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Abstract:

In this paper, an extremely short shelf-life inventory of age-discriminated stochastic demand is considered. Age
discriminated demand can be found in products of high circulation and short shelf-lives such as dairy products,
packaged food, pharmaceutical products and medical products of short shelf lives. Simulation based optimization
is considered to find the optimal order quantity. The model employs Discrete Event Simulation along with a mod-
ified simulated annealing algorithm. To validate the model and the optimization algorithm, the classical newsven-
dor problem is tested first, later, different experiments are carried out for different product lifetimes. In contrast
to the classical newsvendor, this problem tackles a multi-period inventory of different ages and different demand
distributions. The objective is to determine the optimal order quantity to satisfy the stochastic demand of all ages
such that shortages and expirations are minimized. The results showed remarkable performance and outstanding

minimum levels of shortage and expiration.
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INTRODUCTION

Perishable products have a short shelf life, such as dairy
products, fish, fruit, vegetables, pharmaceuticals and pes-
ticides, which undergo a deterioration process as they get
older. To have a sense of the size of investment in perish-
able products, it is sufficient to know that the U.S. retail
industry has been estimated to raise more than $600 bil-
lion in annual revenue, with about 55% in perishable rev-
enue [1]. Deterioration typically leads to a drop in the
market value of products and, by the end of the day, the
valid amount offered for sale declines. Consequently, the
loss of perishable products affects the decision on inven-
tories in the distribution chain. Products that undergo
changes in its functional integrity are said to be perisha-
ble; therefore, in order to increase revenue and minimize
losses due to decay and damage, many businesses apply
marketing techniques, such as pricing and advertising
along with inventory management, to enhance the con-
sumer’s willingness to buy. In reality, relying on produc-
tion-inventory decisions by implementing marketing ap-
proaches are especially relevant for perishable goods.
Supply chain management of perishable goods is a highly
challenging task with several factors that have to be taken
into consideration. Such factors derive from the fact that
perishable goods lose consistency and reliability even un-
der proper conditions in the supply chain. Since living
standards are growing and consumers are primarily opt-

ing for high-quality fresh foods, as opposed to dried, fro-
zen or otherwise non-perishable products, the need for
appropriate strategies to control supply chains of perish-
able goods is significantly important.

The biggest challenge in designing management schemes
for perishable inventories is the requirement of detailed
commodity lifetime study. In the case, where demand is
subject to considerable volatility and inventories are re-
plenished with non-negligible latency, as also occurs in
global supply chains, the management issue becomes te-
dious. Moreover, in some occasions, the demand for
younger/fresh products may be higher, a matter which
makes the problem even more complex. Generally speak-
ing, customers love to have fresher products that are not
approaching their expiration date. In blood supply for in-
stance, some medical conditions impose a demand that is
differentiated by the age. In order to retain a high stand-
ard of quality and at the same time maintain a strict con-
trol of prices, it is important to account not only for the
demand during production delay time, but also for the
stock degradation in that period when placing an order.
To cope with some of the above mentioned issues in per-
ishable inventory, in this study, we address perishable
products of extremely short shelf life under the assump-
tion of differentiated demand that varies according to the
age of the product. Here, old items are consumed first and
only the youngest items are replenished. In case of high
supply, items that are not consumed within their residual
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life will expire. Conversely, low replenishment quantity
may result in shortage in any particular demanded age.
The goal of this study is to decrease the scarcity and expi-
ration of offered products by dealing with the short shelf
life and the stochastic demand of all ages. An algorithm is
developed that implements both Discrete Event Simula-
tion and a stochastic search to find the optimal/near opti-
mal order quantities at the beginning of each inventory
cycle. The algorithm is expected minimize waste and avoid
shortage.

This paper proceeds as follows: a literature review of the
problem of perishable inventory with age discrimination
is presented in section 2 followed by the methodology
and the solution of the model in section 3. The model re-
sults are demonstrated in section 4 followed by a discus-
sion of the experiments in section 5. Finally, the conclu-
sions are presented in section 6.

LITERATURE REVIEW

A good deal of research exists on the problem of perisha-
ble products, which dates back to 1970s [2]. The newsven-
dor problem, for instance, can be considered as a typical
model of short shelf life products of a single period. Re-
search on short shelf life inventory is well established for
certain problem settings, we refer the interested readers
to [3] and [4] for a thorough review of this problem.
While an interesting deal of literature on stochastic de-
mand can be found in this kind of inventory, however, age
discrimination in the demand did not receive much atten-
tion, if any. In contrast, the proposed model in this paper
mainly addresses age differentiation where the demand
for items differ by their ages, (i.e., more demand for
younger products as compared to older products). The re-
search on the management of perishable inventory al-
most started in the seventies of the past century [5, 6, 7,
8, 9]. Recent surveys on retail invetory can be found in
[10]. Similar surveys on perishable inventory can be found
in [11].

For instance, stochastic lot-sizing problems can be found
in [12] who considered perishable inventory but without
age differentiation. Other earlier related research can be
foundin [13] and [14] who considered age distribution un-
der base stock replenishment but no discrimination with
respect to the demand. The author in [15] demonstrated
a class of (s, S) inventory policy to handle perishable prod-
ucts with no devotion to the age of products. Age differ-
entiation is still a new area of development in the field of
inventory management.

Few researchers addressed age differentiation by dividing
the life time into two periods, among these researchers,
we point at [16] and [17]. Different ideas can also be
found in [18, 19, 20, 21, 22] who considered perishable
inventory management in some medical applications with
little attention to age discriminated demand. In few stud-
ies, the status of inventory has been addressed using Mar-
kov chains, which occasionally were used to model perish-
able inventory such as [23] who used a multi-dimensional
Markov chain to model the inventory circulation process.

The classical newsvendor problem as a typical model of
short shelf-life inventory has been thoroughly explored in
literature. Good surveys of newsvendor problem can be
found in the handbook of [24] which demonstrates the
adoption and the implications of the newsvendor models
in miscellaneous applications and settings. The classical
newsvendor problem differs from our proposal by two
major suppositions, first, the newsvendor problem tackles
inventory of a single period and one demand distribution,
while in this proposal, multiple periods are considered
along with longer expiration times. Second, the demand is
discriminated by age, where younger items are often re-
quested more than older ones, therefore, multiple distri-
butions are used (each age has its own demand distribu-
tion).

Contrary to the presented studies above, we propose a
multiple period inventory model that is characterized by
age discrimination, where, different needs are realized for
different ages. To be more realistic, the demand can be
satisfied by products of the same age or by compatibility.
Compatibility means products of other ages may still sat-
isfy the demand of a particular age if shortage is observed.
By so doing, the customers are assumed to accept older
items if younger ones are not available and vice versa.
Following real applications, only the youngest items are
replenished, the elderly just wait for the younger getting
older. Items which are not consumed within their residual
life are ultimately spoiled. Similarly, low replenishment
quantity may result in shortage in any particular age. The
objective of this study is to minimize the shortage and ex-
piration in all ages by coping with the stochastic daily de-
mand. An algorithm is developed that implements both
Discrete Event Simulation and a stochastic search to find
the near optimal (or probably the optimal) order quantity.
The stochastic search is characterized by probabilistic ac-
ceptance/rejection of new solutions of worse moves. The
search neighborhood gets narrower while navigating
through the solutions until no further improvements are
observed in the objective function. Different experiments
were conducted to validate the model results.

METHODOLOGY

In this study, the inventory of a single product of different
ages is considered under the assumption of stochastic de-
mand. The demand may differ day-to-day, however with
constant mean of each age. The products that are not sold
will expire after their lifetime is consumed. Suppose that
the maximum shelf life of the product is M in days, hence,
the product will expire within M days if not already sold.
Unlike some literature studies where age is differentiated
by only two phases (young and old), in this paper, we will
extend the shelf life to M, where M is any positive integer.
The lead-time is assumed to be 1-day, meaning that or-
dered quantities can be attainable a day after orders are
issued. Consequently, fresh items will have an age
of 1-day and only fresh items are replenished every day.
Higher replenishment may yield expiration due to exces-
sive refill rate and low consumption. On the other hand,
significantly low replenishment quantities will empty the
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inventory and some ages may run short. As our model
does not accept backlogs, the shortage is satisfied by ex-
pedite service of a third party. Shortage is as bad as expi-
ration in this study with equal weights assigned to both in
the objective function.

Modelling the circulation and evolvement of the inven-
tory over time is a challenging task that has to be pro-
grammed carefully. MATLAB has been used to build the
simulation model and to program the search algorithm.
To test the feasibility and robustness of the proposed
model and solution, a planning period of 365 days is con-
sidered with each product’s age having its own demand
distribution. Besides simulation, the optimization algo-
rithm works simultaneously to find the optimal quantity
that will minimize the shortage and expired amounts. In
this model, it does not make difference between finding
the optimal order quantity or finding the optimal order-
up-to-level as both are the same for one reason, this is,
the inventory age 1 (i.e., fresh items) will be age 2 next
day, hence, the inventory of age 1 will always be “0” when
the time for replenishment comes the next day, as shown
in Fig. 1. We will use the two terms interchangeably. Any-
way, the task of the decision maker is to determine the
optimal daily replenishment quantity of the youngest
items to keep shortage and expiration at minimum levels.

The inventory gets older and shifts to older agets

)

Inventory Inventory Inventory
age 1 age 2 age M (Expired)
Supply Shortage

0 = LJ -
b b

di"‘ dj’ d\;
Fig. 1 The inventory status and demand in a typical day t

i
Iy

In typical day t, the inventory of all ages is given by
I, ..., 15, and the total inventory of the same product of
all agesis Y1, If. Orders for the different ages is satisfied
as follows: first, the demand is satisfied by the exact
match starting from the youngest (i.e., items of the same
age), if the exact match is not enough, a substitute of
other ages is found (i.e., age mismatch). Likewise, the de-
mand for older items can be satisfied by youngers items if
no exact age match is found. The demand that is satisfied
by age mismatch follows older-and-closer-in-age policy
with the priority in get substitutes belonging to the
younger items. This assumption is important as it guaran-
tees the consumption of older items first. The order fulfill-
ment policy is described in Table 1. The columns show the
preferred ages to be used in satisfying the demand (1 be-
ing the most preferred in each column).

For better demonstration, consider a maximum shelf life
of M = 6 days, the resulting preference for this instance is
given in Table 2. Note, the diagonal of the table shows the
most preferred ages. For example, product age 1 prefers
age 1 as a first alternative, the same applies for the other
ages. The next preferred alternative is the one that is

closer in age but older. For example, if we consider the
demand of the recipient age 4, products of age 4 are pre-
ferred first, then age 5 followed by 6, then the ages 3, 2,
1, respectively. When two recipients’ ages compete for
one substitute (a situation that may occur when two re-
cipients run short), younger items get the substitute first.

Table 1
Demand preference across the supply, (1 is most preferred)
Recipient Demand

age
age 1 2 3 M-2 M-1 M
1 1 M M M M M
> 2 2 1 M-1 M-1 M-1 M-1
g 3 3 2 1 M2 M2 M-2
b4 : : : : - : : :
g M2 M2 M3 M4 1 3 3
o M-1 M-1 M-2 M-3 2 1
M M M-1  M-2 3 2 1
Table 2
An instance of preference for a maximum shelf life of 6 days
Recipient
age
age 1 2 3 4 5 6
1 1 6 6 6 6 6
2 2 1 5 5 5 5
5 3 3 2 1 4 4 4
§ 4 4 3 2 1 3 3
5 5 4 3 2 1 2
6 6 5 4 3 2 1

A superior inventory policy is a one that maintains mis-
match at “0” levels. However, as the demand is stochastic
and the product gets older, it will be almost impossible to
avoid age mismatch. In fact, if no mismatch compatibility
policy is employed, higher shortage and expiration rates
will be observed.
A single product that is characterized by different ages,
a=1, .., M,is considered. Every day t, a random demand
is realized for each age which is given by the vector
Dt = [df, ..., d%]. The demand follows Poisson distribu-
tion of means that differ by age, that is, each age has one
distinct mean. For instance, the vector [10 5 3 2 1] repre-
sents the means of the ages 1 through 5, respectively. The
mean demand for younger ages is usually higher than
older ages. Beginning of day t, the status of the inventory
can be described by the following vector:
If
It=|:
Iy
where:
1! stands of the available inventory of age “a” at day t.
After the realization of the demand, orders are satisfied
by exact age match first, as follows:

1§ = 1§ — dgl*, va=1,..,M (1)
where:
[2]* refers to max (0, 2).
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If the available quantities are not enough for exact age
match, substitutes of other age are found according to Ta-
ble 1 and following the rules below:

e Younger items have higher priority in getting substi-
tutes.

e Substitutes are selected according to older-and-
closer-in-age policy. This will reduce the difference in
age between the donors and recipients, thereby, try-
ing to trade same product generations.

e Items of age M are spoiled right after satisfying the de-
mand by exact as well as by age mismatch.

e Only young items are replenished, the other ages get
their supply from leftovers as younger items get older.

e Items get older day-to-day, until they are consumed or
ultimately spoiled due to expiration.

Age mismatch will alter the inventory status as follows

(i.e., after performing equation 1):

It =[It = Cclt(@)]*,Va=1,..,M, (2)
where:

CI*(a) is the consumed inventory of age “a” to satisfy the

demand of other ages.

Two main steps are left leading to the conclusion of short-

age and spoiled quantities of each age as illustrated be-

low:

Step 1: Product shortage of all ages:

St =[[ds —IL]* = SIY(@)]* Va=1,2,..M  (3)
where:

SI*(a) is the supplied inventory to other ages that is used

in satisfying the demand of age a.

Step 2: Expired amounts:

Upon satisfying the demand by both exact and mismatch

operations, the expired amounts are those of age M which

are not consumed end of t, this is:
Ef =14 (4)

The replenishment quantity is the amount that brings the

inventory of the youngest items back to Q. For further

demonstration, consider the example presented in Table

3. Assume that the order up to level Q¢ = 5 items. Of note,

the order-up-to-level can be denoted by Q if the other

ages are replenished, however, only those of age 1 are re-
plenished in this study.

Table 3
An example: Perishable inventory of a lifetime of 4 days
Day1 Day 2 Day 3

Initial inventory:

(4,2,4.1) Demand: Demand: Demand:

(3122) (3,010 (234,0)

Inventory after exact
match

Inventory after
compatibility match
Shortage end

of period t

Expired end of period t -0 -1 -0
Replenishment

of youngest age Q!
Inventory ready
for next day

1,120 2101 3,000

1,1,1,0 2,1,0,1 0,0,0,0

0,0,0,0 0,0,0,0 0,0,1,0

5 5 5

5111 5,2,1,0 5,0,0,0

The initial inventory of the above example is given by
(4,2,4,1) beginning of day 1. Clearly, the demand for all
ages can be satisfied by exact age match except for age 4,
where a quantity of 1 remains short which is satisfied by
compatibility from items of age 3. The remaining inven-
tory end of day 1is (1,1,1,0). Since the demand has been
completely satisfied by both exact and age mismatch, no
shortage is observed. Similarly, the leftover (age 4) is also
“0”. The remaining will get older by one day and a quan-
tity of 5 items of age 1 arrives. This is updated as (1,1,1,0)
- (0,1,1,1) - (5,1,1,1) which will be available for day 2.
The demand in day 2 can be satisfied by exact match with-
out the need for substitutes. However, one item of age 4
will expire and 5 new items will be replenished. Therefore,
the available inventory for day 3 will be (5,2,1,0). Day 3
will have a shortage in those age 3 even with mismatch
substitution. The same inventory policy repeats every day.
Clearly, the size of the daily replenishment affects both
shortage and expiration rates.

A consumption matrix C can be construct for every tran-
sition period as follows:

age = 1 M
t t
i1 " Om 5
Ct — . ( )
t t
ma1 " Cum

The matrix shows the amounts consumed by exact match
(the diagonal) and age mismatch (upper and lower ele-
ments). Each column in the matrix represents the
amounts used to satisfy its demand, while each row rep-
resents the amount consumed from the row’s corre-
sponding age to satisfy the others. For instance, items age
M are satisfied by the exact match quantity (cf;,) in addi-
tion to the quantities attained from other ages: cf,
through cj_1 »-
The above matrix is updated on a daily basis with each day
having its own consumption matrix. The grand sum over
the planning period T is given by:

T cii v Ciy

= Z ct = (6)

=t Cin v Cum
The matrix C gives the total amounts used to satisfy the
demand detailed to each age. It also gives the supply dis-
tribution (columns) and the consumption distribution
(rows). For instance, the first column shows the amounts
used to satisfy the demand of age 1 in the entire planning
period T. The quantities used as exact match are given by
YM | Caq, While those consumed in covering the demand
by younger items equal to Y¥_, ¥M | C,,, Va > b. Like-
wise, those consumed to meet the demand by older items
are given by Y > €., Ya < b. One performance
measure that should be addressed is the mismatch ratio.
Keeping the mismatch ratio at minimum levels means
higher satisfaction by exact ages. The total mismatch ratio
is given by:
lel leglzl Cab - Zglzl Caa (7)

lel 211\7/121 Cab

While different cost objective functions can be modeled
to optimize the inventory, however, shortage and expira-
tion are the key performance measures. Minimization of

Mismatch ratio =
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shortage and expiration over the entire planning period is
our objective function of choice. In this study, equal
weights are assigned for both measures, this is:

Min%{_1 (Xa=15a + Ei) (8)
The objective function presented in (8) cannot be evalu-
ated analytically as it depends on the simulation results of
each run of the entire planning period. Therefore, while
the optimization algorithm searches for the best values,
the simulation model will be tested for multiple times to
get an estimate of the shortage and expiration. The con-
current values of shortage and expiration will determine
the right search directions accordingly. Simulation is also
important to generate the demand stream out of Poisson
distribution; therefore, beginning of each simulation run,
a data vector is generated for the realization of the de-
mand day by day.
The circulation of inventory and the optimization algo-
rithm have been coded using MATLAB. Random numbers
library is used to get the random demand and to operate
the stochastic search algorithm. The solution space is the
feasible range which is restricted to non-negative values
and sufficiently high upper bounds. The best order-up-to-
level quantities are those which will minimize both short-
age and expiration equally likely. For every new solution,
the model has to be simulated once to get the resulting
shortages and expired amounts for guided search paths.
Along with the evaluation of the objective function, the
mismatch matrix is evaluated as another performance
measure of the model.
While the optimization algorithm navigates through the
different solutions, each is evaluated via simulation as
shown in Fig. 2. For every iteration in the optimization
side, the inventory is simulated for a planning period of T.

Simulation

T periods .
Near optimal

Initial .
solution

solution
Optimization

Stop cond.

Fig. 2 A schematic diagram of simulated optimization

Due to stochastic settings in the model, challenges may
arise in finding the best solution neighborhood, a matter
that requires tuning the search parameters in few initial
trials for faster convergence. Although the search algo-
rithm is stochastic in accepting better/worse solutions,
the search directions are sufficiently limited to make a
simple stochastic exploration efficient in finding the opti-
mal values. Exclusive tracking of inclined gradients of the
objective function does not guarantee hill combing, there-
fore, to avoid the trap in potential minima, worse solu-
tions can be probabilistically accepted. Upon the ac-
ceptance of a new move, the solution is evaluated once
for a period of T. Fig. 3 demonstrates a simple pseudo
code of the algorithm.

e

o
500

cost function
new solution
threshold
neighborhoods
: acceptance probability
i=initial solution
While (non-stop conditicn)
While (n)
T(k)=t
While (some condition on k)
New s
If (c(s)<ec(i)
i=s
Else
New r=rand()
If (c(s)-c(i)) <T and r <p)
i=s
endif

o

@ e

o

endif
k=k+1
T=T (k)
end while
end wile
end while
Solution =i

Fig. 3 Pseudo code of the optimization algorithm

RESULTS

To verify and validate the proposed model and solution
algorithm, a short shelf life inventory of 1-day lifetime is
considered. Of note, when a maximum shelf life of 1-day
is considered (i.e., the inventory has to be consumed the
same day it is ordered, otherwise spoiled), the problem
reduces to a classical newsvendor. We have tested our
model for 1-day lifetime and compared our results with
that attained by the classical newsvendor given normal
demand N(u,0) and similar overage and underage costs.
Our results match with those found in the analytical
newsvendor to an extent of almost 99% in 30 trials each
simulated for 365 days. The Mean Absolute Percent Error
(MAPE) is ~ 1%. Table 4 shows the analytical and simu-
lated optimization results (i.e., newsvendor problem). The
optimal quantities are remarkably close to those found
using the analytical solution. (The reader is referred to the
classical newsvendor for details).

Table 4
Analytical solution of the newsvendor vs. simulated optimiza-
tion. (Normal demand and similar overage and under costs re
used in the newsvendor problem. Similar shortage and expira-
tion weights are used in the simulated optimization)

Standard  Newsvendor Simulated

Mean deviation optimal optimiza- MAPE
v (o) quantity tion
10 2 10 9.85 0.015
20 4 20 20.2 0.01
30 6 30 29.67 0.011
40 8 40 40.56 0.014
50 10 50 51.01 0.0202
10 4 10 10.1 0.01
20 6 20 19.85 0.0075
30 8 30 29.52 0.016
40 10 40 40.7 0.0175
50 12 50 49.31 0.0138

Average 1.35%

Having the model validated by a standard analytical solu-
tion, next, we proceed to consider products of 2, 3, 4, and
5 days lifetime. A planning period of 365 days is selected
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for each lifetime experiment. Each experiment is simu-
lated 30 times (i.e., a total of 30 years of simulation).
Thirty trials are enough to test our confidence in the re-
sults for different demand streams. Narrower confidence
intervals mean that the solutions are consistent and fall
within same optimal neighborhood. On the other hand, if
the confidence interval is relatively wide, the chances that
some solution may have been trapped in a local minimum
are higher. In our experiments, narrow confidence inter-
vals were observed as detailed down this section.

For benchmark comparison, in the remaining four experi-
ments we assume that the sum of the demand means for
all ages is the same, that is, D4, = 10 items/day. The dis-
tribution of D,,,, over the different ages is decreasing so
as to hold the proposition that older items are not as at-
tractive as new ones.

First experiment: A single product of a short shelf life of
2 days is considered, hence, the product has to be con-
sumed within 2 days since replenishment, otherwise, will
be spoiled. In this experiment, the demand follows Pois-
son distribution of the means (6, 4) items/day for both
ages, and only young units are replenished. Of note, this
inventory problem cannot be analytically solved as in the
case of classical newsvendor as there are two periods and
two demand distributions of different means. Both age
1 and age 2 are compatible as demonstrated in Table 1.
Second experiment: An extension of the above scenario
is addressed here with a shelf life of 3 days. Only items of
age 1 are replenished, while items of age 3 days that re-
main in inventory are spoiled. Poisson distribution is used
for the demand with the following means (5, 3, 2)
items/day. Substitution by compatibility follows the
guidelines presented in Table 1.

Third experiment: The second experiment is extended to
a shelf life of 4 days. Only items of age 1 are replenished,
while items of age 4 remaining in inventory are spoiled.
Substitution by compatibility follows the guidelines stated
in Table 1. With a sum of D,,,, = 10, the demand means
for this case are (4, 3, 2, 1) items/day.

Fourth experiment: Although our model can be extended
to any lifetime, however, the interest of this research is to
tackle the inventory of extremely short lifetimes (up to
5 days). A particular attention will be paid to this case as
it can be applied to Platelets Apheresis inventory in On-
cology and Hematology field. Dairy products and ready
food are other typical examples that exhibit such a short
lifetime. Anyway, blood platelets can survive for only
5 days end of which they are either consumed or spoiled.
Platelets are precious products that must be managed
with care as shortage and expiration are so destructive.
For this experiment, the following means were selected:
(4,2,2,1, 1) items/day. Similar mean distributions can be
found in literature. In blood organizations, it is usually pre-
ferred to get the exact platelet age match of each order,
however, as the demand is stochastic, it is highly unlikely
to satisfy all orders by exact match, therefore, the plate-
lets that are older but closer-in-age are used (as in Table
1). Certainly, in such medical application, the impact of
spoiling such living cells is detrimental. On the other hand,

shortage may lead to loss of lives as well. Accordingly,
both shortage and expiration have significant adverse ef-
fects on the performance of the inventory. We would like
to note that; cost models for such precious living tissue
are not so suitable, thereby, adhering to human trafficking
international laws.

DISCUSSION OF THE FOUR EXPERIMENTS

Our results are based on 30 experiments for each lifetime,
each of which is simulated for 365 days. The optimal ob-
jective function (shortage and expiration) is recorded for
each lifetime as shown in Fig. 4.

The confidence interval of different Maximum Shelf lives
95% CI for the Mean

1.3+
1.2
1.1+
1.0+
0.9+
0.8+
0.7 A
0.6+
0.5+

0.4

Obj. Fun. (Shortag + Expired quantities)

2 déys 3 déys 4 dlays 5 dlays
Fig. 4 The objective function value and the Cl for different life-
times

Evidently, shorter lifetimes yield worse performance as
there is not long time till consumption, hence the prod-
ucts have higher chances of being spoiled. Longer shelf
lives, on the other hand, provide more tolerance and
thereby, longer time for consumption. Fig. 5 shows the
objective function value and its confidence interval scaled
down to shortage and expiration/day. Noticeably, the ob-
jective function value significantly decreases to low levels
of shortage and expiration as the maximum shelf life in-
creases. The confidence intervals are remarkably tight
around the averages with no outliers, meaning that no lo-
cal minimum is trapping an outlier solution, Table 5.

Quantities Ordered / Year
95% CI for the Mean

3700+

-

o T
L 1

-

3600

3500

3400+

3300

3200+

Ordered Quantities / Year

3100

3000

2 déys 3 d:ays 4 déys 5 déys
Fig. 5 The confidence interval of the ordered quantities for dif-
ferent maximum shelf lives

Only 0.5 items will outdate or will go short in a shelf life of
5 days which constitutes 5% of the demand.
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Table 5

The resulting objective function (shortage + expired)

for the 4 experiments
Confidence Interval (95%)

Shelf Life Mean  St. dev.

2 3659.7 60.6 3637.1 3682.4
3 3629.3 61.9 3606.2 3652.4
4 3629.3 89.2 3596.0 3662.6
5 3625.7 58.6 3603.8 3647.5

The annual ordered quantities are shown in Fig. 5. Slight
fluctuations around 3650 are observed as the sum of all
Poisson averages is 10 items/day. Note the quantities or-
dered in the case of 2 days lifetime is little higher due to
higher chances of expiration.

The average of the optimal decision variable is shown in
Fig. 6 which demonstrates tight confidence intervals for
the 30 trials and an average of almost 10 items/day.

Decision variable (Order-Up-To-Level)
95% CI for the Mean

11.0
10.5
g
10.0 = -
2 =+ £ =8
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9.0 T T T T
2 days 3 days 4 days 5 days

Fig. 6 Near optimal replenishment quantities/day for the 4 ex-
periments

The replenishment quantities resulting in this figure
demonstrate the robustness of the search algorithm and
its ability to drive the inventory to optimality neighbor-
hood of minimum levels of shortage an expiration under
stochastic demand.

One more experiment is conducted for a shelf life of
5 days. Shortage and expiration detailed to each shelf life
are given in Fig. 7. Both shortage and expiration decrease
by increasing the maximum shelf life exhibiting the same
pattern. Note that shortage will be less than 1% of the de-
mand with almost similar ratio for the expiration.
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Shelf life
Fig. 7 The objective function detailed to shortage and expira-
tion

Fig. 8 shows the percent of satisfied demand by exact age
for all scenarios. For example, the bars belonging to age =
1 show the percent of items satisfied by exact match for
the scenarios of 2, 3, 4 and 5 lifetime periods. Particularly,
the first bar in the graph belongs to products of a shelf life
of 2 days. It informs that almost 80% of items aged
1-day are satisfied by exact age match. Similarly, for the
category of 5 days shelf life, the demand for those age
5 of this type is 75% satisfied by exact match as shown by
the last bar in the figure.
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Fig. 8 Percent of demand satisfied by exact age match for all

shelf lives
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The supply-demand point of views are shown in Fig. 9 and
Fig. 10.

Fig. 9 presents the supply for each age, for example, age
1 is 74% supplied by exact match and the remaining by
compatibility. Note that as the lifetime increases, more
chances for compatible operations can be observed.
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Fig. 9 Supply by exact and age mismatch of each age type
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Similarly, by consider the consumption distribution in Fig.
10, we realize that older items mostly serve as donors
while younger items present more greed. For example,
18% of those age 5 are consumed by the demand of this
age and a remaining of 82% is used to satisfy the other
ages. While Fig. 9 shows that out of all quantities satisfy-
ing age 1, only 74% of this age is satisfied by its own kind,
however, Fig. 10 shows also that almost 100% of those
age 1 are consumed by the same age, meaning that prod-
ucts age 1 are not generous donors and those age 5 are
the best donors.

CONCLUSIONS

This paper builds upon the newsvendor problem where a
multi-period perishable inventory of extremely short shelf
life is considered. In contrast to majority of existing litera-
ture, here, the demand is stochastic and discriminated by
age, thereby, newer items exhibit higher average demand
as compared to older ones. The product gets older day by
day till consumption or expiration. The demands are sat-
isfied by exact age match first, then by compatibility if ex-
act age match is not available. The inventory policy fol-
lows certain guidelines to mimic real situations such as
RBC'’s inventory in blood banks. The goal is to find an op-
timal replenishment quantity such that shortages and ex-
pirations are minimized.

The supplier replenishes only younger items while old
ones get their quantities by aging of younger ones. Higher
replenishment quantities yield expiration, while low
quantities my result in shortage. The model objective
function is to minimize both quantities via simulated opti-
mization approach. Discrete Event Simulation model is
built to model the inventory circulation over a planning
period of 1 year. Five different shelf lives were considered,
starting from the classical newsvendor up to products of
5 days lifetime, each has been simulated for 30 times. The
search algorithm employs stochastic moves while navi-
gating in the solution space. The stochastic search allows
for hill climbing and avoiding local optimal solutions.

The simulation experiment revealed remarkable results of
great consistency. It was found that both shortage and ex-
piration decrease by increasing the shelf life (down to 1%
of the demand for a shelf life of 5 days). Mismatch substi-
tutions also decrease by increasing the maximum shelf
life. The confidence intervals are found to be remarkably
narrow, a matter that assures consistency and inexistence
of outlier solutions, thereby, reassuring optimality neigh-
borhood. Slight fluctuations around the average demand
were observed in optimal quantity indicating a good deal
of consistency in the solution.

Finally, while the proposed model identifies the products
by different ages, one limitation that may exist is the una-
vailability of demand data for each age. Moreover, higher
fluctuations in the demand of each age may result in in-
flated bullwhip effect which can be addressed in future
extension of this work. Another limitation, the proposed
model works well for products of extremely short shelf

lives. If the products exhibit longer shelf lives, the prod-
ucts may no longer be discriminated by age and hence an-
other model may be more suitable for this category of
problems.
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