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Abstract: The aim of this study is to develop a robust two-stage stochastic location-routing-inventory model for perishable items. The proposed model is implemented in a
two-stage structure. The first-stage decisions determine the establishment of distribution centres and the second-stage decisions identify the other variables of the problem.
In order to reduce the effect of different scenarios on the outputs of the problem, the two-stage model is developed to a robust model. Two variability criteria called 'Partial
Lower Deviation from Mean' (PLDM) and 'Partial Lower Deviation from Target' (PLDT) are considered for the problem. This robust model can manage the variability of
different scenarios considering the variability needed for the problem. The summary of the results of the models indicate that the supply cost, the setup cost, the vehicle
supply cost, and the production cost comprise 55%, 28%, 3%, and 14% of the total costs of the supply chain, respectively. Similarly, the ratio of net profit margin to the total
revenue of the supply chain derived from the division of the objective function by the revenue function is 15%. Among free, fresher first, older first, and mixed policies, the
free policy provides the decision maker with more profit than the other three policies since it imposes less constraints on the model.
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1 INTRODUCTION

This study considers a three-level supply chain for
dairy products. The first level is the raw milk supplier. The
second level of the supply chain is the dairy plants which
receive milk from the suppliers, process and send it to the
third level of the supply chain which is the consumer
centres. One of the main objectives of this study is to
establish a proper connection and routing among supply
chain levels along with locating the distribution facilities
by considering transportation. In the problem under study,
considering the dispersion of raw milk production and
consumer centres, it is particularly important to locate the
middle level, that is, the dairy supplier. In this study, the
establishment of production centres is considered as a
variable and is determined according to the other
parameters of the problem. Since decisions about the
establishment of a dairy production plant are related to
strategic-tactical levels and routing and determining the
transfer rate are related to tactical-operational levels,
simultaneous decision making for all the variables is not
possible. To solve this problem in the current research, a
two-stage decision-making method is used. The decisions
are first made in relation to the establishment and setup of
the dairy plant and in the next stage other routing-inventory
decisions are made. Due to the fact that the considered
items are perishable, the model has been studied in the
periodic mode. By passing from one period to the next, if
a product remains in the warehouse, its shelf life increases
by one unit. Different shelf lives of the items can have
different revenues for the system.

On the other hand, the idea of perishable goods in
supply chains has been studied by numerous researchers
such as Liu et al. [1], Shah [2], Onggo et al. [3], Yang and
Wee [4], and Rau et al. [5], Yavari and Geraeli [6].
Inventory management by the seller can be mentioned as
one of the effective strategies in this field. In this strategy,
by considering the need to an inventory renewal period for
the consumers, the manufacturer decides about the time
and quantity of inventory renewal as well as the system.
Given the importance of the supply chain and perishable
goods, some researchers have considered the integrity of
the chain along with perishable goods. Seyedhosseini and

Ghoreyshi [7] presented an integrated model for the
production and distribution of perishable items considering
inventory and routing problems.

Yu et al. [8] addressed the perishability of goods in the
integrated two-level supply chain and developed an
integrated model for perishable goods. In their proposed
model, perishability has been considered for the final
product, retailer demand has been assumed to be
deterministic and constant, and the optimum values have
been determined using a heuristic and metaheuristic hybrid
approach in order to maximize the supply chain profit.
Shaabani and Kamalabadi [9] presented an efficient
simulated annealing model for the supply chain with a few
consumers who purchase several perishable goods. Hsu et
al. [10] presented a routing problem with a time window
for perishable items. Seyedhosseini et al. [11] studied the
problem of perishable items with stochastic demand for a
supply chain with two levels. The main objective of the
current study is to present a robust two-stage stochastic
location-routing-inventory model for perishable items.
Chao et al. [12] presented a mixed-integer programming
model for location-routing-inventory problem with time-
windows problem and solved it by a hybrid heuristic
algorithm. Khalili-Damghani [13] proposed a bi-objective
location-routing mixed integer model to distribute
perishable products in supply chains and solved it by
NSGA-II and ¢ - constraint.

The following research gaps were identified after
reviewing previous studies in this paper:

e Although the time horizons of most of the decision-
making models are infinite, these models have been
considered in the framework of economic ordering or
economic production models.

e A two-stage model that considers both strategic and
operational decisions simultaneously has not been
investigated in the literature so far.

e Most of the previous studies have a specific demand
function, while the specific characteristics of perishable
items make a simple demand function insufficient for
them. Most of the demand functions in the literature
depend on the time, price, or expiration period, whereas
this research offers a flexible approach for the type of
demand.
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e The problems that have considered the relationship
between inventory and routing regarding perishable items
are very limited and few. The purpose of the current study
is to investigate this topic carefully.

2 MATHEMATICAL MODEL
2.1 Assumptions

In this paper, 13 assumptions are considered. These
assumptions are:
1. The studied chain is multilevel and includes the levels of
supply, plant, and demand.
2. The chain under study is multi-period and multi-product.
3. The locations of the suppliers and retailers are already
known, but the location of the plant is determined by the
model.
4. Routing is done among all levels.
5. The routing problem is multi-depot with a certain
capacity.
6. The retailer/supplier index with the number 1 represents
the plant.
7. The vehicles and centres have a certain capacity.
8. The vehicles are considered as heterogeneous.
9. The vehicles used for collecting milk from the suppliers
and the vehicles used for delivering the product to the
customers are of different types.
10. The products delivered to the customers have shelf
lives (age).
11. Storing the product in the plant's warehouse for the next
period has been considered possible.
12. A hard time window has been considered for collecting
milk from the suppliers.
13. At any time period, the price of the delivered product
to customers varies according to its shelf life.

2.2 Indicators

The model indicators are as follows:
Product - j
Supplier - a, a'
Plant - m
Retailer - n, n'
Vebhicle for purchasing milk - p
Vehicle for delivering the product - g
Product age - g
Time period - ¢
Scenario - s

2.3 Parameters

The parameters of mathematical model are shown as

follows:
CPTY;” - The capacity of supplier a for supplying milk
in time period ¢ under scenario s.

CPTY},," - The capacity of plant m for product j in time
period ¢.

CPTY, f ~¢h _ The capacity of milk-collecting vehicles p.
CPTYqD—veh

delivering the product to the customers.

- The capacity of vehicles ¢ used for

w7 - The distance between supplier a and supplier a'.

®,,, - The distance between plant m and supplier a.
@’ - The distance between retailer » and retailer »'.
@,,, - The distance between plant m and retailer .

a)T;Z{Z - The time period between supplier a and supplier
a' by vehicle p.

oT,,, - The time period between plant m and supplier a
by vehicle p.

& - The time window for collecting milk from the
suppliers.

OPMN,, - The setup costs of plant m.

OPR,, - The cost of purchasing vehicle p.
OPD,, - The cost of purchasing vehicle g.

PRC,, - The price of purchasing each unit of milk from

supplier a in time period ¢.
PRCC,, - The price of selling each unit of product / with

age g to the customers in time period ¢.

PH ,, - The cost of holding each unit of product j with

age g in the warehouse of plant m in time period ¢.
P M ., - The cost of producing each unit of product j by

Jmt
plant m in time period ¢.
PR; - The amount of milk required for producing each

unit of product ;.
demand ;,,, - The demand of retailer  for product, in time

period ¢ under scenario s.
A Ilf - The amount of fuel consumed by vehicle p per unit

distance.
2 qD - The amount of fuel consumed by vehicle g per unit

distance.
P RO, - The probability of an event under scenario s.

F - The price of each fuel unit.
bigm - A very big number.

2.4 Variables

The variables of mathematical model are as follows:
1
X !Ifs {0 - Binary, If vehicle p is purchased under scenario
s.

o)l . . . .
Xy 0 Binary, If vehicle ¢ is purchased under scenario
s.
yR

pa'ats

{1) - Binary, If vehicle p visits supplier a after
visiting supplier a' under scenario s in time period ¢.
Kl[;m {:) - Binary, If vehicle g visits retailer n after
visiting retailer »' under scenario s in time period .

pms

1
z® {O - Binary, If vehicle p is allocated to plant m

under scenario s.
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1
zP {0 - Binary, If vehicle q is allocated to plant m under

Z Y, pamts

qms p.a .
T Z Zj&qmnm vj: m’ t, N (3)
scenario s. i g4
1 . .
X, {0 - Binary, If plant m is set up. z Z sgqmms = demand ;. j,m.t,s 4)
g.q.m
Y ums - Positive, The amount of purchased milk by
vehicle p belonging to plant m from supplier a in time Z s S CPTY!? Va,t,s (5)
period ¢ under scenario s.
Z joqmms - Positive, The amount of product j with age g
delivered to customer # by vehicle g belonging to plant m Zngam,s
in time period ¢ under scenario s. pa :
it Th ¢ Croduct 7 oroduced b 24 <CPTYI jmit,s (6)
mis - Positive, The amount of product j produced by PR g
plant m in time period ¢ under scenario s.
Qjoams - Positive, The amount of product j with age g in Z Z gmis < CPTY/’,’,’;j" Y, m,t,s (7)
vehicle g while leaving the location of customer # in time &an
period ¢ under scenario s.
Ay - Positive, The arrival time of vehicle p to the DY s SCPT Yf’m’ Vp.m,t,s (8)
location of supplier a in time period ¢ under scenario s. ¢
ST, - Positive, The amount of product j with age g in
Jemis p J ges > Z gmms < CPTYP™" gm,t,s ©)
. . . . Jjggmnts q S 1L, L,
the warehouse of plant m in time period ¢ under scenario s. gn
2.5 Objective Function
Z vas S1Vpat,s (10)
The objective function minimizes the costs. These
costs include plant setup costs, the costs of purchasing
milk-collecting vehicles, the costs of purchasing vehicles Z gms <1 Va,n,t,s (11)
for delivering the product to customers, the costs of
purchasing milk from the suppliers, the costs of holding
raw materials in the plant, production costs in the plant, and Z paats Z pagts VDAL, (12)
the costs of fuel consumed by milk-collecting and product
delivery vehicles.
Z qn'nts z gnn'ts Vq,n,t,s (13)
Max 2" = %" PRO,xPRCC 0y % Z iy s —
J.g.q.mnt,s
Ay + (1= Y ) b + T
[ZOPMN <X, +ZPRO X(ZOPRP xXE 4 pats paars | < DIgM 2 Ay + 0T 1, (14)
m P Vp,a',a>1t,s
+ OPD,x X2+ Y PRC, %Y+ D PH g, x
q p.amt j.gmt R . R
E+(1-Y, 1, )xbigm=2 A, +oT,,  <Z
ST s gpues + Z PM X Z g + F % Z /1115 Xt x pees pas e (15)
A J.g.q.mnt pa'>lasle Vp,m,a>1,t,s
YR+ Fx Y Afxa,, <28 (Y[ﬁm + Y[ﬁ,m) .
pma>lt ajqn'ts (1 an nts )X blgm = ajqnts + qumnts (16)
Fx Y J.Dxcu’ftx)’:]n,m+F>< > /lé)xwmnx . ,
g.n'>l,n>1t q.m,n>1t v-]’ q’ mn.,n> 1’ t’ S
XZDWLS Y}’lé+Y€A )) .
4 ( qlnis T~ qnlt ) Ajgiss 2 Zqumm Yj,q,m,t,s (17)
Subjected to: n
S]—}gmtv =S g 1mt 1 z Jjggmnts Vj,g>1,m,t>1,s (1) pamts _blngz pa'ats Vp,a,m,t,s (18)
q.n
STigmts = ﬂ“jmts - Zz.igqmnts Vji.g=Lmt,s (2) ngqm"” < bigmx Z qr'nts v/, 8.qmnt.s (19)
q.n
Ypuss SbigmxZy, . Vp,amts (20)
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Z qmmis SDIgMZ0 0 Vj.g.q.mnts 1)
Y pumis Sbigmx X, Vp,a,m,t,s (22)
Z jqqmms <bigmx X, Vj,g,q,mnts (23)
Z[fms < X[’fs Vp,m,s (24)
Zps <Xg Vgms (25)
> Z5, <bigmxX, Vm,s (26)
p
D Zg, <bigmxX, Vm,s (27)
q
> Zh <1 Vps (28)
m
D
D Zp <1 Vs (29)

m

The balance of the product inventory in the plant's
warehouse has been considered by Eq. (1) and Eq. (2). Eq.
(3) calculates the amount of milk consumed in each period
for manufacturing the products. Eq. (4) guarantees the
satisfaction of demand. Eq. (5) to Eq. (9) ensure that the
capacities of the supplier, plant, milk-carrying vehicles,
and product-carrying vehicles are not exceeded,
respectively. Each vehicle will visit each supplier and each
retailer once in each time period. Eq. (10) and Eq. (11) are
for the suppliers and retailers, respectively. Based on Eq.
(12), if a vehicle enters a supplier centre, it must leave the
centre. Moreover, if a vehicle visits a retailer, it must leave
the retailer as included in Eq. (13). Eq. (14) and Eq. (15)
respectively ensure that the subtour is eliminated and the
sequence of supplier visit by the vehicles is determined.
Moreover, Eq. (16) has been used to ensure that the time
window for the return of milk-carrying vehicles to the plant
is not exceeded. Moreover, Eq. (16) is the subtour
elimination constraint and Eq. (17) determines the
sequence of product-carrying vehicles to deliver the
products to the retailers.

One of the conditions for collecting milk from the
suppliers and delivering the products to the retailers is that
they be visited by vehicles. These conditions for the
suppliers and retailers are included in Eq. (18) and Eq. (19),
respectively. Another condition for collecting milk from
the suppliers and delivering the products to the retailers is
that the vehicles be allocated to the plants. This condition
for milk-collecting and product delivery vehicles has been
included in Eq. (20) and Eq. (21), respectively. If a plant is
not operational, milk should not be delivered to it or
products be sent from it to the customers. This condition
has been considered in Eq. (22) and Eq. (23), respectively.
If a vehicle is not purchased, it must not be allocated to the
plant. This condition for milk-collecting vehicles and for
delivery vehicles is included in Eq. (24) and Eq. (25),
respectively. Another condition is that if a plant is not

operational, no vehicles should be allocated to it. This
condition for receiving milk and product delivery has been
considered in Eq. (26) and Eq. (27), respectively. Each
vehicle must be allocated to one distribution centre at most.
For milk-collecting vehicles Eq. (28) and for product
delivery vehicles Eq. (29) have been considered.

2.6 Solution Approach
2.6.1 Developing the Two-Stage Stochastic Model Into a
Robustness Model

In practice, stochastic programming and robust
optimization are used to manage the uncertainties and
limitations in the relevant literature. The robust counterpart
of the general two-stage stochastic model can be
formulated in the following way.

min{arx+2p“ b Xy 4 Axo(Y, ¥ )+ ox p(S, ..., 53)}
seS (35)
Ax=c
B'x+C°xy* +6°=d’,seS
x,y">20,seS

Since with the shortage of any item in the worst-case
scenarios, it is possible to supply these items from other
suppliers at a higher unit price (however, one should not
normally rely on them), the mentioned equation is changed
into the following equation. The equation below shows that
the required amount in the production or supply process
must be supplied separately.

z ngqmms + é'jms > demand ;

Jjnts
&g.q9.m

Vj,n,t,s (36)

In addition, the term p(5 1, oy O ) is changed into the

following form:

p(é‘l,..., 5‘9)=;;Zt:§pstij5jm 37

where EC; is the unit price of supplying goods from
suppliers from whom purchase is not usually made. The
presented models above consider variability symmetrically
so that they take both negative and positive deviations into
account in the calculations.

3 RESULTS
3.1 Data

The data used for this model have been presented using
the assessments of experts at Sabah Company. The used
uncertain parameter is the demand parameter. The demand
parameter depends on the number of retailers, the number
of product variations, and time periods.

3.2 The Results of the Sample Average Approximation
Method

The difference between these values has been
practically considered as the value of the stochastic
solution (VSS). VSS is calculated as follows:

1992
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VSS = ?N ()?) _?N (XMeanValue)

where, ?N ()? ) is practically the middle value between

the upper and lower bounds for the objective function
obtained by the sample average approximation method for

X and ]:‘N (X MeanValue represents the value of the

objective function for the problem with the average
parameter. The comparative values for

)—(1000’)?2000’)?3000 . and XMean Value can be

observed in Tab. 1.

Table 1 The values of the stochastic model solutions

xMeanValue | X (M =150, N =100, N'=1000) | X (M =150, N =200,N'=2000) | X (M =150, N =300, N'=3000)
OF 1 1598974243 1495321887 1495403179 1495411159
Vss - 103652336 103571064 103563084

As is shown in Tab. 1, using the stochastic model, the
solutions improve by about 6.92% compared to the model
with average parameters.

3.3 Sensitivity Analysis of the Effect of Fuel Price on the
Empty Capacity of the Vehicles

Fig. 1 shows the model behaviour for different values
of the coefficient of increase of fuel price (CIFP).

uve OF

0,8 1.495.000.000
0,79 N\ - 1.494.950.000
078 N\ - 1.494.900.000

0,77 \\ - 1.494.850.000
0.76 - 1.494.800.000

§ ors | N - 1.494.750.000 &
' S\.| 1.494.700.000
0.74 - 1.494.650.000
0,73 - 1.494.600.000
0,72 - 1.494.550.000
0,71 4+ 1.494.500.000

1,113 1517 1,9 2,1 23 25
CIFP
Figure 1 The effect of fuel price on UVC

3.4 Sensitivity Analysis of the Effect of Reduced Product
Price with the Increase of Age

Fig. 2 shows the behavior of the objective function of
the problem and the percentage of the perished product
with the decrease of selling price for different values of the
coefficient of decrease of selling price (CDSP).

il OF PPP

1.600.000.000
1.400.000.000
1.200.000.000
1.000.000.000

% 800.000.000
600.000.000
400.000.000
200.000.000

i ‘—: O N Ih’) L o~

SR S S G B

— — — — — —

CDSP
Figure 2 The effect of CDSP on PPP with the increase of age

It is clear that as CDSP increases, the value of the
profit function decreases. On the other hand, the value of
the perished product also decreases as CDSP increases.
This behavior indicates that the percentage of perished

product (PPP) will increase as profit margin increases in a
system producing perishable items.

3.5 Analysis of the Robust Two-Stage Stochastic Model

In the following section, PLDM and PLDT criteria are
investigated separately and a comparison of them is
presented as well.

3.5.1 The PLDM Criterion

The different parts of the objective function are shown
in this section. The objective function includes 7 main parts
for the initial model, 1 part for the variability measure, and
1 part for the model robustness criterion. The main parts
for the two-stage initial model include the sales revenues,
supply cost, setup cost, vehicle supply cost, production
cost, vehicle cost, and holding cost. It is clear that the value
of the variability index PLDM practically decreases as the
value of A which represents the importance of solution
robustness increases. This can be observed in Fig. 3.

405

400
395

390
385 \
380

.

x 100000

Variability Measure

375
370

365 T T T T T !
0,025 0,050 0,075 0,100 0,125 0,150

A
Figure 3 The relationship between A and the variability measure
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1.490
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~Ne
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1.465
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1.450 ; : : : : : :
0,000 0,025 0,050 0,075 0,100 0,125 0,150
Lambda
Figure 4 The relationship between profit and A
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Fig. 4 shows the relationship between profit and A. It
is clear that as A increases, profit decreases. It is obvious
that the amount of profit must practically decrease to
reduce variability in the proposed model.

3.5.2 The PLDT Criterion

Fig. 5 shows the balance between the PLDT variability
measure and the expected objective function for different
values of R*. It can be observed that a higher variability is
obtained for the objective function as the value of R*
increases. If the first priority of the decision maker is to
increase profit, he/she must use a lower value for R*. On
the other hand, since the increase in the value of R* leads
to the consideration of more scenarios in the variability

4.850

calculations, the numerical value of the variability index
increases, while the decrease of the R* value leads to the
consideration of variability for a fewer number of
scenarios.

3.5.3 Comparison of the PLDM and PLDT Measures

In this section, a comparison of the results obtained
from the PLDM and PLDT models is presented so that the
decision maker can practically choose one of the presented
models. As was noted in previous sections, the PLDM
model is only set by the parameter A, while the PLDT
model is set by parameters 1 and R*.

4.800

= RA¥=1
e RA¥=1.03 e RA¥=1.04  e=@==RA*=1.05

4.750

efli=RAN¥=1.01 ==he=R"¥=1.02

4.700

4.650
4.600

x 10000
PLDT Variability

4.550

4.500

4.450

4.400 T

Foas

1.440 1.450

T

1.460
Profit

T T 1

1.470 1.480 1.490

Milijuni

Figure 5 The mutual effect of the expected objective function and the PLDT variability measure

As is expected, since the PLDM model is practically
dependent on mean, while the PLDT model is dependent
on R*, the freedom degree of the variability measure is
higher for the PLDM model resulting in a higher reduction
rate in the variability measure for a variation in a certain

value of A. Therefore, if the decision maker's main
objective is to reduce variability, he/she must use the
PLDM model with the maximum value of 4, as is shown in
Fig. 6.

49
2
S 48 3
=5 9
247 X ¥ @ o *PUDM
46 X ®
. 2 F X ERA*=1
2 ¥ - po ARA*=1,01
T 44
X RA*=1.02
T > o
42 L 2 X RA*=1.03
*
* © RA*=1.04
41 o
40 . ‘ ‘ ‘ RA*=1.05
0,000 0,050 0,100 0,150 0,200
A

Figure 6 The comparison of the variability of the studied models versus the different values of 4

4 CONCLUSION

In this study, the three-level supply chain model for
perishable items with different shelf lives was investigated
and the sales revenue and holding cost could be determined
according to the shelf lives of the products. The production
and distribution centers could deliver fresh or old products
to the customers according to the fresher first, older first,
or free policies. However, the policy of production and
distribution centers was free. The production rate was

enough to meet customer demand. The proposed model
was implemented in a two-stage structure. The decisions in
the first stage determined the establishment of distribution
centers and the other variables were determined in the
second stage. To reduce the effect of different scenarios on
the outputs of the problem, the two-stage model was
developed to the robust model. Two variability criteria
(PLDM and PLDT) were considered for the studied
problem. This robust model can manage the variability of
different scenarios based on the variability required in the
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problem. Since demand is not exactly clear even for
different scenarios, besides the variability measures,
different scenarios of the two-stage stochastic model were
also examined in the fuzzy form and the corresponding
fuzzy robust model was developed.

The results of these models showed that the supply
cost, setup cost, vehicle supply cost, and production cost
respectively accounted for 55%, 28%, 3%, and 14% of the
total costs of the chain. Moreover, the ratio of net profit
margin to the total revenue of the supply chain derived
from the division of the objective function by the revenue
function was 15%. Regarding free, fresher first, older first,
and mixed policies, since the free policy imposes fewer
constraints on the model, the decision maker gains more
profit by the free policy than the other three policies. In the
older first policy, given that the items with older shelf lives
are delivered to the customers faster than the other items,
the number of items which are expired is reduced,
however, they give the decision maker the least revenue. In
the fresher first policy, given that the fresh items are sold
first and then older items are sold, the number of expired
products is increased along the decision-making horizon.
In return, the decision maker gains a higher revenue
compared to the older first model.
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