(x) more downcrossings of .

Case 5: a normal delivery occurs first, but between levels x and a. Now x has already
been downcrossed once, but thereafter the process jumps up by ¢q. Now there are again
two sub-cases, just as for Case 4.

Similar adaptations have to be made in Cases 3-4 of Theorem 1.

8 Conclusions and suggestions for further research

We have presented a steady-state analysis of the inventory level of an (R, Q) model with
normal orders and emergency orders, which are delivered after exponentially distributed
lead times. We have allowed a quite general state-dependent release rate for the inventory
level.
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Our results could be used for optimization purposes. Remember that p. and p, are
the average number of emergency and normal orders per unit time, respectively, and 7 is
the fraction of time having zero inventory and FE[V] is the steady-state mean inventory
level. Clearly, the four quantities p., p,, ™ and E[V] are functions of the decision variables
(a,b,q). We have shown how to derive explicit expressions for them. A linear combination
of these characteristics, say

R(a;b;q) = kepe + knpy + kum + hE[V],

would be a meaningful cost functional for evaluating the performance of the system. Here
ke is the set-up cost per emergency order, k, is the set-up cost per normal order, k,
is the penalty for a time unit of zero inventory and h is the holding cost per unit of
inventory. As the underlying stationary distribution of the inventory level turns out to be
of an extremely complicated form, calculating functionals like R(a, b, ¢) will certainly be a
numerically challenging endeavor.

Of course, next to costs there are also profits. The gross profit of the system can be
measured by the average value of the sales. For this a price function p(x) has to be specified,
where p(z) is the price charged for a unit when the inventory level is . The inventory
level process was shown to be regenerative, and it therefore makes sense to consider V and
C, the stationary inventory level and the first cycle length, respectively. Then, using the
ergodic theorem for regenerative processes, the average sales value is given by

s<a;b;q>—E[p<v>]—ﬁE[ / p(V(£) df] = / @) f(a) da.

Given p(x), the objective function to be maximized is S(a; b; ¢) — R(a; b; ¢). The selection of
a suitable price function will then be a second step for future research based on numerical
work.

Next to optimization, one could consider some more variants of the main model under
consideration. For example, one could take g. > ¢, (larger emergency orders), or even
allow random order sizes, or let the order size be state-dependent, too.
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