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ABSTRACT

Inventory issues are often a major concern as they significantly
impact operating costs. Lot sizing is one of the key decisions in
managing inventory. However, in a real context, the demand for
each item is often uncertain. It is supplied from the same supplier,
requiring product orders to be placed in the same period. In
addition, limited vehicle capacity and transportation costs are
important factors to consider in making multi-item lot sizing
decisions. The purpose of this study is to propose a new inventory
model multi-item lot sizing model involving transportation cost
and capacity constraints under stochastic demand. The decision
variables involved in the model are each item's ordering cycle and
safety factor with the objective function of minimizing the total

inventory cost. To optimize the inventory model, this study also
offers the advanced procedure of the Aquila Algorithm. This study
also presents sensitivity analysis to the appropriate policy for
optimizing the multi-item lot-sizing inventory problem involving
transportation cost and capacity constraint under stochastic
demand.

This is an open-access article under the CC—BY-SA license.

1. Introduction

More manufacturing industries are growing and developing due to good inventory
management [1]. Inventory is the management of goods from raw materials to a product
[2, 3]. Inventory is a vital component in the production chain, where efficiency in
procurement, inventory control, and logistics greatly affects the smooth production process
and company profitability [4, 5]. One of the key decisions in managing inventory is the lot
sizing decision. There are two lot-size models in inventory: single-item and multi-item [6].
Single-item lot sizing is an inventory planning method for one product type. In contrast,
multi-item lot sizing is an inventory planning method used for several types of products
[7]. In lot sizing, ordering optimization is largely based on minimizing the total cost of
inventory and generating maximum profit [1, 8, 9]. Nowadays, the increasingly diverse
types of raw materials and the presence of factors such as spikes in transportation costs
and unpredictable demand fluctuations present complexities in inventory management
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[10, 11]. To overcome these challenges, the Multi-Item Lot Sizing model can effectively
optimize raw material inventory management.

Previous research has presented various Multi-Item Lot Sizing inventory models.
Harris [12] initially developed Economic Order Quantity (EOQ) to determine the optimal
number of lot sizes for periodic product purchases with minimal procurement costs.
Chakrabarty, et al. [13] extended EOQ to address two limited storage warehouses,
backordering, and financial issues. Mirzazadeh, et al. [14] offered a Multi-Item inventory
model with budget and discount considerations. Dordevi¢, et al. [15] introduced Multi-Item
EOQ with per-unit purchase cost and warehouse capacity constraints. Meanwhile,
Silitonga, et al. [16] extended the Multi-Item inventory model with probabilistic demand,
raw material expiry, purchase discounts, and warehouse capacity constraints. Silitonga
and Sembiring [17] integrated time delay and warehouse capacity constraints in the
Multi-Item EOQ method. Ghafour, et al. [18] considered investment costs and warehouse
capacity in Multi-Item EOQ. Rossi, et al. [19] focused on Multi-Item EOQ with warehouse
capacity constraints. Meanwhile, Pal, et al. [20] related demand to product selling price
and price reduction rate in the conventional EOQ method. Cardenas-Barrén and Sana [21]
discussed an EOQ model with variable demand and two suppliers. Sicilia Rodriguez, et al.
[22] developed a Multi-Item EOQ method by involving stochastic demand, allowing
backorders, and considering available warehouse constraints. Fallahi, et al. [23] discussed
Multi-Item EOQ for reusable products in their research. This previous research has
produced a variety of methods that are relevant in optimizing multi-item inventory
management. Unfortunately, most of these studies assume that demand characteristics
are deterministic.

Researchers also offer several metaheuristic procedures to optimize multi-item lot
sizing. Khalilpourazari, et al. [24] developed Multi-Item EOQ by providing constraints on
warehouse capacity and raw material purchase budget. It was solved using the Water
Cycle Algorithm and Whale Optimization Algorithm (WCWOA) procedures. In addition,
Khalilpourazari and Pasandideh [25] optimized the Multi-Item EOQ model by involving
the number of defective items using the Sine Cosine Crow Search Algorithm. In addition,
other research conducted by Pasandideh, et al. [26] proposed a Genetic Algorithm (GA)
procedure for Multi-Item EOQ optimization with warehouse capacity constraints. Particle
swarm optimization (PSO) was also proposed by Fallahi, et al. [23] for multi-item lot-sizing
optimization. Unfortunately, most studies assume that each item is supplied from
different suppliers. Very few studies assume that multiple items are supplied from the
same supplier. In addition, previous studies also assumed that the vehicle capacity is
infinite. However, studies that limit vehicle capacity have received less attention. Most
studies ignore the transportation fuel consumption due to the delivery activity of the order.
Fuel consumption in transportation plays a key role in inventory management. Companies
can reduce transportation costs by making fuel consumption efficient and increasing
profits [27]. In addition, fuel consumption impacts greenhouse gas emissions, and
companies can reduce their carbon footprint by reducing fuel usage [28].

In addition, most studies utilize heuristic procedures that do not guarantee an
optimal solution [14, 15, 20, 21]. In inventory model optimization, no study utilizes the
Aquila algorithm for Multi-Item Lot Sizing optimization. The Aquila algorithm is an
optimization procedure inspired by the behavior of Aquila offered by Abualigah, et al. [29].
This algorithm is proven to be able to optimize various problems such as scheduling [30],
forecasting [31, 32], and engineering optimization [33]. Based on these advantages, this
study proposes the Aquila Algorithm procedure for optimizing Multi-Item inventory
problems involving transportation costs, vehicle capacity, and stochastic demand to
minimize total inventory costs. Based on this description, this study proposes a new Multi-
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Item Lot Sizing model involving Transportation Costs and vehicle capacity constraints to
deal with Stochastic Demand. In addition, this study proposes a new procedure, the Aquila
algorithm, for inventory optimization. This research has significant contributions to multi-
item inventory management and inventory optimization. With the main objective to
propose a Multi-Item Lot Sizing model that considers Transportation Cost and vehicle
capacity constraints in the face of Stochastic Demand, this research bridges the gap in the
existing literature. Moreover, by proposing a new procedure of Aquila algorithm for
inventory optimization algorithm, this research offers an innovative approach to improve
inventory management efficiency.

2. Methods

2.1 System Characteristics

This section describes the characteristics of the multi-item lot sizing model. In the
proposed model, the demand for each product item is stochastic based on a normal
distribution with a known standard deviation and average demand. Since each product
has a different standard deviation and average demand, the decision maker must
determine the appropriate safety factor to optimize the inventory of each item. Each
product item is supplied from the same supplier so that the product's ordering cycle (T*)
1s the same. For each order, the total quantity of each item should not exceed the vehicle
capacity. Furthermore, the objective function of this problem is to minimize the total
inventory cost. The illustration of this multi-item lot-sizing problem is illustrated in Fig.
1. Because of the purchase of raw materials from the same supplier, the ordering cycle (T*)
is the same for each product item. However, the order quantity value (Q;) is different for

each item. The order quantity for each item can be calculated based on Q; = D,T”

Q:

«— T T e T* —
Fig. 1. Order cycle
2.2 Assumptions and Notations

This section presents the assumptions and notations used in the model. The
assumptions used in the proposed model are (1) Demand for each item is normally
distributed with known standard deviation and average; (2) Each item is supplied from
the same supplier; (3) vehicle capacity is limited; (4) Backorders are not allowed; and (5)
delivery lead time is ignored.

Meanwhile, the notations used in the proposed model are described as follows:

]
Please cite this article as: Utama, D. M., Rubiyanti, S., & Wardana, R. W. (2023). Optimization Multi-Item Lot Sizing

Model involve Transportation and Capacity Constraint under Stochastic Demand using Aquila Optimizer. Jurnal Teknik
Industri, 24(1), 31-50. https://doi.org/10.22219/JTTUMM.Vo0l24.No1.31-50



ISSN : 1978-1431 print | 2527-4112 online Jurnal Teknik Industri
34 Vol. 24, No. 1, February 2023, pp. 31-50

EES— 02

i :1,2,3,...,n

n : Total item

Cis :One-time cost of ordering from the same supplier (Rp)
P; : Purchase cost of item 1 (Rp)

H; : Product inventory cost i (Rp)

L;  : Lost sale cost of product 1 (Rp)

D;  :Product demand i (unit/moon)

Q; :Order quantity of item i (unit)

T* :Order cycle with the same supplier

k;  : Safety factor item 1

o; :Standard deviation of product i

fs(k) : Probability density function of standard normal distribution
F;(k) : Cumulative function of standard normal distribution

a : Transportation fixed costs (Rp)
FL : Fuel consumption (km/liter)

j : Delivery mileage (km)

B : Vehicle fuel prices (Rp)

p : 2%

M :50kg

Veap : Vehicle capacity

ETC : Expected total inventory cost (Rp)
SS; : Safety stock (unit)

ES; : Estimated loss (unit)

C, :Order cost (Rp)

C, :Purchase cost (Rp)

C, : Transportation cost (Rp)

C, :Inventory cost (Rp)

C, :Loss sale cost (Rp)

2.3 Proposed Model

This section presents the mathematical model of the proposed Multi-Item Lot
Sizing Model to minimize the total inventory cost (T'C). The proposed model is developed
based on the research of Dordevi¢, et al. [15]. Not only that, in this study, stochastic
demand behavior is adopted from Utama, et al. [11]. This research involves transportation
costs because in the process of purchasing raw materials, one of the highest costs is
transportation costs developed based on research conducted by Utama, et al. [34] and
Utama, et al. [35], which discusses fuel consumption and vehicle capacity.

In the proposed model, the order cost is one of the cost components used. Order cost
is spent in one order or as a preparation cost during ordering. Equation (1) is a formula
for the cycle time of ordering raw material items. Meanwhile, the total message cost can
be calculated using Equation (2).

U _©_

T_Dl_Dz_Dn @)
Cis

Co = F (2)

The next cost component is the purchase cost. The total purchase cost is the total
cost incurred to purchase the items ordered according to the needs within the company.
The calculation of total purchase costs can be calculated based on Equation (3).
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————
Cp = Xie1 PiD; 3

Another cost component is transportation costs. Total transportation costs are the
costs incurred by the company to send goods from suppliers to the company.
Transportation costs are calculated based on driver fees and vehicle fuel. The delivery of
raw materials has two transportation cycles: when the vehicle is unloaded and loaded.
Therefore, the total transportation cost formula can be seen in Equation (4).

Y% B;.D;T*

Ct=a+[FiLx(1+px[TD]ﬁx% (4)

In addition, what is considered in this study is stochastic demand that is normally
distributed. To anticipate uncertain demand, safety stock is required. The safety stock
value corresponds to the standard deviation of demand and the safety factor used,
formulated in Equation (5). Meanwhile, the total storage cost is the total cost required
during the storage process for all items. The total storage cost can be calculated based on
Equation (6).

SSi = kiO'i\/T_* (5)
D;T*
Cr = iy Hy (25— +551) ©)

Not only considering safety stock, but this research also considers the amount of
lost sales due to the inability to meet demand. Expected lost sales are formulated in
Equations (7) and (8). The total estimated cost of lost sales can be calculated in Equation

9).

ES; = oNT*(k) (7
Yk) = {fs(k) — k [1 - F(k)]} ®)
C, = (%) LES; )

Based on these components, the total inventory cost can be calculated by adding up
the costs of ordering, purchasing, transportation, storage, and loss. Expected Total
inventory cost is formulated in Equation (10).

ETC = S84+ X0, PD; + (a+ [2x (14 p x [EE2T])| g x 2y + 3, Hy (P

j
7L +
1
kl'O'i\/T_*) + Z?=1 (F) LiESl' (10)
Therefore, based on the total cost expectation formula, the inventory system can be

formulated with a Non-Linear Programming model based on the following Equation (11)-
(14):

Min ETC = C, + Cp + Cp + Cp + C, (11)

Constraints:

0<T <1 (12)
eeee—
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N 0
0 <k; <299 (13)
?=1DiT* < Vcap (14)

Equation (11) shows the expected total inventory cost of the model discussed in this
study that must be minimized. This optimization must meet several constraints. The
ordering cycle time must be greater than 0 and not exceed 1 as shown in Equation (12).
Meanwhile, the constraint in Equation (13) illustrates that the safety factor of each item
(k;) in the normal distribution must be greater than 0 and cannot exceed 2.99. Finally, the
constraint in Equation (14) is used to guarantee that the total order quantity of each item
should not exceed the vehicle capacity. Minimize the inventory system's total cost, which
can be achieved by simultaneously determining the optimal decision variables, namely the
ordering cycle (T*) and the safety factor of each item (k;).

2.4 Aquila Algorithm

This section presents the proposed procedure for optimizing the proposed inventory
model. The Aquila population-based optimization method (X) is stochastically generated
between the upper and lower bounds. Equation (15) is used to calculate the population of
the Aquila flock. Based on Equation (16), the position vector of each aquila is randomly
generated. The total aquila candidate solution (population) is represented by N, and Dim
represents the dimensional size of the solution. Where X, Dim denotes the position vector
of Aquila N in the solution dimension Dim. Rand denotes a random number in the range
0-1. The upper bound of the given problem is U, and the lower bound is Ly. Dim is the
number of tasks to be solved.

X141 o Xqj X1,pim-1 X1,pim ]
Xz'l XZ,j XZ,Dim
X.
X = 3} (15)
An-11 - Xn-aj XN-1,pim
| Xy w  Xnj  Xnpim-1  Xnpim |
X;ij = randx(Up — Lp) + Ly, i=12,..,Nj=1.2,..,Dim (16)

Aquila can spot their prey from a high vantage point, which helps them choose the
optimal hunting territory. A flock of Aquila foraging at high altitudes will make decisions
regarding the search area at this location. Equation (17) is a mathematical model
formulation describing vertical humpbacks' soaring flight behavior.

Xy (6 +1) = Kpese (6) X (1= £) + Xy (£) = Xpese (8) * rand) (17)

The solution of the next iteration is formulated as X;(t + 1), the result of the high
soar method with vertical bending. The best solution symbol denotes the prey location

denoted as Xpest(t) used in the t-th iteration. Equation (1 —%) is used to model the

extended search control (exploration) for each iteration. The average value of the solution
location at iteration t is called XM(t), which can be obtained using Equation (18). The
current and maximum iteration symbols are t and T, and a rand is a random number
between (0, 1). The number of decision variables is dim, and N is the number of possible
solutions.
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E——
Xu(®) =~ 21 X,(t), V;= 11, ..., Dim (18)

The Aquila circles above its prey and prepares the terrain before attacking after
locating the prey area from a high altitude. The behavioral name of this method 1s contour
flying with a short gliding attack. The Aquila carefully inspects the prey's target territory
before attacking. Equation (19) describes this action mathematically.

X, (t+ 1) = Xpest () + Levy(D) + Xp(t) + (y — x) * rand (19)

X,(t + 1) is the solution of the next iteration generated by the contour flight with a
short glide attack. D denotes the dimensional space, and Levy (D) is the distribution
function of the retribution flight. Levy (D) can be mathematically calculated based on
Equation (20). XR(t) is a random solution taken in the range of (1 N) during the t-th
iteration. u and v are random numbers ranging between 0 and 1. The value of the constant
variable s is 0.01. The value of o is found using Equation (21).

uxo

Levy (D) = s X —1 (20)
lv|#
r(1+pB)Xsine ”2—3

- () -

For the variable B, the constant fixed value is 1.5. The y and x values found in
Equations (22) and (23) indicate the spiral shape in prey search. These values are
calculated using equations 24 and (6. The value of r; ranges between 1 and 20. The
constant variable U is 0.00565, the constant variable o is 0.005, and D, is a representation
of integers from 1 to Dim.

y =1 Xcos (0) (22)
x =71 X sin (0) (23)
r=nr+UXD; (24)
0=—wxD;+06, (25)
6, = 3xn (26)

2

Aquila makes an initial attack by descending vertically at the exploitation stage
(X3) to see the reaction of its prey. A low flight technique with a slow descent attack is the
behavior. Here, the Aquila attacks the prey by using a set target area. Equation (27) is the
numerical model for the behavior of low flight with slow descent attack. The solution of
the next t iteration of the low-flight method with slow descent attack is represented as
X3(t + 1)), and X, (t) is the average value of the t — th iteration solution modeled in
Equation (20). Xpes:(t) is the best solution obtained up to the t — th iteration, which
indicates the approximate location of the prey. The exploitation adjustment parameters a
and § are displayed between the values (0,1). rand denotes a random value with a range
of (0,1), U, and L, are the upper and lower bounds of the given problem.

X;(t+1) = (Xbest(t) — XM(t)) X a—rand + ((Ub — Ly) X rand + Lb) X8 27
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Algorithm 1 Aquila Algorithm
Initialization phase :
Initialize the population X of the GEO
Initialize the parameters of the GEO (i.e., q, §, etc).
while (The end condition is not met) do
Calculate the fitness function values
Xbest(t)=Determine the best obtained solution according to the fitness values.
for (i=1,2,...,N) do
Update the mean value of the current solution XM(t)
Update the x, y, G1, G2, Levy(D), etc.
ift < (%)* Tthen
if rand < 0:5, then
Step 1: Expanded exploration (X1)
Update the current solution using Equation (17)
if Fitness(X1(t+1)) < Fitness(X(t)) then
X(t) =(X1(t+1))
if Fitness(X1(t+1)) < Fitness(Xbest(t)) then
Xbest(t) = X1(t+1)
end if
end if
else
Step 2: Narrowed exploration (X2)
Update the current solution using Equation (19)
if Fitness(X2(t+1)) < Fitness(X(t)) then
X(t) = (X2(t+1))
if Fitness(X2(t+1)) < Fitness(Xbest(t)) then
Xbest(t) = X2(t+1)
end if
end if
end if
else
if rand<0:5 then
Phase 3: Expanded exploitation (X3)
Update the current solution using Equation (27)
if Fitness((X3(t+1)) < Fitness(X(t)) then
X(t) =(X3(t+1))
if Fitness(X3(t+1)) < Fitness(Xbest(t)) then
Xbest(t) = X3(t+1)
end if
end if
else
Phase 4: Narrowed exploitation (X4)
Update the current solution using Equation (28)
if Fitness((X4(t+1)) < Fitness(X(t)) then
X(t) = (X4(t+1))
if Fitness(X4(t+1)) < Fitness(Xbest(t)) then
Xbest(t) = X4(t+1)
end if
end if
end if
end if
end for
end while
return The optimal solution (Xbest)
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This phase begins with the Aquila attacking its prey on land with its stochastic
movements as they approach it. A method called "walk and grab" can capture prey.
Equation (28) describes this action mathematically.

X4(t+1) = QF X Xppst(t) — (G; X X(t) X rand) — G, X Levy(D) + rand X G, (28)

Formulated as 1 X,(t+ 1) is the solution of the next iteration of t that runs and
captures the prey. The search strategy is balanced by QF(t) at iteration (t), which indicates
the quality function used to balance the search strategy. Calculating QF(t) is formulated
in Equation (29). G, is the motion of the Aquila used to track prey. This value is created
using Equation (30), and rand is a random value between 0 and 1. G, is a variable that
drops from 2 to 0. The value of G, is created using Equation (31). The maximum number
of iterations and the current iteration are written as t and T. Mathematically, Levy(D) is
calculated based on Equation (20). D denotes the dimensional space, and Levy(D) is the
distribution function of the levy flight. Algorithm 1 shows the pseudocode of Algorithm
Aquila.

2xrand()-1

QF(t) i (29)
Gy =2Xrand() —1 (30)
G,=2x(1-1) (31)

2.5 Experimental data and procedures

This research uses data from six products from a case study company in Indonesia.
The data of this study is presented in Table 1, and the optimization parameters
determined by the Aquila Algorithm are presented in Table 2. Matlab R2021a was used
as the platform for the optimization process, which involved a total of 1000 iterations and
a population of 1000. Comparisons were made between the proposed algorithm and the
WCWOA, GA, PSO, Exact, and Heuristic methods.

3. Results and Discussion

3.1 Multi-item lot-sizing model optimization

Table 3 displays the optimization results of applying the Aquila algorithm to the
multi-item lot sizing model. The decision variable on cycle order (T) is 0.9006. Meanwhile,
the safety factor for products 1 (k) to 6 (kg) 1s 2.99 respectively. The optimization results
show that the ETC of the optimization results is Rp104,990,833.

3.2 Performance Test

Based on the comparison results between the proposed algorithm and WCWOA,
GA, exact procedure, and heuristics presented in Fig. 2, it can be shown that the proposed
algorithm has good performance. The findings show that the proposed algorithm produces
the optimal ETC, Rp 104,990,833. The Exact WCWOA, PSO, and GA procedures produce
comparable results to this algorithm. On the other hand, when compared to the heuristic
procedure, the Aquila Algorithm can produce a cost savings of 0.84%. The Aquila
algorithm has produced superior optimization results compared to other metaheuristic
algorithms due to the findings presented here. This result is consistent with the findings
of Sasmal, et al. [33] and Gao, et al. [36] in their respective studies. It has been shown that
the Aquila algorithm has excellent performance and strong global exploration capabilities
[37].
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Table 1. Research Data

Parameters Value
D, 192 box
D, 93 box
Ds 117 box
D, 65 box
Ds 94 box
D 44 box
o 16,4 box
0y 14,2 box
03 23,4 box
Oy 13,7 box
Os 19,9 box
Og 21,7 box
Cis 1234 Rp
H, 417 Rp
H, 250 Rp
H, 167 Rp
H, 417 Rp
Hs 250 Rp
Hg 167 Rp
P, 168000 Rp
P, 171000 Rp
P, 175000 Rp
P, 168000 Rp
P: 171000 Rp
P, 175000 Rp
Ly 504000 Rp
L, 513000 Rp
Lg 525000 Rp
Ly 510000 Rp
Lg 525000 Rp
Le 540000 Rp
B, 0,5 Kg
B, 0,7 Kg
Bs 0,8 Kg
B, 0,7 Kg
Bs 0,9 Kg
Bg 1 Kg
j 8 Km
a 40000 Rp
B 6800 Rp
FL 3 Km/liter
Veap 556 box
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Table 2. Aquila Algorithm Parameters

Data Value
Objective function Minimize ETC
Number of population (search agent) 1000
Dimensions 7
Maximum iterations 1000
Upper bound (ub) [12.992.99 2.99. 2.99 2.99 2.99]
Lower bound (Ib) [0000000]
Table 3. Optimization results with Aquila algorithm procedure
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Fig. 2. ETC comparison

3.3 Sensitivity Analysis
3.3.1 Fuel Price Change (f3)

Fig. 3 is the result of the sensitivity analysis of fuel price changes to the expected
total inventory cost (ETC), fuel consumption, order quantity (Q), order cycle (T), and safety
factor (k). The results show that an increase in fuel price can increase the expected total
mventory cost (ETC), order quantity (Q), order cycle (T), and safety factor (k). However,
an increase in fuel prices can reduce fuel consumption. Conversely, a decrease in fuel price
can reduce order quantity (Q), order cycle (T), and safety factor (k). However, a decrease
in fuel prices can increase fuel consumption.

The research findings state that an increase in fuel prices can increase order
quantity (Q), order cycle (T), and safety factor (k). Increasing fuel prices can encourage
companies to order more products (Q) at a time in response to higher transportation costs,
resulting in larger inventories [38]|. In addition, an increase in fuel prices may also
lengthen the ordering cycle (T), as companies tend to order larger quantities to avoid
frequent shipping costs [39]. Furthermore, an increase in fuel price can also increase the
safety factor (k) in inventory, which can help overcome the uncertainty of fluctuating fuel
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prices [27]. However, on the other hand, an increase in fuel price may also reduce fuel
consumption in transportation, as firms will be more cautious in using this resource.
Therefore, these findings point to the complexity of managing inventory in an environment
with fluctuating fuel prices, where firms must balance reducing transportation costs and
minimizing the risk of excessive inventory [40].

3.3.2 Standard Deviation Change (o)

Fig. 4 is the result of the sensitivity analysis of standard deviation to expected total
inventory cost (ETC), fuel consumption, order quantity (Q), order cycle (T), and safety
factor (k). An increase in the standard deviation of demand indicates an increase in
uncertainty in product demand. The results show that increasing the standard deviation
of demand can increase the expected total inventory cost (ETC), order quantity (Q), order
cycle (T), and safety factor (k). However, increasing the standard deviation of demand can
reduce fuel consumption. Conversely, a decrease in the standard deviation of demand can
decrease the expected total inventory cost (ETC), order quantity (Q), order cycle (T), and
safety factor (k). However, decreasing the standard deviation of demand can increase fuel
consumption.

This study revealed that increasing the standard deviation of demand in the
inventory model significantly impacts various key factors. An increase in demand
standard deviation tends to increase the Expectation Total Cost (ETC) in the inventory
system [41]. This happens because uncertainty in demand leads to an increased risk of
inventory insufficiency, which forces companies to order more goods and, as a result,
increases the overall inventory cost [42]. In addition, an increase in the standard deviation
of demand also impacts the order quantity (Q), ordering cycle (T), and safety factor (k).
Higher uncertainty requires larger orders (Q) and more frequent ordering cycles (T) to
cope with demand fluctuations. In addition, the safety factor (k) also needs to be increased
to protect the inventory from potential shortages. However, it should be noted that
increasing the standard deviation of demand can have a positive impact, namely reducing
fuel consumption [43]. This is because an increased demand standard deviation indicates
increased product demand uncertainty. However, an increase in demand standard
deviation can also decrease fuel consumption. This is due to increased safety stock, which
reduces order frequency and fuel consumption [44].

3.8.8 Change in Vehicle Capacity

In Fig. 5 are the results of the sensitivity analysis of changes in vehicle capacity to
the expected total cost of inventory (ETC), fuel consumption, order quantity (Q), order
cycle (T), and safety factor (k). The results show that increasing vehicle capacity can
reduce expected total inventory cost (ETC) and fuel consumption. However, increasing
vehicle capacity can increase order quantity (Q), order cycle (T), and safety factor (k).

The findings of this study reveal that increasing vehicle capacity has a significant
1mpact on the inventory model. On the one hand, increasing vehicle capacity can reduce
expected total inventory cost (ETC) and fuel consumption. This can happen because a
larger vehicle capacity enables the delivery of more goods on each delivery cycle, reducing
the inventory costs associated with stock management [11]. In addition, a reduction in the
number of trips required can also reduce fuel consumption. However, on the other hand,
an increase in vehicle capacity can lead to an increase in order quantity (Q), order cycle
(T), and safety factor (k). This could mean the company needs to order more goods in a
delivery cycle and increase safety stock due to less order frequency [11].
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3.4 Implications

The findings of this research have significant implications for the development of
understanding and practice regarding multi-item inventory problems involving
transportation costs and capacity constraints in stochastic demand situations. This
research not only expands the scope of more realistic inventory problems, but also presents
an innovative solution in the form of a new procedure called "Aquila Algorithm" to
optimize the model. The successful development of this algorithm opens the door for
alternative optimization procedures in dealing with increasingly complex inventory
problems in various industries. With the implementation of the Aquila Algorithm,
companies and organizations can optimize their resource allocation, reduce transportation
costs, and minimize the impact of uncertain demand fluctuations. This is an important
step in improving operational efficiency and facing challenges in inventory management
In an era of uncertainty.

The practical implication of the findings of this study is that companies should
understand the impact of fuel price sensitivity on their inventory models. This study shows
that an increase in fuel prices can negatively impact various aspects, including expected
total inventory cost (ETC), order quantity (Q), order cycle (T), and safety factor (k).
Therefore, companies should pay attention to fuel price fluctuations in their inventory
planning and look for ways to mitigate the negative impact. While an increase in fuel
prices may increase ETC, they should also consider potential savings in fuel consumption
that could offset a significant portion of those costs. This may involve improving the
efficiency of the vehicle fleet or seeking more efficient alternative energy sources. By
understanding the implications of fuel price sensitivity, companies can proactively
manage their inventory more efficiently and sustainably.

Based on the demand standard deviation sensitivity analysis, this research has
important practical implications for companies' inventory management and logistics
operations. While an increase in demand standard deviation may increase the expected
total inventory cost (ETC), order quantity (Q), order cycle (T), and safety factor (k), it may
also provide opportunities to reduce fuel consumption. In the face of this dilemma,
companies must adopt a balanced approach to managing their inventory. They should
carefully consider how much increase in the standard deviation of demand they can accept
without significantly compromising their inventory costs. In addition, companies should
also consider improving fuel efficiency in their logistics operations to compensate for the
impact of increased demand standard deviation on fuel consumption.

Based on the sensitivity analysis of vehicle capacity, the findings of this study
suggest that companies managing their supply chains need to carefully consider decisions
related to increasing vehicle capacity. On the one hand, increasing vehicle capacity can
significantly reduce inventory costs and fuel consumption, which can be a substantial
driver of efficiency and savings. However, remember that this can also increase order
quantity, order cycle, and safety factor, which can affect ordering costs and overall
inventory management complexity.

4. Conclusion

In this research, a multi-item inventory model involving transportation costs and
capacity constraints in stochastic demand situations has been successfully developed. In
addition, this study also proposes a new procedure called the Aquila Algorithm to optimize
the model, which can be applied as an alternative optimization procedure in complex
inventory problems. The sensitivity analysis results show some important findings. An
increase in fuel price can increase the expected total inventory cost (ETC), order quantity
(Q), order cycle (T), and safety factor (k). Conversely, it can decrease fuel consumption. In
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addition, an increase in demand standard deviation can increase ETC, Q, T, and k but can
also reduce fuel consumption. Increasing vehicle capacity can reduce ETC and fuel
consumption but can increase Q, T, and k.

Based on this study's findings, several areas can be the focus of future research to
better understand and improve inventory management in the context of multi-item
problems with transportation costs and capacity constraints under stochastic demand.
Further research can examine inventory management strategies that integrate aspects
such as fuel price fluctuations, demand, and vehicle capacity to find optimal solutions for
these various factors. In addition, further exploration of improvements or modifications of
the Aquila Algorithm, or the development of other algorithms that are more efficient and
effective in addressing this inventory problem, could be an interesting area of research.
Future research could also consider other factors that affect inventory costs, such as
sustainability aspects and the environmental impact of fuel consumption in the supply
chain. Thus, future research can provide deeper insights into optimizing inventory
management under increasingly complex and dynamic conditions.

Declarations

Author contribution: We declare that both authors contributed equally to this paper
and approved the final paper.

Funding statement: No funding was received for this work.

Conflict of interest: The authors declare no conflict of interest.

Additional information: No additional information is available for this paper.

References

[1] A. Ghosh, J. K. Jha, and S. P. Sarmah, "Production-inventory models considering
different carbon policies: a review," International Journal of Productivity and
Quality Management, vol. 30, no. 1, pp. 1-27, 2020.
https://doi.org/10.1504/1JPQM.2020.107280.

[2] D. M. Utama, H. M. Kholik, and A. F. Mulya, "Integrated Procurement-Production
Inventory Model with Two-Stage Production," Jurnal Teknik Industri, vol. 21, no.
2, pp. 185-199, 2020. https://doi.org/10.22219/JTTUMM.Vo0l21.No2.185-199.

[3] M. F. Ibrahim, Y. S. Mardhiyyah, A. Rusdiansyah, M. K. Boer, and D. M. Utama,
"A three-phased perishable inventory simulation model with quality decrease
consideration," Jurnal Ilmiah Teknik Industri, vol. 19, no. 2, pp. 198-211, 2020.
https://doi.org/10.23917/it1.v1912.11769.

[4] E. Ghasemi, N. Lehoux, and M. Ronnqvist, "Coordination, cooperation, and
collaboration in production-inventory systems: a systematic literature review,"
International Journal of Production Research, vol. 61, pp. 1-32, 2022.
https://doi.org/10.1080/00207543.2022.2093681.

[5] D. M. Utama, I. Santoso, Y. Hendrawan, and W. A. P. Dania, "Integrated
procurement-production inventory model in supply chain: A systematic review,"
Operations Research Perspectives, vol. 9, p. 100221, 2022.
https://doi.org/10.1016/j.0rp.2022.100221.

[6] K. A. M. Kotb and H. A. Fergany, "Multi-Item EOQ Model with Both Demand-
Dependent Unit Cost and Varying Leading Time via Geometric Programming %dJ
Applied Mathematics,” vol. Vol.02No.05, p. 5, 2011, Art. no. 4804.
https://doi.org/10.4236/am.2011.25072.

Please cite this article as: Utama, D. M., Rubiyanti, S., & Wardana, R. W. (2023). Optimization Multi-Item Lot Sizing
Model involve Transportation and Capacity Constraint under Stochastic Demand using Aquila Optimizer. Jurnal Teknik
Industri, 24(1), 31-50. https://doi.org/10.22219/JTTUMM.Vo0l24.No1.31-50


https://doi.org/10.22219/JTIUMM.Vol21.No2.185-199
https://doi.org/10.1080/00207543.2022.2093681
https://doi.org/10.4236/am.2011.25072

ISSN : 1978-1431 print | 2527-4112 online Jurnal Teknik Industri
48 Vol. 24, No. 1, February 2023, pp. 31-50

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

H. K. Alfares and R. Turnadi, "Lot sizing and supplier selection with multiple
items, multiple periods, quantity discounts, and backordering," Computers &
Industrial Engineering, vol. 116, pPp- 59-71, 2018.
https://doi.org/10.1016/j.cie.2017.12.019.

D. M. Utama, S. K. Dewi, and S. K. Dwi Budi Maulana, "Optimization of Joint
Economic Lot Size Model for Vendor-Buyer with Exponential Quality Degradation
and Transportation by Chimp Optimization Algorithm," Complexity, vol. 2022, p.
9619530, 2022. https://doi.org/10.1155/2022/9619530

E. Ghasemi, N. Lehoux, and M. Ronnqvist, "Coordination, cooperation, and
collaboration in production-inventory systems: a systematic literature review,"
International journal of production research, vol. 61, no. 15, pp. 5322-5353, 2023.
https://doi.org/10.1080/00207543.2022.2093681.

D. M. Utama, S. K. D. B. Maulana, T. Baroto, and S. K. Dewi, "Optimizing vendor-
buyer inventory model with exponential quality degradation for food product using
grey wolf optimizer," International Journal on Food System Dynamics, vol. 13, no.
2, pp. 225-246, 2022. https://doi.org/10.18461/1jfsd.v1312.B8.

D. M. Utama, I. Santoso, Y. Hendrawan, and W. A. P. Dania, "Sustainable
Production-Inventory Model with Multi-Material, Quality Degradation, and
Probabilistic Demand: From Bibliometric Analysis to A Robust Model," Indonesian
Journal of Science and Technology, Vol 8, No 2 (2023): IJOST: September 2023,
2022. https://doi.org/10.17509/1jost.v812.54056.

F. W. Harris, "How Many Parts to Make at Once," Operations Research, vol. 38, no.
6, pp. 947-950, 1990. https://doi.org/10.1287/opre.38.6.947

R. Chakrabarty, T. Roy, and K. S. Chaudhuri, "A Two-Warehouse Inventory Model
for Deteriorating Items with Capacity Constraints and Back-Ordering Under
Financial Considerations," International Journal of Applied and Computational
Mathematics, vol. 4, no. 2, p. 58, 2018. https://doi.org/10.1007/s40819-018-0490-1.
A. Mirzazadeh, s. M. T. Fatemi Ghomi, and M. Esfahani, "A Multiple Items
Inventory Model under Uncertain External Inflationary Conditions," Trends in
Applied Sciences Research, vol. 6, pPp- 472-480, 2011.
https://doi.org/10.3923/tasr.2011.472.480

L. Dordevié, S. Antié, M. Cangalovic’, and A. Lisec, "A metaheuristic approach to
solving a multiproduct EOQ-based inventory problem with storage space
constraints," Optimization Letters, vol. 11, no. 6, pp. 1137-1154, 2017.
https://doi.org/10.1007/s11590-016-1009-5.

R. Y. H. Silitonga, L. R. Kristiana, and T. A. Parley, "A Multi-Item Probabilistic
Inventory Model that Considers Expiration Factor, All Unit Discount Policy and
Warehouse Capacity Constraints," Jurnal Teknik Industri, vol. 23, no. 2, pp. 139-
148, 2021. https://doi.org/10.9744/jt1.23.2.139-148.

R. Y. H. Silitonga and E. E. L. B. Sembiring, "Inventory Policy for Retail Stores: A
Multi-Item EOQ Model Considering Permissible Delay in Payment and Limited
Warehouse Capacity," Jurnal Optimasi Sistem Industri, vol. 21, no. 1, pp. 28-37,
2022. https://doi.org/10.25077/josi.v21.n1.p28-37.2022.

K. M. Ghafour, R. Ramli, and N. Z. Zaibidi, "Development of multi-item EOQ when
the constraints of investment and storage capacity are active," AIP Conference
Proceedings, vol. 1691, no. 1, p. 030005, 2015. https://doi.org/10.1063/1.4937024

T. Rossi, R. Pozzi, and M. Testa, "EOQ-based inventory management in single-
machine multi-item systems," Omega, vol. 71, pp. 106-113, 2017.
https://doi.org/10.1016/j.0mega.2016.10.002.

Please cite this article as: Utama, D. M., Rubiyanti, S., & Wardana, R. W. (2023). Optimization Multi-Item Lot Sizing
Model involve Transportation and Capacity Constraint under Stochastic Demand using Aquila Optimizer. Jurnal Teknik
Industri, 24(1), 31-50. https://doi.org/10.22219/JTTUMM.Vo0l24.No1.31-50


https://doi.org/10.1155/2022/9619530
https://doi.org/10.18461/ijfsd.v13i2.B8
https://doi.org/10.1287/opre.38.6.947
https://doi.org/10.3923/tasr.2011.472.480
https://doi.org/10.9744/jti.23.2.139-148
https://doi.org/10.1063/1.4937024

Jurnal Teknik Industri ISSN : 1978-1431 print | 2527-4112 online

Vol. 24, No. 1, February 2023, pp. 31-50 49

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

B. Pal, S. S. Sana, and K. Chaudhuri, "Multi-item EOQ model while demand is
sales price and price break sensitive," Economic Modelling, vol. 29, no. 6, pp. 2283-
2288, 2012. https://doi.org/10.1016/j.econmod.2012.06.039.

L. E. Cardenas-Barrén and S. S. Sana, "Multi-item EOQ inventory model in a two-
layer supply chain while demand varies with promotional effort," Applied
Mathematical Modelling, vol. 39, mno. 21, pp. 6725-6737, 2015.
https://doi.org/10.1016/3.apm.2015.02.004.

dJ. Sicilia Rodriguez, L. A. San José Nieto, D. Alcaide Lépez de Pablo, and B. Abdul
Jalbar, "Optimal policy for multi-item systems with stochastic demands,
backlogged shortages and limited storage capacity," (in eng), 2022.
https://doi.org/10.1016/j.apm.2022.03.025.

A. Fallahi, E. Amani Bani, and S. T. A. Niaki, "A constrained multi-item EOQ
inventory model for reusable items: Reinforcement learning-based differential
evolution and particle swarm optimization," Expert Systems with Applications, vol.
207, p. 118018, 2022. https://doi.org/10.1016/j.eswa.2022.118018.

S. Khalilpourazari, S. H. R. Pasandideh, and A. Ghodratnama, "Robust possibilistic
programming for multi-item EOQ model with defective supply batches: Whale
Optimization and Water Cycle Algorithms," Neural Computing and Applications,
vol. 31, no. 10, pp. 6587-6614, 2019. https://doi.org/10.1007/s00521-018-3492-3.

S. Khalilpourazari and S. H. R. Pasandideh, "Modeling and optimization of multi-
item multi-constrained EOQ model for growing items," Knowledge-Based Systems,
vol. 164, pp. 150-162, 2019. https://doi.org/10.1016/j.knosys.2018.10.032

S. H. R. Pasandideh, S. T. A. Niaki, and A. R. Nia, "A genetic algorithm for vendor
managed inventory control system of multi-product multi-constraint economic
order quantity model," Expert Systems with Applications, vol. 38, no. 3, pp. 2708-
2716, 2011. https://doi.org/10.1016/j.eswa.2010.08.060.

A. Gurtu, M. Y. Jaber, and C. Searcy, "Impact of fuel price and emissions on
inventory policies," Applied Mathematical Modelling, vol. 39, no. 3, pp. 1202-1216,
2015. https://doi.org/10.1016/j.apm.2014.08.001.

A. H. M. Mashud, S. Miah, Y. Daryanto, R. K. Chakrabortty, S. M. M. Hasan, and
M.-L. Tseng, "Inventory decisions on the transportation system and carbon
emissions under COVID-19 effects: A sensitivity analysis," Computers & Industrial
Engineering, vol. 171, p. 108393, 2022. https://doi.org/10.1016/j.cie.2022.108393.
L. Abualigah, D. Yousri, M. Abd Elaziz, A. A. Ewees, M. A. A. Al-qaness, and A. H.
Gandomi, "Aquila Optimizer: A novel meta-heuristic optimization algorithm,"
Computers & Industrial Engineering, vol. 157, p. 107250, 2021.
https://doi.org/10.1016/j.cie.2021.107250.

D. M. Utama and M. D. Primayesti, "A novel hybrid Aquila optimizer for energy-
efficient hybrid flow shop scheduling," Results in Control and Optimization, vol. 9,
p. 100177, 2022. https://doi.org/10.1016/j.rico.2022.100177.

A. M. AlRassas et al., "Optimized ANFIS Model Using Aquila Optimizer for Oil
Production Forecasting," Processes, vol. 9, no. 7. 2020
https://doi.org/10.3390/pr9071194.

M. A. A. Al-ganess, A. A. Ewees, H. Fan, A. M. AlRassas, and M. Abd Elaziz,
"Modified aquila optimizer for forecasting oil production," Geo-spatial Information
Science, vol. 25, no. 4, pp. 519-535, 2022.
https://doi.org/10.1080/10095020.2022.2068385.

B. Sasmal, A. G. Hussien, A. Das, and K. G. Dhal, "A Comprehensive Survey on
Aquila Optimizer," Archives of Computational Methods in Engineering, vol. 30, no.
7, pp. 4449-4476, 2023. https://doi.org/10.1007/s11831-023-09945-6.

Please cite this article as: Utama, D. M., Rubiyanti, S., & Wardana, R. W. (2023). Optimization Multi-Item Lot Sizing
Model involve Transportation and Capacity Constraint under Stochastic Demand using Aquila Optimizer. Jurnal Teknik
Industri, 24(1), 31-50. https://doi.org/10.22219/JTTUMM.Vo0l24.No1.31-50


https://doi.org/10.1016/j.econmod.2012.06.039
https://doi.org/10.1016/j.apm.2022.03.025
https://doi.org/10.1007/s00521-018-3492-3
https://doi.org/10.1016/j.eswa.2010.08.060
https://doi.org/10.1016/j.cie.2022.108393
https://doi.org/10.1016/j.rico.2022.100177
https://doi.org/10.3390/pr9071194
https://doi.org/10.1007/s11831-023-09945-6

ISSN : 1978-1431 print | 2527-4112 online Jurnal Teknik Industri
50 Vol. 24, No. 1, February 2023, pp. 31-50

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

D. M. Utama, A. Yurifah, and A. K. Garside, "A Novel Hybrid Spotted Hyena
Optimizer: An Algorithm for Fuel Consumption Capacitated Vehicle Routing
Problem," International Journal of Technology, vol. 14, p. 1049, 2023.
https://doi.org/10.14716/ijtech.v1415.5148.

D. M. Utama, B. Widjonarko, and D. S. Widodo, "A novel hybrid jellyfish algorithm
for minimizing fuel consumption capacitated vehicle routing problem," Bulletin of
Electrical Engineering and Informatics; Vol 11, No 3: June 2022DO -
10.11591/eei.v11i3.3263, 2022. https://doi.org/10.11591/ee1.v1113.3263.

B. Gao, Y. Shi, F. Xu, and X. Xu, "An Improved Aquila Optimizer Based on Search
Control Factor and Mutations," Processes, vol. 10, mno. 8. 2020.
https://doi.org/10.3390/pr10081451.

O. E. Turgut and M. S. Turgut, "Local search enhanced Aquila optimization
algorithm ameliorated with an ensemble of Wavelet mutation strategies for
complex optimization problems," Mathematics and Computers in Simulation, vol.
206, pp. 302-374, 2023. https://doi.org/10.1016/j.matcom.2022.11.020.

E. Engebrethsen and S. Dauzére-Péres, "Transportation mode selection in
inventory models: A literature review," European Journal of Operational Research,
vol. 279, no. 1, pp. 1-25, 2019. https://doi.org/10.1016/j.ejor.2018.11.067.

K. Kpodar and B. Liu, "The distributional implications of the impact of fuel price
increases on inflation," FEnergy Economics, vol. 108, p. 105909, 2022.
https://doi.org/10.1016/j.eneco.2022.105909.

S. Shah and S. Chen, "Use of Improvement Strategies for Excessive Inventory
Levels Reduction," in 2021 International Conference on Computational Intelligence
and Knowledge Economy (ICCIKE), 2021, pp. 181-186.
https://doi.org/10.1109/ICCIKE51210.2021.9410761.

C. H. Glock, "Lead time reduction strategies in a single-vendor—single-buyer
integrated inventory model with lot size-dependent lead times and stochastic
demand," International Journal of Production Economics, vol. 136, no. 1, pp. 37-44,
2012. https://doi.org/10.1016/j.ijpe.2011.09.007.

A. Gupta, C. D. Maranas, and C. M. McDonald, "Mid-term supply chain planning
under demand uncertainty: customer demand satisfaction and inventory
management," Computers & Chemical Engineering, vol. 24, no. 12, pp. 2613-2621,
2000. https://doi.org/10.1016/S0098-1354(00)00617-7.

Y. Xiao, Q. Zhao, I. Kaku, and Y. Xu, "Development of a fuel consumption
optimization model for the capacitated vehicle routing problem," Computers &
Operations  Research, vol. 39, no. 7,  pp. 1419-1431, 2012.
https://doi.org/10.1016/j.cor.2011.08.013.

T. S. Vaughan, "Lot size effects on process lead time, lead time demand, and safety
stock," International Journal of Production Economics, vol. 100, no. 1, pp. 1-9, 2006.
https://doi.org/10.1016/j.1jpe.2004.09.012.

Please cite this article as: Utama, D. M., Rubiyanti, S., & Wardana, R. W. (2023). Optimization Multi-Item Lot Sizing
Model involve Transportation and Capacity Constraint under Stochastic Demand using Aquila Optimizer. Jurnal Teknik
Industri, 24(1), 31-50. https://doi.org/10.22219/JTTUMM.Vo0l24.No1.31-50


https://doi.org/10.11591/eei.v11i3.3263
https://doi.org/10.3390/pr10081451
https://doi.org/10.1016/j.eneco.2022.105909
https://doi.org/10.1109/ICCIKE51210.2021.9410761
https://doi.org/10.1016/S0098-1354(00)00617-7
https://doi.org/10.1016/j.ijpe.2004.09.012

	Optimization Multi-Item Lot Sizing Model involve Transportation and Capacity Constraint under Stochastic Demand using Aquila Optimizer
	1. Introduction
	2. Methods
	2.1 System Characteristics
	2.2 Assumptions and Notations
	2.3 Proposed Model
	2.4 Aquila Algorithm

	3. Results and Discussion
	3.1 Multi-item lot-sizing model optimization
	3.2 Performance Test
	3.3 Sensitivity Analysis
	3.3.1 Fuel Price Change (β)
	3.3.2 Standard Deviation Change (σ)
	3.3.3 Change in Vehicle Capacity

	3.4 Implications

	4. Conclusion
	Declarations
	References


