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Abstract: In order to increase the efficiency of the order-picking process, warehouses are forced to
find ways to adopt to constantly intensifying changes in the assortment and quantities of stored
products. Accordingly, we present a methodology that deals with such a problem at a tactical level
by defining the optimal size and an allocation of products within the order-picking area of the most
typical order-picking setting. The methodology combined two methods, dynamic programming and
simulation modelling, with the aim of taking advantages of their positive features. In that sense,
the optimal allocation of products for different sizes of the order-picking zone were obtained by the
dynamic programming approach. Afterwards, the influence of a demand’s seasonality and variations
were treated by the simulation model, so that the more realistic performances of the system were
captured for the optimal allocation of products. The methodology was tested on the retailer data
with significant week seasonality. The obtained results confirmed the practical applicability of the
methodology in real systems, while the sensitivity analysis of results showed that special attention
and effort should be given to the determination of costs related to the engagement of order-pikers,
storage equipment and unit replenishment during a planning period.

Keywords: order-picking; order-picking area; warehouse; dynamic programming; simulation; opera-
tions research; supply chains
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1. Introduction

Adaptation to changes is a must and a prerequisite in providing efficient and competi-
tive logistics service. According to [1] “since warehousing does not add value to the final
product, the effort is placed on obtaining efficiency in costs, such as minimizing movements,
workforce, equipment, and energy consumption, among other cost drivers”. Because of
the complex structure and mutual interactions of warehouse processes [2,3], frequently
with opposed goals, the optimization of every aspect of warehouse operation is a must for
achieving warehouse efficiency. An activity that, according to [4], occupies 50–75% of all
operating costs is order-picking. Therefore, any optimization of the order-picking process,
referred in the rest of the paper just as order-picking, increases warehouse efficiency.

Order-picking is “the process of retrieving products from storage (or buffer areas)
in response to a specific customer request” [5], and it has long been identified as the
most labor-intensive and costly activity for almost every warehouse. Performances of
the order-picking process, such as throughput, response times, error rate level, costs,
etc., highly depend on the applied technological concept. We use the term technological
concept to comprise the following elements of an order-picking warehouse system: a
technology implemented in an order-picking area (OPA); a spatial form of the OPA; and
an organization and control of the order-picking process. Accordingly, an appropriate
selection of mentioned technological concept elements has a crucial role in creating the
appropriate preconditions for the maximization of performances of the order-picking
process. A particularly important aspect is the design of a suitable OPA [6,7].
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OPA (sometimes named forward picking area) is a subsystem of the warehouse
dedicated to the order-picking activities. In accordance, this area is designed and tailored
according to the requirements of the order-picking process with the aim of its efficient
realization. Therefore, depending on the goals of the strategic levels of a warehouse,
OPA may occupy only one part of a warehouse’s surface, or the whole warehouse. It
can include only the lowest rack level(s), or all levels. Eventually, it can be customized
in several ways so that it satisfies higher goals. On the other side, the reserve area is a
warehouse subsystem designed exclusively for storing bulk pallets, which are used for
the replenishment of empty pallets in the OPA. The problem of designing the OPA is
a complex problem, characterized by numerous interdependent decisions, such as the
selection of an appropriate OPA type; selection of an OPA technology and a method of
executing the order-picking process; defining OPA’s size; determination of the quantity of
assigned products in the OPA, etc. [5,8,9]. Moreover, all decisions are made in the presence
of conflicting objectives and the existence of many potentially applicable solutions.

On one side, the use of the OPA improves the efficiency of order-picking by reducing
the traveled distances. However, on the other, it implies an additional replenishment of
the products from the reserve area to the OPA, imposing the double handling of goods.
Accordingly, it is obvious that a larger OPA generates higher costs related to the necessary
storage equipment, occupied warehouse space and overall order-picking distances, while
it reduces replenishments costs. Oppositely, smaller OPA requires less storage equipment,
occupies less space and induces shorter order-picker routes, but at the same time, it increases
the intensities of replenishing flows. Therefore, one of the crucial decisions in designing
OPA is to adequately determine the size of the OPA, as well as to define which products
should be assigned to the OPA and in what quantity. According to [10], these decisions
should balance the costs of order-picking and replenishing processes so that the benefits of
the OPA are maximized.

Besides the mentioned cost trade-off, the choice of the technological concept also has
a significant impact on the determination of the OPA size. The technological concept’s
features define the framework in which the size of the OPA is determined. Namely, the
technological concept which implies that order-picking is executed exclusively in the OPA
usually has different goals and constraints compared to the technological concept which
allows picking from the reserve area. Moreover, certain technological concepts assume that
interference between the realization of the order-picking and the OPA’s fulfillment processes
are negligible and therefore imply their simultaneous realization. On the other side, other
technological concepts assume that such interference has a sufficiently significant impact
on flows’ performances within the OPA so that replenishment during the order-picking
has to be minimized as much as possible. In the latter cases, this usually means that the
content of the OPA (i.e., its size, types and quantities of products) must be determined and
provided before the beginning of the order-picking to satisfy expected demand during the
planning period in the highest possible rate. In that way, the number of replenishment
operations that are executed during the order-picking process will be minimized. This type
of technological concept is widely present both in the practice and in the literature [11] and
it is the presumption that we used in this research. This means that the additional goal of
sizing the OPA is the minimization of emergency replenishments during the realization of
order-picking process.

Regarding space characteristics of the technological concept, the most typical tech-
nological concept solution for the case picking is the vertical division of the conventional
selective pallet rack [5]. The lower level of the pallet rack is assigned to the OPA for
order-picking while the upper rack levels represent the reserve area.

This research considers the technological concept characterized by the vertical division
of storage space and the realization of the order-picking process exclusively within the
low-level OPA. In the considered technological concept, the reserve area is used twofold.
On one side, it is used for storing inventories, while on the other it is used for picking bulk
pallets for orders in which the quantity of ordered products exceeds one pallet. Therefore,



Mathematics 2022, 10, 3733 3 of 23

another assumption of the considered problem is that each product on the order-picking
list is demanded in a quantity that does not exceed the content of one pallet. Otherwise,
the separation of OPA and reserve area is meaningless.

The considered technological concept also implies such a work organization in which
the preparation of OPA, regarding the provision of expected quantities of products in the
following period, is performed before the picking period only by replenishment of bulk
pallets. Pallets whose contents were not used entirely in the previous order-picking process
are not re-filled to the full capacity because it requires a significant increase in replenishing
process time. Namely, it means that a full pallet must be brought in the OPA on a forklift,
one part of it must be transferred to the pallet that is being refilled, and eventually, the
brought pallet must be returned to the reserve area. This replenishing process slightly
increases the possibility of emergency replenishment during the order-picking process, but
it simplifies the OPA preparation for the following period and therefore it is more present in
practice. In the case of a possible lack of products in the OPA during the period, emergency
replenishment of the products is performed from the reserve area by bulk pallets.

In conformity with the previous, the goal of our research was to provide a method-
ology for sizing OPA with respect to the described technological concept and availability
of required data. Since the considered technological concept is widely implemented in
warehouses that are already operating, practical implementation of the given methodology
is not related only to the design of new warehouses, but also to the periodic reconfiguration
of existing ones.

Accordingly, the main contribution of this research is the development of a new
methodology for sizing OPA with stochastic demand during the order-picking process. The
implementation of the cost model in methodology simultaneously covers several mutually
confronting performances of the order picking zone, and therefore contributes to making
more comprehensive solutions. In this way this research fills the gap that exists in the
literature which deals with the sizing OPA under the considered technological concept.
Moreover, it should be mentioned that the methodology is not limited to the considered
technological concept, meaning that it can be universally applied under the condition that
specificities of the considered technological concept are considered.

The following parts of the paper are organized as follows. In Section 2, we give a
literature review. In Section 3, we formulate the considered problem, which is afterward
solved by the procedure given in Section 4. Finally, in Section 5, we present the results of
numerical experiments conducted with the goal to test the proposed procedure, and in
Section 6 we give some concluding remarks.

2. Literature Review

Research related to various warehouse problems is widely present in the scientific
literature. Comprehensive overviews of papers devoted to different classes of warehousing
problems are given in [2,3,5,9,12]. However, to emphasize the differences of the considered
problem and problems in previous studies, the scope of the literature review is limited to
papers that are related to the OPA problems. Moreover, the review is organized into two
parts. In the first part, the focus is on the OPA design decision problems treated so far in
studies, while in the second part, we give an overview of methods used in studies. The
overview of the most significant papers together with implemented solution methods is
given in Table 1.

2.1. Design Decision Problems

Hackman et al. [13] developed a heuristic procedure to determine which products to
assign to the OPA (AS/RS serves as an OPA) and how to allocate space among the assigned
products, given the OPA has fixed capacity. They made heuristic attempts to minimize the
total costs for order-picking and replenishment. Frazelle et al. [14] considered a situation
where the size of the OPA is a decision variable. The costs they considered included the
OPA’s equipment cost and the order-picking material handling cost, as well as cost of the
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internal replenishment. They used the heuristic method of Hackman et al. [13] as the basis
for their solution method.

Table 1. Review of the OPA design-related problems and applied methods for solving them.

Paper

Problem to Be Solved

Implemented MethodSize of the
OPA

Products to Be
Stored in the OPA

(Assignment)

Quantity of Products to
Be Stored in the OPA

(Allocation)

Hackman et al. [13] * * Greedy heuristic
Frazelle et al. [14] * * * Greedy heuristic
Van den Berg et al. [11] * * Greedy heuristic
Bartholdi and Hackman [15] * Analytical, optimal
Gu, et al. [10] * * Branch and bound, optimal
Bahrami et al. [16] * heuristic
Guo et al. [17] * Analytical, heuristics
Mirzaei et al. [18] * * Heuristic
Carafi et al. [19] * Analytical, heuristic
Wu et al. [20] * * Analytical
Shah [21] * Analytical

The problem that considers a unit load replenishment, which means that only one
unit of goods can be replenished in a trip, was considered by Van den Berg et al. [11].
The main assumption of their research was that OPA can be replenished momentarily,
and therefore there is no reason to store more than one unit of a product in the OPA.
Additionally, they assumed that the warehouse operation implies the existence of busy and
idle working periods and showed that by performing the majority of replenishments during
the preceding idle periods it is possible to reduce the number of emergency replenishments
during the following busy period. A set of products to be placed within the OPA, with
the objective to minimize an expected work of resources in order-picking and emergency
replenishing activities during the busy period, is achieved by implementing a knapsac-
based algorithm. In [15], Bartholdi and Hackman dealt with less than one case storage
unit, which is a usual quantity for warehouses that store small parts. The results of the two
storing strategies, typically used in practice, were compared with the optimal strategy used
for small parts.

Gu et al. [10] proposed an alternative branch-and-bound based algorithm that quickly
solves, to the optimality, the forward-reserve allocation problem. Computational results
demonstrated that the branch-and-bound algorithm was fast enough to solve problems
of practical sizes. Moreover, the applicability of greedy heuristics by Hackman et al. [13]
to real, practical problems showed that the solutions were close to optimal with a negligi-
ble difference.

All previous research has mainly focused on a simplified version of the problem (usu-
ally denoted as fluid models), which implies that the OPA can be subdivided continuously.
Walter et al. [22] investigated the discrete version of the OPA in which the authors analyzed
the model gaps between the fluid models and their discrete alternatives.

Thomas and Meller [23] presented a methodology, based on statistical analysis, to
develop guidelines useful to design a manual case-picking warehouse. The guidelines
aimed at minimizing the total labor by providing an initial warehouse design and by
considering all relevant warehouse characteristics. Their methodology was limited to
defining the size and the layout of the OPA, configuration of the loading docks and a
shape and height of a pallet rack. In [21], the authors determined the size of the OPA
with the objective of achieving a desired service level while simultaneously respecting
the dynamism and variability of the demand levels. The considered problem was set up
for the warehouse of the cosmetic products in which a separate order-picking area was
installed for the service of on-line orders. The solution of the problem was obtained from
the utilization of the analytical model. However, although it tackled the problem of the
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OPA sizing, this type of problem also differs from the problem considered in this research
due to the different type of the OPA.

2.2. Applied Solution Methods

In general, in the literature devoted to solving various warehouse order-picking
problems, analytical, mathematical programming and simulation models are used in the
majority of cases. Detailed overviews of the application of these methods, for solving the
combinations of tactical and operational problems in the case of the man-to-goods systems,
have been given in the available literature [12].

From all mentioned methods, the simulation is traditionally the most widely applied
method, for example Van Gils et al. [12] stated it was used in cca. 51% of reviewed papers.
Generally, simulation is mostly used for the validation of warehouse project decisions.
Moreover, most of the operational research models were validated by simulation [24]. In
the following paragraphs we give a brief overview of some of the research that has utilized
simulation as a modelling tool.

Baker and Canessa [8] recommended the utilization of simulation in the following
steps of the framework: establishing the unit load; selection of equipment; calculating the
capacity; and performance evaluation. Altarazi et al. [25] proposed an approach for the
design of manual-order-picking warehouses based on simulation modelling. The proposed
approach extended the search space for performance improvement by investigating all
possible warehousing design combinations with their stochastic nature and interactions.
Bahrami et al. [16] used the simulation analysis as a tool for assessing a contribution of the
new OPA allocation strategy on the order picking process performances. Numerous studies
have demonstrated the applicability of simulations in several warehousing design elements.
Caron et al. [26] presented a simulation approach for an efficient manual order-picking
warehouse layout design that uses either random or cube per order index storage policies.
By using simulations, Petersen [27] considered the effect of the warehouse configuration on
the total travelled time. The warehouse configuration was represented by the number of
aisles per zone and the length of aisles. In order to analyze the influence of several picking,
routing, and storage policies on the total distance required to satisfy picking tasks, Petersen
and Aase [28] utilized a simulation model. They also performed a sensitivity analysis of the
effect of order size, warehouse shape and demand distribution. Roodbergen and Vis [29]
developed an approach for defining the optimal layout of one block of parallel aisles OPA
with the objective of minimizing average route lengths of order-pickers. Average length
of order-pickers’ routes was calculated according to an analytical formula based on two
(the S-shaped and the largest-gap) the most widely used order-picker routing heuristic
policies. Suitability of the given analytical formula was confirmed by the utilization of the
simulation model. Later Roodbergen et al. [30] presented a model for defining an optimal
layout structure of OPA with an arbitrary number of blocks with parallel aisles. In this case,
the authors gave a statistical assessment of the average length of an order-picking route for
the case of random assignment of pallet locations over the warehouse and implementation
of the S-shape routing policy of order-picker. Validation of the statistical assessment was
also confirmed by a simulation experiment. Roodbergen et al. [31] presented a simulation-
based warehouse design method while concurrently considering scenarios of layout and
operational policies. Simulation was utilized to determine the performance of the various
resulting scenarios. The results revealed a large potential for improving warehouse per-
formances. Winkelhaus et al. [32] investigated the possibility of implementing a hybrid
order-picking system, made as a combination of an autonomous robot and a human order-
picker in the OPA. Authors used a simulation model to analyze the performances of such
a system for different characteristics of order-picking tasks. Jiang et al. [24] considered a
robotized warehouse in which robots bring order-picking shelves to the OPA. The focus of
the paper was on the operational control of the replenishing process of the OPA, as well
as on the order-picking process. Synchronization of these two processes was modeled
by a heuristic model based on the VNS metaheuristics. The effectiveness of the solutions
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obtained by the VNS was compared to the conventional method of synchronizations whose
performance parameters are gathered by a simulation model. Lolli et al. [33] considered
a warehouse of finished goods and an order-picking system based on the goods-to-man
setting in which they faced problems of dimensioning: the size of the OPA, a number
of order-pickers and a number of automated guided vehicles. Authors used a quing
theory-based model for the simultaneous dimensioning of all required parameters, and a
simulation model for the purpose of validation.

In papers [17–19] devoted to OPA, the dominant solving approach was the application
of heuristic models which allow a complex observed problem to be solved with accepted
accuracy and calculation time. However, in the case of the considered problem, due to the
tactical problem nature, the time does not play a critical role which is a reason why we did
not propose a heuristic algorithm. Moreover, as it will be seen from numerical results, time
required for solving real life problem sizes can be considered as more than acceptable.

The analysis of reference papers [11,13–15,20,22,23] devoted to the solution of OPA
indicated that developed models are not suitable for direct application in the case of the
type of technological concept considered in this research. For example, Frazelle et al. [14]
treated the technological concept that allows case-picking from the reserve area, which is
not acceptable for the considered technological concept. The assumption of the continuity of
OPA’s space and capacity represented in [13–15] is the basic constraint for implementation
of their solutions within the considered technological concept, due to discrete capacities of
OPA expressed in a number of pallet locations (more details in Walter et al. [22]). Moreover,
the assumption from [23] that different products in OPA are represented only with one
pallet is not acceptable in the considered technological concept because the number of
pallets with products is a decision variable. In [20], the authors analyzed the benefits of the
implementation of the OPA within an automated storage/retrieval system (AS/RS) which is
a representative of goods-to-man order-picking concept. They compared the performances
of the ABC allocation strategy of products within the AS/RS with the strategy of making
separate OPA within the AS/RS. According to the results obtained by the analytical model,
they made a recommendation in which situations, i.e., under which circumstances it is
justified to for an OPA within an AS/RS. However, this research also dealt with different
types of OPA settings.

Finally, it should be emphasized that, as even two decades ago the authors stressed
in [9], the need for design-oriented studies is still present, especially at the tactical level
of design because of the longer influence of such decisions on warehouses’ operations
and the efficiency. In that sense, as it can be seen in Table 1, this paper fills the gap in the
literature by simultaneous considering two crucial OPA sizing problems: dimensioning of
the OPA and the allocation of products within the OPA for a given set of products to be
assigned to the OPA and for the specific settings of the order-picking process. Bearing in
mind the availability of relevant data at this stage of warehouse design, to the best of our
knowledge, there are no studies that have treated such a problem with the implemented
technological concept.

3. Problem Formulation

In this section, we summarize the information about the considered technological
concept given in Section 1 and complement the technological concept’s settings neces-
sary to completely define the conditions in which OPA sizing procedure is implemented.
Accordingly, the procedure was developed under the following assumptions:

• Layouts of OPA and reserve area are already defined;
• All requests for order-picking in the picking period are realized in the OPA;
• Assortment of products in the OPA is already known, based on the expected demand

in a planning period;
• At least one pallet of every product is present in the OPA;
• Before the picking period, there is sufficient time to provide the necessary quantity of

products to the OPA;
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• In the event of a lack of certain product in the OPA, emergency replenishments are
performed during the picking period;

• The quantity of products in one emergency replenishments cycle is equal to one pallet
of products;

• Demand of each product i (i = 1, . . . , N) during the picking period (expressed in case
units) is described by Normal distribution Ni ~ (µi, σi), where µi is expected demand
for the product i, and σi is standard deviation of the demand of the same product
during the picking period. It should be noted that the normal distribution is the result
of summing all individual product’s demands during the order-picking period, i.e., all
demands of orders. As it is well known, regardless of distributions of added variables,
an aggregated variable tends to follow the normal distribution even for a small number
of added variables;

• Number of case units per pallet is npi (i = 1, . . . , N).

4. Solution Procedure

The proposed procedure implies the implementation of the iterative approach in
defining the optimal OPA size. In each step of such procedure the appropriate effects for a
particular size of the OPA (Q) are determined by using the cost model. Effects related to the
OPA size are stored in the database (DB). The initial size of the OPA is Qmin, while in every
iteration the OPA size is increased by ∆Q. The procedure ends when OPA size exceeds the
maximum size Qmax, i.e., the number of steps of the procedure is d(Qmax −Qmin)/∆Qe.
Eventually, the analysis of the results from the DB determines the most favorable OPA size.
An overview of the procedure is given in Figure 1.
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Figure 1. Overview of the solution procedure.

According to the conditions and limitations of the technological concept, Qmin is
usually equal to the number of products that are picked up during the selected picking
period, i.e., Qmin = N. The maximum number of pallet locations Qmax corresponds either
to the total demand for products in the picking period (expressed in pallet units) or to
the maximal number of pallets that could be stored in the OPA. The step of changing
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the capacity ∆Q (expressed in the number of pallets) is adapted to the technical and
technological characteristics of the warehouse equipment and the space for OPA in the
technological concept.

In the development of a contemporary OPA, besides the costs of its formation and
operation, service level becomes one of the most important criteria. Here it should be
noted that by the service level we consider a complex feature of a system that indicates the
quality of the service that the system provides to its users (it usually includes response time,
accuracy, probability of request realization, etc.). Within the service level, the minimization
of the time needed for order realization is often set as the goal. Observed in the context
of the technological concept, the maximization of the service level is achieved if the OPA
enables the order processing during the picking period to be realized with the minimum
number of emergency replenishments from the reserve area. In this way, besides the
efficiency of order-picking, the safety in the OPA is also increased.

Based on the defined criteria, the effect of considered capacity (Q) is determined by
solving the allocation–assignment (AA) problem. It is necessary to emphasize that for the
analyzed technological concept, AA is reduced only to the problem of allocation because all
products are picked exclusively from the OPA, and hence they must be present in the OPA.

To solve this problem, we applied the optimization model based on the dynamic pro-
gramming. The main goal of the AA problem is to determine the best possible allocation of
the considered OPA size (Q) to products, in terms of minimizing the number of emergency
replenishments during the order-picking period. The corresponding effects are evaluated
using the cost model. Descriptions of the implemented optimization and cost models are
given in the following two sections.

4.1. Optimization Model of Allocation

In the available literature, numerous approaches have been used to solve the proposed
allocation problem, such as enumeration (in cases of the problems of smaller dimensions),
Lagrange multiplier [34], dynamic programming [17,35] and different heuristic proce-
dures [10,13,14,17].

Notations used in the model formulation are as follows:

• N—the number of products in the OPA;
• T—order-picking period (shift, day, week, etc.);
• Di—a random variable that represents the demand for the product i (i = 1, . . . , N)

expressed in the number of pallet units in T;
• mi—the maximum expected demand (in pallet units) for the product i during T;
• Ri—a variable that represents a number of replenishments of the product i during T;
• Zi—the number of pallet units of the product i assigned to the OPA at the beginning

of T;
• Q—total OPA capacity (expressed in the number of pallet locations);
• qi—the number of pallets in the OPA assigned to the product i, i = 1, . . . , N; qi = 1, . . . , mi;
• P(qi)—the probability of satisfying the demand for the product i from the OPA during

T from the qi pallets of that product;
• P(qi) = P(Di ≤ qi · npi) = P(z ≤ qi ·npi−µi

σi
) = Φ(z) + 0.5. The satisfaction rate

is derived from the value of the standard Laplace function Φ(z) = 1√
2π

z∫
0

e−
µ2
2 dµ.

Analogously, P(0) = 0, and for every qi ≥ mi P(qi) = 1;

• P—the probability of satisfying the demand from the OPA during T. P =
N
∏
i=1

Pi;

• Cop (Q)—specific order-picking costs;
• nd—total number of orders in the observed period;
• lOPA—length of the order-picking path; corresponds to the number of pallet locations

(OPA capacity) in OPA expressed in kilometers;
• vop—the average speed of an order-picker in OPA (km/h);
• top—hourly salary of one order-picker during T (EUR/h);
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• Cr (Q)—replenishments costs of the OPA in the observed period of time;
• tr—the price of one replenishment (€/replenishment);
• Cse (Q)—specific costs of space and equipment in the OPA;
• tse—unit price per pallet location (space + equipment) (EUR/pallet location) for the

observed period;
• S—number of remaining unallocated pallet places;
• qi

*—optimal number of products allocated to the OPA;
• E_repl—the number of emergency replenishments of considered product in a simula-

tion model;
• N_repl—the number of regular replenishments of considered product in a simulation model;
• Tmax—the length of a simulation run (in days);
• Sim_replications—the number of simulations run replications for a given solution.

The required number of emergency replenishments for the OPA during the picking
period is dependent on the probability with which the allocated quantities of products
meet the demand during that period. In line with this position, it is possible to pose this
problem as a problem of space allocation (allocation of remaining pallet locations in the
OPA of the product) so that the P is maximized. Therefore, the optimization model of the
allocation has the following form:

maxP =
N

∏
i=1

P(qi) (1)

so that:
N

∑
i=1

qi = Q (2)

1 ≤ qi ≥ mi ∀i ∈ (1, . . . , N) (3)

However, because of the nonlinear nature of the objective function, we implemented a
dynamic programming approach for finding the optimal solution of the problem. Accord-
ingly, the maximum value of P for given Q is determined by implementing the following
recursive function:

f ∗i (S) = max
1≤qi≤min(mi ,S)

{P(qi) · f ∗i+1(S− qi)} (4)

The search for the optimal solution is of an iterative nature, meaning that for each
product and all remaining number of unallocated pallet places (S) every possible number
of qi (i.e., for 1 ≤ qi ≤ mi) is evaluated. Eventually, the combination of qi that provides the
maximum value of P is selected as the optimal number of products (qi

*) allocated to the
OPA. It should be mentioned that due to the iterative nature of the algorithm, S denotes
the number of available pallet locations in OPA for allocation of the ith, i+1th, . . . . Nth
product, combined. Moreover, the value of S at the beginning of the algorithm is equal to
the Q. The computational complexity of such dynamic programming algorithm is O(S2N).

Based on the obtained qi
*, it is possible to determine the total expected number of

emergency replenishments during the picking period for all products as
N
∑

i=1
Ri, where Ri

has been calculated as:

Ri =
mi

∑
k=q∗i +1

(k− q∗i ) · P(k) (5)

Finally, by applying the dynamic programming algorithm to the selected capacity val-
ues within the interval (Qmin ÷ Qmax), a set of optimal allocation values and the probability
of the OPA service is obtained. For the final decision of the OPA size, it is necessary to
include in the analysis the cost of forming and operating in the OPA. The implemented cost
model is given in the following section.
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4.2. Simulation Model

The dynamic programming approach described in the previous part gives an optimal
solution for stochastic demand values which are represented by the normal distribution. A
single continuous order-picking period can be observed as one period in a working day.
Therefore, the demand’s mean and standard deviation per product can be obtained as
daily values in some past period (e.g., in one quarter of a year). In general, each working
day of a week has different demand intensities (values of demand mean and standard
deviation). For example, some products can have an increase in demand on Fridays, due to
the coming weekend and high consumption from customers (which incurs a somewhat
higher rate of emergency replenishments), or a decrease in demand on Mondays (which
incurs a somewhat lower rate of emergency replenishments). In that context, a mean
of average daily demand could lead to a solution with an intolerable rate of emergency
replenishments for some days of a week. On the other hand, if a higher representative
of a mean of an average demand is used, total costs can be significantly increased due to
the increase in the OPA size and related Cop and Cse costs. Therefore, different calculation
methods to obtain the representative mean and standard deviation of a daily demand per
product can have a different impact on the total costs of OPA and should be analyzed by
the simulation approach.

The second reason for implementing a simulation analysis lies in the fact that the
dynamic programming model presumes 100% full stock of products in OPA at the start of
each order-picking period (day). This assumption would require case unit replenishment
of OPA from the reserve area which is not acceptable in most real-life systems (OPA is
replenished with bulk pallets only due to the high intensity of operations required in the
case unit replenishment). A total of 100% full stock of products in OPA at the start of the
order-picking period is common only at the go-live of OPA setup. For the rest of the days,
products usually have partial pallet leftovers from the previous order-picking day.

To test the quality of solutions obtained from the dynamic programming approach,
we developed the simulation model presented in the algorithm and the pseudocode forms
given in Figure 2 and Algorithm 1, respectively. For the OPA size Q and representative
demand’s mean and standard deviation, we applied the dynamic programming model.
We set the size and allocation of products in the OPA according to that optimal solution.
Based on the actual working day demand mean and standard deviation (Table 2), we
randomly generated daily consumption for each product (starting from Monday). Based
on the starting stock and the demand, we calculated the stock at the end of that day for all
products. If the stock of a product has a negative value, then emergency replenishments
(R = E_repl) are required. The number of emergency replenishments depends on that
negative value, as presented in Figure 2 and Algorithm 1. After the order-picking time
(end of order-picking period), regular replenishments (N_repl) are made to fill the OPA
for the next order-picking day. If the stock of a product has a positive value, only regular
replenishments are made. Both replenishment types are completed with full pallets (which
is a common practice) up to the maximal allocated space represented in the number of
allocated pallets. The length of the simulation run (Tmax) spanned several weeks. Each
dynamic programming solution was tested with multiple simulation run replications
(Sim_replications).
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Table 2. Case study data for 20 products: number of case units per pallet and demand parameters per working days of a week.

Product i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Avg µ

The Number of Case Units Per Pall. nci 50 84 50 60 24 50 105 70 105 96 105 40 18 18 60 32 96 24 50 96

Monday µi 36.03 249.19 59.15 117.24 13.05 41.83 131.03 157.75 166.56 111.55 71.95 56.63 14.00 10.67 37.00 28.00 161.84 24.45 37.56 92.74 80.91
σi 31.56 265.86 57.66 290.46 17.52 29.91 387.04 354.30 94.01 157.46 60.36 83.04 13.03 9.05 35.77 20.00 444.84 28.40 36.65 94.05

Tuesday µi 59.28 262.27 58.26 68.88 23.00 60.95 89.06 107.38 166.67 153.28 93.77 23.29 18.68 23.71 30.62 14.50 85.33 21.93 40.71 109.03 75.53
σi 57.04 443.57 52.29 47.63 23.33 53.61 347.36 350.12 47.14 153.58 73.12 23.69 19.61 19.65 29.34 4.50 60.31 26.63 38.07 80.97

Wednesday µi 75.28 330.56 54.00 66.93 24.40 55.86 129.59 149.98 120.00 155.33 77.60 21.00 17.87 15.73 97.63 16.00 232.36 23.00 41.59 184.14 94.44
σi 59.46 519.88 32.42 43.87 32.37 47.39 319.71 394.06 40.00 179.02 57.01 14.71 16.03 11.57 89.40 4.00 527.50 32.95 18.58 305.38

Thursday µi 74.94 333.85 72.60 65.87 29.25 40.67 227.96 144.77 399.00 119.47 79.13 20.53 18.31 14.20 43.75 29.75 336.45 33.00 30.64 190.77 115.25
σi 53.21 480.76 56.87 35.98 32.31 55.38 582.64 249.98 80.00 84.86 60.16 11.09 16.56 11.51 40.12 8.44 930.11 50.24 19.33 260.99

Friday µi 50.78 377.07 39.53 108.68 16.08 38.30 197.31 142.55 245.64 112.52 84.05 43.67 15.63 19.43 104.80 61.00 705.93 60.86 54.37 156.36 131.73
σi 47.38 514.24 25.05 158.30 16.37 28.54 578.33 348.32 106.99 86.33 98.43 60.83 15.45 20.83 55.26 10.00 1573.86 115.51 47.84 165.38

Saturday µi 40.81 255.81 49.19 65.52 20.96 22.13 188.35 119.59 10.00 93.65 103.97 228.33 15.20 21.47 25.86 62.00 524.24 19.25 46.77 124.83 101.90
σi 32.14 294.81 25.80 55.02 20.06 23.13 482.21 300.94 10.00 63.94 63.68 188.48 12.41 16.77 29.45 52.00 1357.56 22.53 28.12 91.70

Daily demand
(var_0)

µi 56.44 299.70 53.88 81.84 21.73 44.50 156.62 137.39 193.75 125.98 86.86 39.65 16.69 17.87 52.18 33.75 329.88 28.29 41.82 138.81 97.88
σi 50.73 433.08 42.24 142.29 25.58 43.33 457.97 341.46 102.59 134.08 70.58 73.87 15.92 16.31 57.84 28.95 967.71 52.01 34.03 188.53
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Algorithm 1: Pseudo-code of the simulation model.

for OPA_sol in DP_solutions: # OPA_sol represents a variant of representative demand data
for sim_iter in Sim_replications:

for Sim_day in range (1, Tmax): #where Sim_day =1 is Monday
define Day_of_week for Sim_day #what is the day in a week
for i in range (1, N): #for all products

for Day_of_week: Ui ← Ni~(µi, δi) # generate demand Ui for product i
stocki = stocki – Ui
if stocki <= 0: # if stocki has negative value

E_repli ← ceiling_int(abs(stocki)) # emergency replenishment (full pallets)
stocki = stocki + E_repli

if stocki < Zi: # if stocki is lower than planned value Zi in OPA
N_repli ← ceiling_int(Zi - stocki) # regular replenishment (full pallets)
stocki = stocki + N_repli
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4.3. Cost Model

The cost model enables the estimation of the cost of order-picking and replenishment
processes and the cost of forming the OPA (space and equipment costs). For the purposes
of dimensioning, it needs to be presented in the function of the OPA size.

The cost of order-picking (Cop) in the OPA is possible to be determined with the assump-
tion that the order-picker passes all the locations in the OPA when fulfilling the order. This
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is the usual operating mode for OPA in warehouses due to the large number of lines on a
typical order list.

In addition, for the estimation of the Cop, it is necessary to have the data related to the
speed of movement and the cost of work of the order-picker. Eventually, the calculation of
order-picking costs (in EUR/period) is given by:

Cop(Qij) = nd
lOPA
vop

top (6)

Replenishments’ cost (Cr) can be determined as a function of the required number of
replenishments (expression (5)) and the price of one replenishment (EUR/replenishment).

Cr(Q) =
N

∑
i=1

Ri tr (7)

In case of emergency replenishments, additional costs may arise due to obstruc-
tion/slowdown of the order-picker’s work.

Space and equipment cost (Cse) are directly proportional to the number of pallet locations
(OPA size) and the unit price (space and equipment) per pallet location.

Cse(Q) = Q · tse (8)

The expression for total costs (in EUR/period) is summed up by these partial costs (6–8):

Ct(Q) = Cop(Q) + Cr(Q) + Cse(Q) (9)

The obtained results are stored in the appropriate database (DB). To obtain the opti-
mum, the results from the DB are analyzed, and an optimal OPA size solution is obtained
based on the minimum function of the total cost.

5. Case Study Computational Results

To test our integrated dynamic programming and simulation approach to solving
OPA size and allocation, we used case study data from the main distribution center of a
worldwide retail chain located in Serbia that supplies over 400 retail stores of different sizes.
The data were obtained for the observation period July–September 2018 where over 10,000
different products were shipped from the distribution center. We selected 20 products
whose average daily demand exceeded one pallet which were adequate candidates to be
served from the OPA, according to the considered technological concept. The reason for
their goodness as candidates for the OPA is that on some days of a week, demand is larger
than one pallet and more than one pallet is needed to be placed in the OPA. All other
products are also present in the OPA but are stored in quantities less than one pallet and
with the possibility of storing multiple products in a single storage location, depending
on their storing quantities and required space. It should be noted that order-picking of
products in the OPA stored in less than one pallet was not the subject of this research due
to usually different implemented order-picking technological concept. The order-picking is
made in a single working shift, six days a week. Table 2 contains case study data regarding
the observed products: number of case units per pallet (npi), the demand’s mean and
standard deviations in case units per each working day, as well as the mean and standard
deviations in case units calculated as daily values (regardless of the day of a week) for the
entire observation period.

The basic variant with average daily demand (var_0 from Table 2), as well as additional
variants of demand of representative products calculations (presented in Table 3), were
used to obtain the solution by dynamic programming model. These variants were:

• var_0—daily demand mean and standard deviation calculated from the entire sample
of 12 weeks;
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• var_1, var_3, var_5, var_7, var_9, var_11—demand’s mean and standard deviation are
equal to a day with 1st, 2nd, 3rd, 4th, 5th and 6th highest mean value, respectively
(including average daily demand in the set of days);

• var_2, var_4, var_6, var_8, var_10, var_12—demand’s mean and standard deviation are
equal to a day with 1st, 2nd, 3rd, 4th, 5th and 6th highest value of µi+3σi, respectively
(including average daily demand in the set of days).

Each variant has a unique structure of demand parameters for products, where variants
with odd numeration give more significance to the mean demand, while variants with even
numeration give more significance to standard deviation of a demand.

Values of other input parameters were:

• The average driving speed of order-picker Vop (1.5 km/h);
• The cost of the order-picker (2 EUR/h);
• The width of the pallet location (1 m);
• Storage price (prices were based on the research and analysis of the prices of services

provided by local providers with correction (reduction) for a profit rate of 15–20%) per
week (0.2 EUR/pal per day);

• Price per emergency replenishment (1 EUR/pal).

The dynamic programming and simulation models were implemented using the
Python 3.6 programming language on PC Intel(R) Core (TM) i5-3470 CPU @3.20GHz with
8 GB RAM memory.

The best results obtained from the proposed models for different variants of repre-
sentative demands are presented in Table 4. As expected, the dynamic programming
model gave a lower total cost for less intensive representative demands: variants var_11
and var_12 with an average demand of 72.59 and 69.48 case units per product, respec-
tively. The dynamic programming model took into consideration only the representative
demand values for obtaining the OPA size solution, while the simulation model took those
solutions and tested them in an environment with real demands per each working day.
Based on the 12-week length of each simulation run (Tmax = 12 ∗ 6) and 500 replications
(Sim_replications), the simulation returned the lowest average total costs (Ct = 27.08) for the
dynamic programming solution with var_10 and OPA size Q = 67 pallets.

Detailed results for the best variant of the representative demand calculation (var_10)
from the two models, as well as the allocation of products, are presented in Table 5.
Graphical presentation of solution costs for var_10 and different values of Q are given in
Figure 3. In general, the simulation model “followed” the costs curve from the dynamic
model but with slightly higher values due to the more realistic simulation environment
in two aspects: there cannot be a negative demand (in the cases when random generator
returns negative demand, that demand is set to zero); and products usually have partial
pallet leftovers from the previous order-picking day (100% full stock of products in OPA is
certain only on the start of simulation run). The CPU time to obtain dynamic programming
solution was relatively low (under 3 s for Q = 150 and N = 20) and allowed its application
to OPA size problems of larger dimensions. The CPU time for 500 replications was under
4 s.
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Table 3. Additional variants of representative demand data calculation used to obtain a solution with the dynamic programming model.

Products i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Avg µ

var_1
µi 75.28 377.07 72.60 117.24 29.25 60.95 227.96 157.75 399.00 155.33 103.97 228.33 18.68 23.71 104.80 62.00 705.93 60.86 54.37 190.77 161.29
σi 59.46 514.24 56.87 290.46 32.31 53.61 582.64 354.30 40.00 179.02 63.68 188.48 19.61 19.65 55.26 52.00 1573.86 115.51 47.84 260.99

var_2
µi 75.28 377.07 72.60 117.24 29.25 60.95 227.96 149.98 245.64 155.33 84.05 228.33 18.68 23.71 97.63 62.00 705.93 60.86 54.37 184.14 151.55
σi 59.46 514.24 56.87 290.46 32.31 53.61 582.64 394.06 106.99 179.02 98.43 188.48 19.61 19.65 89.40 52.00 1573.86 115.51 47.84 305.38

var_3
µi 74.94 333.85 59.15 108.68 24.40 55.86 197.31 149.98 245.64 153.28 93.77 56.63 18.31 21.47 97.63 61.00 524.24 33.00 46.77 184.14 127.00
σi 53.21 480.76 57.66 158.30 32.37 47.39 578.33 394.06 106.99 153.58 73.12 83.04 16.56 16.77 89.40 10.00 1357.56 50.24 28.12 305.38

var_4
µi 74.94 330.56 59.15 108.68 24.40 40.67 197.31 157.75 193.75 153.28 93.77 56.63 18.31 19.43 104.80 33.75 524.24 28.29 40.71 190.77 122.56
σi 53.21 519.88 57.66 158.30 32.37 55.38 578.33 354.30 102.59 153.58 73.12 83.04 16.56 20.83 55.26 28.95 1357.56 52.01 38.07 260.99

var_5
µi 59.28 330.56 58.26 81.84 23.00 44.50 188.35 144.77 193.75 125.98 86.86 43.67 17.87 19.43 52.18 33.75 336.45 28.29 41.82 156.36 103.35
σi 57.04 519.88 52.29 142.29 23.33 43.33 482.21 249.98 102.59 134.08 70.58 60.83 16.03 20.83 57.84 28.95 930.11 52.01 34.03 165.38

var_6
µi 59.28 333.85 58.26 81.84 21.73 55.86 188.35 142.55 193.75 111.55 86.86 39.65 17.87 21.47 52.18 61.00 329.88 33.00 37.56 138.81 103.27
σi 57.04 480.76 52.29 142.29 25.58 47.39 482.21 348.32 102.59 157.46 70.58 73.87 16.03 16.77 57.84 10.00 967.71 50.24 36.65 188.53

var_7
µi 56.44 299.70 54.00 68.88 21.73 41.83 156.62 142.55 166.67 119.47 84.05 39.65 16.69 17.87 43.75 29.75 329.88 24.45 41.59 138.81 94.72
σi 50.73 433.08 32.42 47.63 25.58 29.91 457.97 348.32 47.14 84.86 98.43 73.87 15.92 16.31 40.12 8.44 967.71 28.40 18.58 188.53

var_8
µi 56.44 299.70 53.88 65.52 23.00 44.50 156.62 137.39 166.56 125.98 103.97 43.67 16.69 17.87 43.75 28.00 336.45 23.00 41.82 156.36 97.06
σi 50.73 433.08 42.24 55.02 23.33 43.33 457.97 341.46 94.01 134.08 63.68 60.83 15.92 16.31 40.12 20.00 930.11 32.95 34.03 165.38

var_9
µi 50.78 262.27 53.88 66.93 20.96 40.67 131.03 137.39 166.56 112.52 79.13 23.29 15.63 15.73 37.00 28.00 232.36 23.00 40.71 124.83 83.13
σi 47.38 443.57 42.24 43.87 20.06 55.38 387.04 341.46 94.01 86.33 60.16 23.69 15.45 11.57 35.77 20.00 527.50 32.95 38.07 91.70

var_10
µi 50.78 262.27 54.00 68.88 20.96 41.83 131.03 107.38 166.67 119.47 79.13 23.29 15.63 15.73 37.00 29.75 232.36 24.45 46.77 124.83 82.61
σi 47.38 443.57 32.42 47.63 20.06 29.91 387.04 350.12 47.14 84.86 60.16 23.69 15.45 11.57 35.77 8.44 527.50 28.40 28.12 91.70

var_11
µi 40.81 255.81 49.19 65.87 16.08 38.30 129.59 119.59 120.00 111.55 77.60 21.00 15.20 14.20 30.62 16.00 161.84 21.93 37.56 109.03 72.59
σi 32.14 294.81 25.80 35.98 16.37 28.54 319.71 300.94 40.00 157.46 57.01 14.71 12.41 11.51 29.34 4.00 444.84 26.63 36.65 80.97

var_12
µi 40.81 255.81 49.19 66.93 13.05 38.30 89.06 119.59 120.00 112.52 71.95 21.00 14.00 14.20 30.62 14.50 161.84 21.93 41.59 92.74 69.48
σi 32.14 294.81 25.80 43.87 17.52 28.54 347.36 300.94 40.00 86.33 60.36 14.71 13.03 11.51 29.34 4.50 444.84 26.63 18.58 94.05
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Table 4. Overview of the lowest total cost obtained from the dynamic programming and simulation models for different variants of representative demand.

DYNAMIC PROGRAMMING MODEL SIMULATION MODEL (Average Results from 500 runs)
Q var0 var1 var2 var3 var4 var5 var6 var7 var8 var9 var10 var11 var12 var0 var1 var2 var3 var4 var5 var6 var7 var8 var9 var10 var11 var12
49 25.65 45.55 45.36 34.47 33.82 26.88 28.03 23.88 24.60 19.59 19.43 15.43 15.09 29.66 33.19 32.71 31.29 31.47 30.33 30.58 29.54 29.95 29.25 29.40 29.46 29.43
50 25.39 45.19 45.37 34.52 33.38 26.72 28.10 23.98 24.38 19.31 19.15 15.27 15.03 29.39 32.78 32.86 31.29 30.99 30.11 30.60 29.36 29.70 28.93 29.07 29.27 29.25
54 25.58 44.33 44.37 34.01 32.33 26.22 26.87 23.95 24.09 19.23 18.41 15.19 15.17 29.46 32.02 31.99 31.01 30.02 29.45 29.34 29.14 29.08 28.55 28.18 28.48 28.50
58 25.37 43.50 43.67 33.11 32.61 26.10 27.00 23.61 23.73 18.76 17.89 15.37 15.11 28.95 31.65 31.60 30.04 30.12 29.18 29.49 28.64 28.59 27.79 27.55 28.34 28.08
60 25.28 43.19 43.03 33.20 32.05 25.98 26.86 23.63 23.75 18.53 18.04 15.52 15.22 28.86 31.33 30.88 30.25 29.52 29.09 29.24 28.60 28.47 27.52 27.49 28.11 27.95
61 25.40 42.87 43.06 33.31 32.16 25.72 26.70 23.73 23.89 18.67 18.18 15.57 15.29 28.87 30.99 30.95 30.24 29.57 28.85 29.10 28.66 28.50 27.51 27.48 28.01 27.96
65 25.39 42.08 42.07 32.58 31.77 25.72 26.57 22.92 23.52 18.66 18.17 16.04 15.79 28.58 30.33 30.71 29.52 29.29 28.56 28.71 27.83 28.02 27.25 27.17 28.04 27.92
67 25.63 41.67 41.90 32.38 31.73 25.78 26.39 23.04 22.91 18.60 18.15 16.33 16.06 28.63 30.51 30.64 29.43 29.14 28.54 28.53 27.73 27.56 27.13 27.08 28.08 28.04
68 25.58 41.42 41.65 32.21 31.77 25.42 26.50 22.76 23.04 18.61 18.23 16.44 16.25 28.60 30.30 30.35 29.28 29.28 28.12 28.61 27.55 27.61 27.10 27.08 28.17 27.95
70 25.62 40.98 41.23 32.08 31.47 25.41 26.48 22.77 22.77 18.71 18.30 16.78 16.56 28.57 29.85 30.16 29.28 28.99 28.12 28.55 27.53 27.41 27.16 27.08 28.39 28.02
72 24.95 40.70 40.92 31.85 31.24 25.12 25.81 22.33 22.78 18.91 18.43 17.12 16.91 27.92 30.09 30.19 29.08 28.83 27.81 27.92 27.25 27.41 27.19 27.11 28.29 28.15
75 24.74 40.44 40.62 31.63 31.31 24.98 25.71 22.33 22.45 19.31 18.85 17.64 17.52 27.82 30.20 30.26 28.93 28.95 27.68 27.86 27.31 27.25 27.26 27.31 28.49 28.14
76 24.73 40.23 40.42 31.59 31.25 25.08 25.44 22.37 22.60 19.39 18.94 17.84 17.70 27.79 30.03 30.07 28.95 28.93 27.81 27.67 27.36 27.35 27.35 27.39 28.55 28.24
77 24.75 40.13 40.34 31.68 31.41 25.01 25.54 22.24 22.64 19.46 19.14 18.04 17.87 27.80 29.91 30.22 29.11 29.10 27.82 27.80 27.33 27.39 27.34 27.39 28.54 28.26
78 24.51 40.06 40.23 31.85 31.52 24.77 25.31 22.33 22.81 19.60 19.33 18.24 18.07 27.66 30.03 30.15 29.26 29.27 27.63 27.65 27.40 27.45 27.41 27.42 28.50 28.33
79 24.31 39.95 40.18 31.99 31.66 24.57 25.44 22.40 22.69 19.70 19.45 18.43 18.26 27.55 29.98 30.35 29.36 29.36 27.53 27.79 27.48 27.40 27.49 27.42 28.58 28.49
81 24.49 39.76 39.93 31.76 31.30 24.40 25.39 22.40 22.96 20.01 19.72 18.78 18.66 27.68 30.10 30.13 29.11 28.98 27.49 27.79 27.56 27.48 27.61 27.68 28.76 28.64
85 24.38 39.77 40.12 31.44 30.64 24.86 25.32 22.65 23.10 20.66 20.45 19.60 19.48 27.72 30.35 30.50 28.97 28.65 27.84 27.85 27.79 27.62 27.75 27.95 28.98 28.56
86 24.47 39.95 40.07 31.12 30.77 24.74 25.19 22.77 23.19 20.83 20.61 19.82 19.68 27.81 30.50 30.54 28.79 28.81 27.82 27.82 27.90 27.72 27.88 28.11 28.69 28.76
93 24.88 40.46 40.64 30.88 30.98 25.32 25.68 23.61 23.98 22.07 21.94 21.29 21.18 28.18 31.66 31.60 28.94 29.10 28.45 28.34 28.53 28.24 28.76 29.10 29.75 29.57
111 27.48 39.43 39.42 31.49 31.12 27.77 28.13 26.75 26.99 25.88 25.82 25.32 25.21 30.64 32.05 32.03 30.86 30.80 30.73 30.69 31.29 30.71 31.31 31.69 32.68 32.54
116 28.39 39.37 39.73 32.17 31.79 28.63 29.02 27.77 27.95 26.99 26.95 26.45 26.34 31.51 32.42 32.62 31.60 31.57 31.53 31.56 32.04 31.60 32.16 32.65 33.60 33.42
117 28.54 39.59 39.51 32.37 31.78 28.85 29.21 28.00 28.17 27.22 27.18 26.68 26.57 31.66 32.61 32.62 31.73 31.69 31.72 31.76 32.25 31.73 32.28 32.77 33.75 33.56
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Table 5. Detailed results for the best var_10 obtained from the dynamic programming and simulation models.

Q Number of Pallet Locations Per Product in OPA
DYNAMIC PROGRAMMING MODEL SIMULATION MODEL

(Average Results)
CPU Time (Sec) Max f * Cr Cse Cop Ct Cr Cse Cop Ct

20 [1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1] 0.02 0.00 20.68 4.00 0.64 25.32 34.79 4.00 0.94 39.725
30 [2, 1, 2, 2, 2, 1, 1, 1, 2, 2, 1, 1, 1, 2, 1, 2, 1, 1, 2, 2] 0.06 0.00 15.20 6.00 0.96 22.16 27.78 6.00 1.41 35.191
40 [2, 1, 2, 2, 2, 2, 2, 1, 3, 3, 2, 2, 2, 2, 2, 2, 1, 2, 2, 3] 0.12 0.01 11.89 8.00 1.28 21.17 22.05 8.00 1.88 31.926
50 [3, 4, 2, 3, 2, 2, 3, 2, 3, 3, 2, 2, 2, 2, 2, 2, 3, 3, 2, 3] 0.20 0.07 7.55 10.00 1.60 19.15 16.73 10.00 2.35 29.073
51 [3, 4, 2, 3, 2, 2, 3, 3, 3, 3, 2, 2, 2, 2, 2, 2, 3, 3, 2, 3] 0.21 0.07 7.09 10.20 1.63 18.92 16.20 10.20 2.39 28.794
52 [3, 4, 2, 3, 2, 2, 4, 3, 3, 3, 2, 2, 2, 2, 2, 2, 3, 3, 2, 3] 0.22 0.08 6.77 10.40 1.66 18.84 15.78 10.40 2.44 28.621
53 [3, 4, 2, 3, 2, 2, 4, 3, 3, 3, 2, 2, 2, 2, 2, 2, 4, 3, 2, 3] 0.23 0.10 6.32 10.60 1.70 18.61 15.35 10.60 2.49 28.431
54 [3, 5, 2, 3, 2, 2, 4, 3, 3, 3, 2, 2, 2, 2, 2, 2, 4, 3, 2, 3] 0.24 0.11 5.88 10.80 1.73 18.41 14.85 10.80 2.53 28.181
55 [3, 5, 2, 3, 2, 2, 4, 4, 3, 3, 2, 2, 2, 2, 2, 2, 4, 3, 2, 3] 0.25 0.12 5.50 11.00 1.76 18.26 14.40 11.00 2.58 27.983
56 [3, 5, 2, 3, 2, 2, 4, 4, 3, 3, 2, 2, 2, 2, 2, 2, 5, 3, 2, 3] 0.28 0.13 5.11 11.20 1.79 18.10 14.00 11.20 2.63 27.827
57 [3, 6, 2, 3, 2, 2, 4, 4, 3, 3, 2, 2, 2, 2, 2, 2, 5, 3, 2, 3] 0.28 0.15 4.75 11.40 1.82 17.97 13.58 11.40 2.67 27.654
58 [3, 6, 2, 3, 2, 2, 4, 5, 3, 3, 2, 2, 2, 2, 2, 2, 5, 3, 2, 3] 0.29 0.16 4.44 11.60 1.86 17.89 13.23 11.60 2.72 27.548
59 [3, 6, 2, 3, 2, 2, 4, 5, 3, 3, 2, 2, 3, 2, 2, 2, 5, 3, 2, 3] 0.30 0.18 4.34 11.80 1.89 18.03 12.98 11.80 2.77 27.549
60 [3, 6, 2, 3, 2, 2, 5, 5, 3, 3, 2, 2, 3, 2, 2, 2, 5, 3, 2, 3] 0.32 0.20 4.12 12.00 1.92 18.04 12.68 12.00 2.81 27.491
61 [3, 6, 2, 3, 3, 2, 5, 5, 3, 3, 2, 2, 3, 2, 2, 2, 5, 3, 2, 3] 0.33 0.21 4.03 12.20 1.95 18.18 12.42 12.20 2.86 27.477
62 [3, 6, 2, 3, 3, 2, 5, 5, 3, 3, 2, 2, 3, 2, 2, 2, 6, 3, 2, 3] 0.34 0.23 3.71 12.40 1.98 18.09 12.05 12.40 2.91 27.362
63 [3, 7, 2, 3, 3, 2, 5, 5, 3, 3, 2, 2, 3, 2, 2, 2, 6, 3, 2, 3] 0.36 0.25 3.42 12.60 2.02 18.03 11.71 12.60 2.95 27.268
64 [3, 7, 3, 3, 3, 2, 5, 5, 3, 3, 2, 2, 3, 2, 2, 2, 6, 3, 2, 3] 0.37 0.27 3.34 12.80 2.05 18.18 11.42 12.80 3.00 27.225
65 [3, 7, 3, 3, 3, 2, 5, 6, 3, 3, 2, 2, 3, 2, 2, 2, 6, 3, 2, 3] 0.46 0.30 3.09 13.00 2.08 18.17 11.12 13.00 3.05 27.171
66 [3, 7, 3, 3, 3, 2, 5, 6, 3, 3, 2, 2, 3, 2, 2, 2, 7, 3, 2, 3] 0.39 0.32 2.84 13.20 2.11 18.15 10.82 13.20 3.10 27.121
67 [3, 8, 3, 3, 3, 2, 5, 6, 3, 3, 2, 2, 3, 2, 2, 2, 7, 3, 2, 3] 0.40 0.34 2.60 13.40 2.14 18.15 10.54 13.40 3.14 27.078
68 [3, 8, 3, 3, 3, 2, 6, 6, 3, 3, 2, 2, 3, 2, 2, 2, 7, 3, 2, 3] 0.41 0.36 2.45 13.60 2.17 18.23 10.29 13.60 3.19 27.082
69 [3, 8, 3, 3, 3, 2, 6, 7, 3, 3, 2, 2, 3, 2, 2, 2, 7, 3, 2, 3] 0.43 0.38 2.26 13.80 2.21 18.27 10.08 13.80 3.24 27.116
70 [3, 8, 3, 3, 3, 2, 6, 7, 3, 3, 2, 2, 3, 2, 2, 2, 8, 3, 2, 3] 0.53 0.41 2.06 14.00 2.24 18.30 9.80 14.00 3.28 27.084
71 [3, 9, 3, 3, 3, 2, 6, 7, 3, 3, 2, 2, 3, 2, 2, 2, 8, 3, 2, 3] 0.47 0.43 1.88 14.20 2.27 18.36 9.59 14.20 3.33 27.124
72 [3, 9, 3, 3, 3, 2, 6, 7, 3, 3, 2, 2, 3, 2, 2, 2, 9, 3, 2, 3] 0.47 0.45 1.73 14.40 2.30 18.43 9.33 14.40 3.38 27.110
73 [3, 9, 3, 3, 3, 2, 6, 8, 3, 3, 2, 2, 3, 2, 2, 2, 9, 3, 2, 3] 0.49 0.47 1.59 14.60 2.33 18.53 9.15 14.60 3.42 27.170
74 [3, 9, 3, 3, 3, 2, 7, 8, 3, 3, 2, 2, 3, 2, 2, 2, 9, 3, 2, 3] 0.50 0.49 1.49 14.80 2.37 18.66 8.99 14.80 3.47 27.259
75 [3, 9, 3, 3, 3, 2, 7, 8, 3, 3, 2, 2, 3, 2, 2, 2, 9, 4, 2, 3] 0.53 0.51 1.45 15.00 2.40 18.85 8.80 15.00 3.52 27.314
80 [3, 10, 3, 3, 3, 2, 7, 9, 3, 3, 2, 2, 3, 3, 2, 2, 10, 4, 2, 4] 0.63 0.62 1.02 16.00 2.56 19.58 7.80 16.00 3.75 27.555
90 [4, 12, 3, 3, 3, 3, 8, 10, 3, 4, 2, 2, 3, 3, 2, 2, 12, 4, 3, 4] 0.86 0.79 0.49 18.00 2.88 21.37 6.35 18.00 4.22 28.566

100 [4, 14, 3, 4, 3, 3, 9, 12, 3, 4, 3, 2, 3, 3, 3, 2, 14, 4, 3, 4] 1.03 0.90 0.20 20.00 3.20 23.40 5.17 20.00 4.69 29.860
150 [5, 23, 4, 5, 5, 4, 16, 21, 4, 5, 3, 3, 5, 4, 3, 2, 23, 6, 4, 5] 2.57 1.00 0.00 30.00 4.80 34.80 2.59 30.00 7.03 39.620
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5.1. Sensitivity Analysis of the Proposed Approach

For the purpose of sensitivity analysis of the dynamic programming and simulation
approach, we generated two additional sets of data regarding main input parameter values:
set I with low variations; set II with high variations. The main input parameters observed
in the sensitivity analysis were demand mean and standard deviation (µi,σi), as well as
unit price intensities (tr, tse, top). The input variation intensities per two sets were:

• For set I, all parameters could take 90%, 100% or 110% of their original values from
the case study;

• For set II, all parameters could take 50%, 100% or 200% of their original values from
the case study.

Because of a large number of instances to be solved by different variants of repre-
sentative demand calculation (in total both sets had 243 combinations of parameters), we
reduced the analysis complexity by increasing Q from 20 by step 4 (10, 28, 32, etc.). This
simplification did not have a significant influence on the sensitivity analysis.

5.1.1. Computational Results for Set I—Low Variations

The dynamic programming and simulation models solved instances for Q from 20
to 150 (the largest Q size of best solution from dynamic programming model was 140 for
instance with [µi, σi, tr, tse, top] = [1.1, 1.1, 1.1, 0.9, 0.9]).

Regarding the percentage (out of total 243 combinations) of the best solution found
after the simulation approach, var_10 showed the best results with 62.96% (Figure 4),
followed by var_9, var_8 and var_7, respectively. Other variants were not able to obtain a
solution with the lowest total cost. The results showed that the proposed approach was
not significantly sensitive to small changes in input parameters’ values, especially because
var_9 and var_10 had similar values of representative demand parameters (with average
demand at 83.13 and 82.61, respectively) and they jointly obtained the best results in 91.36%
of cases.

According to Table 6, the proposed approach was most sensitive to the costs of emer-
gency replenishment (tr) and order-picker (top). The graphical representation of the required
Q in solutions with the lowest total costs per each combination of input parameters is given
in Figure 5. The OPA size Q took values between 56 and 88 pallets, where 85% of the best
solutions had Q between 60 and 78 pallets.

5.1.2. Computational Results for Set II—High Variations

The dynamic programming and simulation models solved instances for Q from 20 to
250 (the largest Q size of the best solution from the dynamic programming model was 220
for instance with [µi, σi, tr, tse, top] = [2, 2, 2, 0.5, 0.5]). We excluded var1–4 from the analysis
because they did not provide good quality solutions, and we left var0, 5–6 and 11–12 in the
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analysis because they were close (by average demand intensity) to the four variants that
provided at least some of the best results for set I.
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Figure 4. Comparison of different representative demand variants (best simulation results out of
243 instances) for set I.

The significantly higher variation intensity of the main input parameters led to “alloca-
tion of quality” amongst a wider range of model setups regarding different representative
demand calculations (var0, 5–12), as presented in Figure 6. Best results were concentrated
around slightly lower than average daily demand, where var_0 and var_10 showed the best
results. As in the case with set I, the approach was most sensitive to the cost of emergency
replenishment (tr) and order-picker (top) as shown in Table 7. For set II instances, there
were 26 instances that had the best simulation solutions with minimal Q = 20 (this was not
the case with any of set I instances). All those instances had 50% of case study tr and 200%
of case study tse (except for three instances with 100%). Figure 7 presents the Q values for
the best simulation results over 243 instances, where Q took values between 20 and 220
pallets for set II (69% of the best solutions had Q between 40 and 120 pallets).
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Table 6. Average best simulation results for different representative demand variants (var0-12) per variations of the main input parameters for set I.

Input Data
Intensity

var_0 var_1 var_2 var_3 var_4 var_5 var_6 var_7 var_8 var_9 var_10 var_11 var_12
QCt Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q

90% 26 77 29 70 29 72 28 77 27 77 26 76 27 77 26 73 26 72 26 67 26 66 27 63 26 63 71.7
µi 100% 28 80 30 74 30 74 29 80 29 79 28 77 28 79 27 76 27 74 27 70 27 69 28 66 28 65 74.1

110% 29 82 31 76 31 74 30 81 30 83 29 80 29 83 28 79 28 76 28 74 28 71 29 71 29 72 76.9
90% 26 76 28 72 29 70 27 80 27 81 26 75 26 76 26 72 26 71 26 67 26 66 27 63 27 63 71.8

σi 100% 28 80 30 74 30 74 29 80 29 78 28 78 28 79 27 76 27 74 27 70 27 69 28 67 28 67 74.4
110% 29 83 31 74 32 75 30 78 30 79 29 80 29 84 29 80 29 77 28 73 28 71 29 70 29 70 76.5
90% 27 76 29 70 29 69 28 73 28 73 27 75 27 76 26 72 26 72 26 67 26 65 27 63 27 63 70.5

tr 100% 28 80 30 73 30 73 29 79 29 80 28 78 28 80 27 76 27 74 27 70 27 69 28 66 28 66 74.1
110% 28 83 31 77 31 77 30 86 29 85 28 81 28 83 28 79 28 77 28 74 28 72 29 70 29 71 78.1
90% 27 80 30 74 30 75 28 81 28 81 27 79 27 80 27 76 27 75 27 71 27 69 28 67 27 67 75.1

tse 100% 28 80 30 73 30 73 29 79 29 79 28 78 28 80 27 76 27 74 27 70 27 68 28 66 28 67 74.2
110% 28 79 30 73 30 72 29 78 29 78 28 77 28 79 28 75 28 74 27 69 27 68 28 66 28 66 73.4
90% 26 82 28 76 29 76 27 85 27 84 26 81 26 82 26 79 26 77 26 73 26 71 27 70 26 70 77.5

top 100% 28 80 30 73 30 73 29 80 29 79 28 78 28 80 27 76 27 74 27 70 27 69 28 65 28 66 74.1
110% 29 77 31 71 31 70 30 74 30 74 29 75 29 77 29 73 29 72 28 68 28 66 29 63 29 63 71.1

Table 7. Average best simulation results for different representative demand variants (var0, 5–12) per variations of the main input parameters for set II.

Input Data
Intensity

var_0 var_5 var_6 var_7 var_8 var_9 var_10 var_11 var_12
QCt Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q Ct Q

50% 26 63 26 64 26 62 26 62 26 62 26 61 26 60 26 59 26 60 61.5
µi 100% 32 74 32 74 32 73 32 72 32 72 32 70 32 69 33 68 33 68 71.2

200% 47 97 47 96 47 96 46 95 47 93 46 91 47 90 48 89 47 89 93.0
50% 25 64 25 64 25 64 25 63 26 62 26 62 26 61 27 62 27 62 62.9

σi 100% 32 76 32 75 32 75 32 74 32 73 32 71 32 70 33 69 33 70 72.5
200% 48 94 48 95 48 92 47 93 47 92 47 89 46 88 47 85 47 85 90.4
50% 25 43 25 43 25 42 25 44 25 44 25 44 25 44 25 42 25 43 43.3

tr 100% 35 78 35 78 35 78 35 77 35 77 35 75 35 74 35 72 35 72 75.7
200% 45 113 45 113 45 112 45 108 45 106 45 104 45 102 47 102 46 102 106.8
50% 32 85 32 86 32 85 32 84 32 82 32 81 32 80 33 79 32 79 82.3

tse 100% 34 79 34 79 34 78 34 78 34 77 34 76 34 74 35 73 35 73 76.4
200% 39 69 39 69 39 69 39 68 39 67 38 66 38 65 39 64 39 64 67.0
50% 25 102 25 101 25 102 25 99 25 98 25 96 25 94 26 94 26 94 97.8

top 100% 34 79 34 79 34 77 33 78 34 77 33 75 33 74 34 72 34 73 76.0
200% 46 53 46 53 47 53 46 53 46 52 46 52 46 51 46 50 46 50 51.9
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6. Conclusions

In the conditions of permanent changes of products stored in warehouses, and a
fluctuation of the demand intensities, sizing of the OPA is one of the crucial decisions in
the warehouse design process for the efficient realization of order-picking activities. In that
sense, we proposed a methodology that, besides the design phase, could also be applied in
the conditions of substantial changes in expected demands of stored products within the
planning horizon. The methodology resulted in minimized costs related to order-picking
process in the considered OPA during the planning period. Impact of the seasonality at a
demand during a planning horizon, which is a common feature of considered warehouse
systems, was treated by the implementation of a simulation modelling. Precisely, the opti-
mal allocation of products within the OPA, obtained by the dynamic programming model,
was tested under the conditions of different levels of demand with the given simulation
and cost models. Due to presumptions related to the implementation of the dynamic pro-
gramming model, explained in more detail in Section 4.2, the simulation model represented
the realization of order-picking activities in a more realistic way, i.e., gave a more realistic
assessment of expected costs. Nevertheless, limitations of simulation modelling, related to
obtaining optimal solutions in the combinatorial optimization class of problems, whose
typical representatives are allocation problems, implies the implementation of the dynamic
programming as a method for obtaining an optimal allocation of available storing locations
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in the OPA to products. Therefore, the proposed combined approach uses positive features
of both implemented methods to cover their shortages. In that sense, our recommendation
to practitioners from the field of warehouse design and management is to use both methods
simultaneously, in accordance with the proposed methodology.

An example of the methodology implementation, executed on the case of a large retail
company in Serbia, characterized by a week seasonality, showed that that for a planning
period of a week, and for the given cost levels, the best results in sizing the OPA were
achieved for the representing demand taken at the level just below the weekly average.
However, note that this is just an example and that the whole combined methodology must
be applied in order to obtain the best results in a specific case. Sensitivity analysis of the
case study showed an increased sensitivity of solutions to the levels of costs related to the
storage equipment, unit replenishments and order-picker engagement. Therefore, in order
to obtain costs of real order-picking activities at the level obtained by the model, special
effort should be given to the determination of those costs prior to the implementation of
the proposed methodology.

The proposed methodology is applicable in specific conditions of the considered
technological concept, i.e., under the constraints imposed by that technological concept.
However, although the considered technological concept is the most widely used in operat-
ing warehouses, the proposed methodology is not applicable, at least without substantial
modifications, if the order-picking technology is not based on man-to-goods concept in the
low-level order of the OPA. If so, the methodology is applicable under the presumptions
that all specificities of the implemented order-picking concept are implemented in the cost
and the simulation models.

Mutual dependencies of OPA design decisions (layout, sizing, assignment and alloca-
tion of products) indicate that for the best decision all aspects of the problem should be
considered simultaneously. Accordingly, the directions for further research imply the inclu-
sion of other design decisions, e.g., defining a layout of OPA, different products to storage
locations assignment policies, etc. Additionally, the applicability of the proposed methodol-
ogy for different order-picking technological concepts (e.g., when the order-picking process
is realized within the forward and reserve areas simultaneously, or when it is not executed
only at the lowest rack levels . . . ) should be tested, but with previous adjustment to
specificities of particular settings. Finally, testing of the methodology’s validity could be un-
dertaken by developing a more detailed simulation model (on an operational level) whose
output will give the values of the costs and parameters considered in the methodology in
more detail.
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