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Abstract

Distribution centres are the important elements of modern supply chains. A distribution cen-
tre stores and ships products. In this paper, we investigate the model of the dimensioning of
shelf space on the rack with vertical and horizontal product categorisation in a distribution
centre, where the objective is to maximise the total product movement /profit from all shelves
of the rack which is being managed by a packer who needs to complete orders selecting the
products from the shelves and picking them to the container. We apply two newly devel-
oped heuristics to this problem and compare the results to the optimal solution found by
the CPLEX solver. There are 8 steering parameters that allow for reducing the search space
implemented in heuristics. Among them are parameters that decrease the number of prod-
ucts on the shelves, the category width range for assigning most space for the most profitable
products within the category, two versions of steering parameters for the number of generated
product allocations, the step parameters for the intensity of solution diversification, and the
movement /profit below which the solutions are not generated. The computational results are
presented and indicate that higher-quality solutions can be obtained using the new heuristics.
In 10 from 15 tests, both heuristics can find optimal solutions without exploring the whole solu-
tion space. For the rest test sets, the solutions received by heuristics are not less than 92.58%.
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Introduction picking efficiency, which in turn has an impact on the
company’s business model and interaction with the

customers (Bartholdi & Hackman, 1998).

A distribution centre is a spacious commercial
building that stores items for merchants and whole-
salers, importers and exporters ready to be redis-
tributed to another site or sold directly to cus-
tomers. In a distribution centre, an order picking
strategy describes how pickers traverse the picking
area to get products from storage locations (Parikh
& Meller, 2008).

Better distribution centre picking systems are be-
coming more important as e-commerce grows. Order
accuracy is highly dependent on distribution centre
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Particularly for online merchants and e-commerce
enterprises, distribution centres are an important as-
pect of the order fulfilment process. The standard
shipping path is as follows: the manufacturer deliv-
ers the goods to the distribution centre, which then
ships them to the client.

A customer order may be collected totally by one
person, by a group of workers but only one at a time,
or by a large number of workers all at once. Many
factors influence the best strategy, but one of the most
crucial is how rapidly orders must flow through the
system (Bartholdi & Hackman, 1998).

Optimising the order picking operation, which in-
cludes any or all of the tasks listed below (Davarzani
& Norrman, 2015; Bahrami et al., 2019)

e Picking method selection, which includes single or-
der picking, batch picking, zone picking, and wave
picking, is dealt with by the order picking policy.

31


mailto:krzysztof.zywicki@put.poznan.pl
http://creativecommons.org/licenses/by/4.0/

www.czasopisma.pan.pl ?@ www journals.pan.pl

N

K. Czerniachowska, R. Wichniarek, K. Zywicki: Heuristics for Dimensioning the Shelf Space on the Rack. ..

e Order batching refers to the procedure of gathering
customer orders and picking them all up at the same
time during a collection tour.

e Picker routing is concerned with the order in which
the items are placed on the picklist in order to pro-
vide an effective path through the warehouse.

e Sorting/Order Accumulation: Operation of combin-
ing the selected products per client order or per
shipping destination.

Because products come in and out at a rapid speed,
they’re commonly regarded to be demand-driven. Dis-
tribution centres are frequently built-in highly acces-
sible regions, such as near major roads and highways,
so that transport vehicles can drop off and pick up
products more quickly. For example, if the distrib-
utors know all of the orders before they start choos-
ing, they can develop efficient picking tactics ahead of
time. If, on the other hand, orders arrive in real-time
and must be picked in order to fulfil delivery dead-
lines, they have very little time to look for efficiency
(Bartholdi & Hackman, 1998).

A retailer’s competitiveness is heavily reliant on
a well-functioning distribution centre (Ostermeier et
al., 2020). The distributor should manage the lay-
out of the distribution centre and storage to improve
labour efficiency. High-volume items should be stored
near the front of the distribution centre to avoid un-
necessary transit time. Items that are regularly sold
together should be stored close to one another’s zones
for the convenience of the pickers.

Businesses should treat their order picking solutions
wisely since distribution centres that perform order
picking activities accurately and quickly are usually
the most effective. This is particularly true when it
comes to storing supplies from distribution centres.
When it comes to supply, stores demand a lot of flexi-
bility. As a result, quick order processing is critical. At
the distribution centre, order processing affects vari-
ous subsystems: orders are picked in multiple picking
zones, transported to intermediate storage, and deliv-
ered by dedicated tours. These steps in the procedure
are extremely intertwined (Ostermeier et al., 2020).

In most of the works, researchers have been looking
for methods for optimising order-picking routes for so-
lutions to minimise the order-picking travel distance
in distribution centres. This study considers the prob-
lem of dimensioning the shelf space on the rack with
vertical and horizontal product categorisation, which
is being utilised by a packer who needs to quickly find
the product on the rack and add it to the order con-
tainer in their picking zone.

Rack space distribution approaches are important
in the warehouse and distribution centre industry. Un-
derstanding these methods provides ideas for optimis-
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ing the distribution centre shelf space allocation and
later packing methods in day-to-day operations.

The research is conducted according to the follow-
ing steps.

e Precisely define the problem.

e Design a heuristic solution and implement it us-

ing computer software.

e Conduct the computational experiments in dif-
ferent problem data sets.

e Compare the results with the optimal solution
found by a commercial solver.

The contributions of the research are the following:

e Finding similarities of the distribution of shelf
space on the racks in a distribution centre with
the more advanced shelf space allocation on
planograms problem.

e Problem definition specifically to zone-picking in
a distribution centre.

e Developing two heuristics which allow achieving
an optimal or near-optimal solution.

e Proposing eight steering parameters which allow
to reduce the search space of heuristics and sig-
nificantly decrease the solution time.

In the next section, a problem definition and math-
ematical model of the problem are given. We then
present the heuristics explanation and steering pa-
rameters which allow for reducing the search space.
This is followed by computational results. We close
with concluding remarks.

Literature review

Order-picking

The process of extracting products from storage in
response to a specific client request is known as order
picking (de Koster et al., 2007). Order picking, which
is the most labour-intensive process in warehouses us-
ing manual systems, is projected to account for up to
55 per cent of overall warehouse operating expenses
(Manzini, 2012). As a result, order choosing planning
should be considered the most pressing issue in terms
of increasing productivity (Chen et al., 2022).

Order-picking is one of the most important func-
tions of a warehouse. It is a subprocess of the su-
perior warehouse process that involves extracting
(block-stacked or racked) items from inventory to ful-
fil a client’s request (qualitatively and quantitatively)
(Parikh & Meller, 2008; Emmett, 2005)

The most frequent picking method is single-
order/piece/discrete picking, in which one warehouse
picker retrieves goods (line by line in order) to com-
plete a single order at a time. Among other picking
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methods are multi-order/batch picking, cluster pick-
ing, parallel zone/wave/consolidation picking, and se-
quential zone picking (Parikh & Meller, 2008; Em-
mett, 2005; Redmer, 2020).

Numerous warehouse pickers retrieve items in spe-
cific storage zones sequentially and merge them si-
multaneously to accomplish a single order. The time
of merging obtained items is critical (Redmer, 2020).

Specific order picking tactics can be adopted (Em-
mett, 2005; Redmer, 2020; Garbacz & f.opuszynski,
2015; Kostrzewski & Kostrzewski, 2014):

e in warehouse storage or picking regions, or both

e in picking by item or by order,

e in person-to-goods or person-to-goods picking.

Redmer’s (2020) study’s main goal was to discover
a link between the length of picking paths calculated
using the S-shape method and variables like stor-
age strategy, distribution centre location, order size,
ABC-storage class size, and the probability of retriev-
ing items from specific ABC-storage classes (the last
three of which typify a demand pattern).

Order-picking may be structured like an assembly
line in warehouses or distribution centres that move
a lot of small items for a lot of clients, such as those
serving retail stores. The warehouse is divided into
zones that correspond to workstations, pickers are as-
signed to zones, and employees prepare each order one
at a time, passing it from zone to zone (Bartholdi ITI &
Hackman, 1998). Zone picking entails assigning each
picker to a specific region of the storage space and
ensuring that only the items in that area are picked
(Parikh & Meller, 2008).

Batching and zoning

Batching and zoning are two critical aspects that
influence order picking efficiency and are discussed in
(Chen et al., 2022). Order batching is the practice of
combining orders together and releasing them all at
the same time for picking in order to save travel time
and distance. The front warehouse’s picking area is di-
vided into many zones housing various merchandise.
Pickers are assigned to distinct zones and are only
allowed to pick objects within that zone. Each zone
has an order processing desk in the bottom right cor-
ner where information is processed and picking jobs
are prepared. Each order consists of many things, and
orders will be divided into batches (Chen et al., 2022).

Parikh and Meller (2008) studied whether batch
or zone picking is more appropriate for an existing
distribution centre, and a cost model was provided
to help choose between the two picking procedures.
Van Nieuwenhuyse and de Koster (2009) presented
a paradigm for batching in specified time windows.
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Picking is the most time-consuming and costly part
of distribution warehouse operations. As a result, re-
search into how to make distribution warehouse pick-
ing more efficient has become critical (Tanaka et
al., 2019).

Workers in a zone picking method work together as
a team (de Vries et al., 2016). Workers can be assigned
to zones containing work in amounts according to
their work speed to improve zone picking (Bartholdi
IIT & Hackman, 1998).

Tanaka et al. (2019) presented an asynchronous
parallel processing system for distribution warehouses
with numerous zones and utilised real-world data to
demonstrate the efficiency gains. This has been re-
ferred to as an order batching problem because it in-
volves combining orders for multiple shipping loca-
tions. Each divided zone is assigned a zone picking
method in this manner (Tanaka et al., 2019).

Parikh and Meller (2009) constructed analytical
models for pick-column blockage in wide-aisle ware-
houses in a follow-up study, demonstrating that block-
ing grows monotonically as the number of stock-
keeping units (SKUs) at the same pick column in-
creases. Parikh and Meller (2010a) extended the re-
cent paper to the case of narrow-aisle warehouses. The
authors demonstrated that underestimating picker
blockage can jeopardise the process’ efficiency (mea-
sured in order picking time per order). When pick
density grows, scientists found that blocking becomes
more important. Picker blocking becomes more com-
mon when fast-moving SKUs are placed near the de-
pot, according to Parikh and Meller (2010b).

Because each picker only completes a portion of an
order, the order’s throughput time is influenced by the
performance of each individual picker. Furthermore,
in a situation where buffers are restricted, a worker’s
maximal work pace in a later zone is serially reliant on
the speed of workers in previous zones (Schultz et al.,
1999). As a result, zone choosing is linked to a high
level of task interdependency (de Vries et al., 2016).

Pickers will likely be more motivated at work if the
incentive system is group-oriented to some extent, as
large levels of task interdependency facilitate the mo-
tivating effects of a group incentive structure (Ho &
Liu, 2005).

Parikh and Meller (2008) investigated the difficulty
of deciding between batch picking and zone picking.
They present a cost model to quantify the cost of each
sort of picking technique for this task. Therefore they
take into account the consequences of pick-rate, picker
blockage, workload imbalance, and the sorting system
required in their cost model. They demonstrate how
system throughput, order sizes, item placement in or-
ders, and wavelength affect the picking technique se-
lection decision using an example case.
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In a rectangular manual order picking warehouse,
Franzke et al. (2017) looked into the impact of picker
blockage on mean order throughput times. The study
by Ho et al. (2007) looked at a distinct problem: trans-
forming a normal warehouse into several forms of geo-
metric zone-picking warehouses. They looked at alter-
native order-batching strategies and route-planning
approaches in the trials (as they assumed order batch-
ing was used in the warehouse). The first part of
their research was to identify the products in each
zone, and the second stage was to identify the storage
sites for all of the products in each zone (Ho et al.,
2007).

The main advantage of the zone picking method is
that it is most suitable for large warehouses that deal
with a large number of SKUs that have distinctive
features or picking standards. It significantly reduces
travel time because inventory pickers stay in their as-
signed areas rather than moving throughout the ware-
house, and cartons containing the items needed for
each order are delivered to them. Working in a smaller
zone allows pickers to become more acquainted with
the SKUs in their zone and their pick locations lead
to faster, more correct picking.

The issue with zone-picking is that it involves all of
the labour that goes into balancing an assembly line:
a work-content model and task partitioning. An ex-
perienced professional is mainly responsible for this
(Bartholdi IIT & Hackman, 1998). In a cost com-
parison of batch and zone picking systems, Parikh
and Meller (2008) found that workload imbalance
is greater in zone picking systems, despite the fact
that such systems eliminate picker blocking. Picker-
to-parts warehouses are higher in zone picking sys-
tems, despite the fact that such systems reduce picker
blocking (Franzke et al., 2017).

Some zone-picking disadvantages also exist. Work-
ing with a fixed scheduling period per shift enables
warehouse managers to plan ahead, but it also means
that orders queued for picking have a deadline. Orders
received after the cutoff will be processed during the
following shift. Furthermore, zone load balancing for
proper labour management can be difficult. If orders
queued for picking during a specific shift only contain
SKUs from one or two zones, warehouse employees in
other zones could use downtime to refill forward pick
areas.

The significance of heuristics in shelf space
planning

The problem of efficiently arranging retail prod-
ucts on shelves in order to maximise profits, en-
hance stock control, and improve customer experi-
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ence, among other things, is known as shelf space al-
location. The majority of research on this topic in the
literature has focused on large stores, such as super-
markets (Landa-Silva et al., 2009). There is a lack of
research in the distribution centre for the convenience
of picking up products, and there are no relevant al-
gorithms.

Choosing an assortment and allocating it to shelves
is one of the most important strategic decisions that
grocery stores must make. Retailers must balance di-
versity (number of products) and shelf levels (number
of items of a product) to match consumers’ needs with
shelf supply. Because shelf space is limited, having
a larger assortment reduces the proper service levels
and vice versa. As a result, shops must make decisions
about which products to provide and how much space
to assign for each product at the same time (Hiibner
& Kuhn, 2011).

The shelf space allocation on planograms in retail
stores corresponds to the distribution of shelf space
on the racks in a distribution centre. In supply chain
management, shelf space allocation approaches help
distribution centre managers to perform their func-
tions.

There are a lot of companies which specialise in lo-
gistic processes, such as sorting and packaging, among
others electronic and medical equipment, cosmetics or
other products. Warehouse or distribution centre staff
unload and load product deliveries of materials to the
production line taking care of the level of their in-
ventory. Each distribution centre creates sequenced
instructions for the picker to be executed, and every
distribution centre requires different instructions for
different tasks to be completed.

Shelf space allocation is utilised in retail stores as
a decision problem to achieve the best possible goal
while working within operational restrictions. In gen-
eral, commercial space management systems build op-
erational procedures based on very simple intuitive
guidelines that make it easy to make decisions about
shelf space distribution in practice (Yang & Chen,
1999). In reality, the shelf space allocation approach
is just a way of solving problems really quickly.

The effectiveness of the space allocation decisions
is the focus of the strategies’ concern for practicabil-
ity and simplicity. The development of optimisation
methodologies to tackle the shelf space allocation has
reached a practical solution to the space management
systems stage due to the technology advancements
(Yang, 2001).

Commercial space management systems utilise
a variety of heuristics for allocating shelf space.
A heuristic is a method for finding near-optimal so-
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lutions at a low computing cost without guaranteeing
feasibility or optimality (Reeves, 1993). Heuristics in-
clude greedy algorithms and hill-climbing methods.
They are simple, but they have the disadvantage of
being prone to become caught in a local optimum
(Kumar & Kulkarni, 2019).

Shelf space allocation algorithms are often asso-
ciated with modern technology. Some heuristics are
used in the shelf space allocation problem, such as
those described in (Landa-Silva et al., 2009; Yang,
2001; Hansen et al., 2010; Erol et al., 2015), a greedy
heuristic described in (Urban, 1998), the genetic al-
gorithm proposed in (Urban, 1998; Czerniachowska et
al., 2021; Czerniachowska, 2022; Hwang et al., 2009),
simulated annealing described in (Borin et al., 1994;
Czerniachowska & Hernes, 2021), hybrid heuristics
and metaheuristics as described in (Castelli & Van-
neschi, 2014), metaheuristics with the local search are
presented (Lim et al., 2004).

Erol el al. (2015) proposed a new heuristic for
obtaining a good allocation of shelf space for vari-
ous products in order to increase profitability under
a variety of constraints, including limited shelf space
and elasticity factors. To solve retail problems, some
heuristic approaches such as the first-fit algorithm,
tabu search algorithm, and genetic algorithm were de-
veloped.

Landa-Silva et al. (2009) presented a heuristic ap-
proach to automated shelf space allocation. This
method was created in collaboration with a retailer
who had a thorough understanding of the prob-
lem and the criteria for a computer solution. The
suggested method incorporated several initialisation
heuristics and local search steps to provide high-
quality, practical layouts.

Gajjar and Adil (2010) developed local search
heuristics for solving the retail shelf space alloca-
tion problem with a linear profit function, which pro-
vides initial arrangements and then iteratively im-
proves the profit of the candidate solutions via ad-
justment moves. For this two-dimensional shelf space
allocation problem, a simulated-annealing multiple-
neighbourhood hyper-heuristic technique was devel-
oped (Gajjar & Adil, 2010).

In parallel-aisle picking systems, Hong et al. (2012)
presented an order batching formulation and heuristic
solution approach suitable for large-scale order pick-
ing. Their construction-based routing method guided
the search procedure by narrowing order-to-batch as-
signments to find batches with potentially shorter
routes (Hong et al., 2012).

In an automated warehouse with capacity limits
and numerous objectives, Chang et al. (2007) devel-
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oped a new mathematical model for the warehouse or-
der picking optimisation problem. They utilised a ge-
netic algorithm with an enhanced initialising popula-
tion method.

Calzavara et al. (2019) suggested a heuristic stor-
age assignment process to aid in the determination of
which items should be stored on which pallet.

Al-Araidah et al. (2017) created a heuristic that
groups things into clusters before assigning them to
storage places. The goal is to ensure safe selection
while avoiding putting the order picker into unnatural
physical postures. The proposed heuristic generated
order selection tours with the shortest cycle time (Al-
Araidah et al., 2017).

Wu et al. (2017) developed a greedy heuristic-based
solution approach in which they paid attention to the
following topics in particular; (1) determining whether
merging sequence control can be used to reduce idle
and order fulfilment periods; (2) creating a mathe-
matical model and developing a useful heuristic algo-
rithm.

Oniit et al. (2008) examined a distribution-type
warehouse and tried to come up with a multi-level
warehouse layout that would reduce annual carrying
costs. As a novel heuristic approach for determining
the ideal layout, they devised a particle swarm op-
timisation algorithm. Nevertheless, both annual and
daily operational costs are examined in this study.

Warehouse management solutions must be scalable
and adaptable as the business evolves. It’s a good idea
to be able to incorporate a variety of order manage-
ment and picking approaches, including zone picking,
pick and pass, wave picking, batch and cluster picking,
and hybrids of these.

While distributing shelf space of the rack between
products, a distribution centre leader requires the de-
velopment of effective heuristics, especially for larger
problem instances. As for the limitations, only near-
optimal solutions could be found by using heuristics.

In the literature, there are lots of heuristics pro-
posed for routing determining, minimising travel dis-
tance between input and output locations and aisle
spots, and scheduling for processing order batches.
But there is a lack of heuristics to order picking. For
real-life distribution centres, the number of items per
order can be large, but the number of zones from
which these items should be picked can be rather few.
Nevertheless, a heuristic approach may be needed for
solving large instances. Therefore in this research, we
develop heuristics for dimensioning the shelf space
on the rack in the distribution centre with zone
picking.
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Problem definition

Parameters and indices used in a model:
total number of shelves;

total number of products;
total number of categories;

Nx®

total number of tags.

shelf index, i = 1,..., 5}
product index, j =1, ..., P;
category index, k =1,..., K;
tag index, t =1, ..., T}
orientation index, r € {0,1};

S oo L S

0, for front orientation,
B 1, for side orientation.
Shelf parameters:

S length of the shelf i;
54 depth of the shelf i;

1
1
3
53 binary tag ¢ of the shelf i;

3
g _ )1, ifshelf 7 is tagged,
e 0, otherwise.

Product parameters:
py width of the product j;
p;»l depth of the product j;

Py unit movement /profit of the product j;

P cluster of the product j;

i tag t of the product j;

p;? category of the product j;

P; supply limit of the product j;

Py width or depth of the product j on orienta-

tion 7;

I p}“l, if »=1, depth for side orientation,

if =0, width for front orientation,

side orientation binary parameter of the
product j;
1, if side orientation available for prod. j,

Py = {0

f]mi“ minimum number of SKUs of the product j;

otherwise;

[ maximum number of SKUs of the product j;

min

s} minimum number of shelves on which the
product j can be allocated;
stax maximum number of shelves on which the

J
product j can be allocated.

Category parameters:

ey’ minimum category size as a percentage of the
shelf length;

ch category size tolerance between shelves in the
category as a percentage of the shelf length.

36

Tag parameters:
by band name of the tag t, b = {H; H"; V*t};
b

=l 1 sz =

product to shelf compatibility tag.
tj 0, otherwise,
t =1,...,T — for the horizontal shelf level for
big products;

min(pf;; 1) A b} = {V*},
b — L, if py; = 1Asp =pj; Aby ={HT},

tij = . "

I 0, if pijzl/\sii%pij/\bt ={H"},

1, if pij =0Ab} ={H"},
t =1,...,T — for the horizontal and vertical
shelf level for small products.

Decision variables:
1, if product j is placed on shelf ¢
Tijr = on orientation r,
0, otherwise
— product placement binary variable, for all
i=1,...,547j=1,...,P, r € {0,1}: Tijr €
{01},
fijr the number of SKUs of the product j on the
shelf 7 on orientation 7;

0,
Yj = 1,

— orientation of the product j, for all j =
1,..,P:y; €{0,1}.
Heuristics parameters:
Tij sequence of shelf allocations;

if product j is on front orientation,

if product j is on side orientation

fij sequence of product allocations.

We start with a precise definition of the problem.

In supply chain logistics, zone picking is a type of
order picking. It involves the partition of SKUs into
a series of separate zones, with distribution centre
staff teams assigned to pick up the orders from in-
side each designated zone. A zone is allotted to each
picker group. For each order, they’re in control of se-
lecting all SKUs inside that zone. “Pick and pass” is
a term used to describe the process of shifting dis-
tinct SKUs from one zone to another. There is only
one scheduling period per shift with this strategy.

In this study, the problem of dimensioning the shelf
space on the rack is represented by a rack that is vi-
sually divided into vertical groups to make it easier
for the picker to select the product to the order. Dis-
tributors have different ways of arranging their prod-
ucts on shelves. They may arrange product packaging
in prominent horizontal or vertical categories based
on the product types, packages or weight. Each shelf
of an examined rack is tagged horizontally, and each
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shelf is assigned a relevant tag. The shelves of the rack
are also tagged vertically, which means that a tag is
assigned to each category and applies to all shelves.
These tags indicate which products belong to a par-
ticular category location. When the container comes
to the zone in the picker’s responsibility, the picker
will be able to quickly recognise each product type on
the rack and pick it to the container.

The main problem can be stated as follows. A cer-
tain amount of products must be put on the shelves
of a rack in a zone. Vertical categories are used to
categorise the products on the rack. Each vertical
category is allocated on a rack by the distributor,
who assigns the smallest size of the category on the
rack. With such categorisation, distribution centres
can keep more orderly. In order to develop appropriate
racks, distributors typically need to contact potential
buyers or analyse the historical data of the movement
of products. The goal is to determine the necessary
shelf space for each category on a rack that speci-
fies the number of SKUs for each product in order to
maximise overall movement /profit.

Distribution centres frequently have a variety of
product brands. Product classes or groupings are used
to categorise them. Each product category is laid
down vertically. Horizontally, the items and shelves
are also labelled. At the same time, each product
might have several tags. On each shelf, several tags
may be issued at the same time.

As an illustration of shelf tags:

e a shelf is used for heavy/light products;

e ashelf is used for a specific product package (box,
plastic bag, can, or bottle);

e a shelf is at touch/eye/hat level.

Consider the following as an example. In this study,
we create three alternative tags by = {H; H™;V*t}.
Tags may be used to tag shelves and items, although
each shelf or single product may be tagged by one or
many tags:

e H — The shelf in the horizontal layout is exclu-
sively for goods of the specific weight category
(heavy or light).

e HT — The shelf in the horizontal layout is for
items that must be put in the specific levels
(touch/eye/hat level). This means that some
products are placed at a specific level to make
them easier for pickers to be found. Other prod-
ucts without the location specificity may also be
placed at these levels.

e VT —In the vertical layout, the shelf is allocated
to a certain product category. For the vertical
product category, all shelves might be utilised to
organise items by type, colour or package.
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In real-world distribution centres, this is a regular
practice by rack planners. Figure 1 depicts the speci-
ficity of the vertical and horizontal bands on a rack in
the investigated case. There is the example of verti-
cal categorisation of products into two categories. The
lowest shelf is dedicated to big and heavy products.
On other shelves, lighter products can be placed.

I'IEIEIEIEIEIEI
|=I=I=I=I

Light
products

Heavy
products

e

Fig. 1. Rack with vertical and horizontal bands: 2 vertical
categories (yellow, green), 2 horizontal (light, heavy) cat-
egories

In the given rack, the following levels are specified:
lowest level for heavy products, touch level for light
products, eye level for light products, and the highest
shelf without a tag (all light products can be placed
there). The following tags are given for some of the
products on a rack:
e there are two vertical categories (V1);
e the lowest level is for heavy products of both cat-
egories (H);

e all shelves except the lowest one are for
lightweight products of both categories (H);

e the product I in the second category (V1) is
a lightweight (H) at eye-level (H™);

e the product E in the first category (V1) is
a lightweight (H) at touch level (HT);

Different tags could be applied to the products si-
multaneously. The tags b} = {H; HT;V ™'} charac-
terise only a type of grouping. There could be mul-
tiple groups of the defined tag. Some products could
be grouped in a cluster, and therefore, they should be
placed on one shelf together (e.g. charger and a ca-
ble). In this way, distributors can better prevent out-
of-stock situations by stocking shelves with extra rel-
evant products aside. Some products could be not as-
signed to any shelf level; only a vertical group should
be defined.

A single product category is represented by several
shelves. Each item might potentially be put on many
shelves. Products can have multiple SKUs. Manu-
facturers and distributors care about the number of
product SKUs. In order to make the goods visible to
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the picker, the distributor decides on the minimum
and the maximum number of shelves for the product,
as well as the minimum and the maximum number
of SKUs for each product on the shelf. The products
that are picked frequently get the most SKUs. If the
product is put on many shelves, its supply limit de-
termines its maximum availability.

If the product is packaged in a box, it can be posi-
tioned on the shelf in two ways: front and side. Obvi-
ously, orientation is not used for bottles because the
width and depth are identical, and rotating the bottle
does not reduce the overall width occupied by items
on the shelf. By default, all goods are oriented in the
front. As a result, the orientation binary parameter
decides whether the product may be laid on its side
depending on the packaging and label visibility dis-
played on the package.

In this study, just the front visible SKU row is ex-
plored. The number of vertical SKUs and depth SKUs
are not considered. Because the lower shelves of a rack
are often deeper, the shelf depth changes, but the
product depth and shelf depth are only considered
for the front SKU row. If the product’s depth on the
shelf is surpassed both front and side orientations yet
is available, the object might be rotated on this shelf
or placed on the deeper shelf in this circumstance.

To solve the problem, the distributor must first de-
cide whether the product should be placed on the
shelf, next define the number of SKUs of each prod-
uct that should be on each shelf, then decide whether
it should be placed on the front or side orientation,
and take into account a set of constraints divided into
four categories: shelf constraints, product constraints,
orientation constraints, and bands constraints. The
goal of space on the rack distribution and product ar-
rangement is to maximise total rack movement /profit.
Having a larger number of SKUs for their brands also
benefits manufacturers. With the extra shelf space on
the rack, they can sell more products within the dis-
tribution centre.

We formulate the problem using the decision vari-
ables listed below for the space distribution problem
definition provided.
x;jr —if the product j is placed on the shelf ¢ on

orientation 7;
fijr — the number of SKUs of the product j on the
shelf 7 on orientation 7;
y;  — orientation of the product j.
The problem can be formulated as follows:

5 1
max Z Zp;'lfijr (1)
j

j=1 i=1 r=0

P

subject to:
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Rack shelf constraints:
e shelf length limit

P 1
V) | Y0 o fie < s (2)
j=1 r=0

e shelf depth if a product is placed on front orienta-
tion

(i, 3, plh > s fijo = 0]; (3)
e shelf depth if a product is placed on side orientation
V(i, §, 0l > s{)[fij1 = 0. (4)

Product constraints:
e minimum and maximum number of products

1
(i, ) [fjminxijr < Zfijr < f;naxl"ijr] ;o (5)

r=0

e supply limit if the same product is placed on mul-
tiple shelves

5 1
v(5) [Z > figr < p;f} ; (6)
e product is placed on the shelf

(i, j4,r) [figr < zige [} 5 (7)

e if products are grouped into clusters, they are
placed on the same shelf

V(l) v(a‘vb : pfl :pévavb = 17 1P)
1 1
[inar = Z:Cibr‘| . (8)
r=0 r=0

Multi-shelves constraints:
e minimum and maximum number of shelves

S 1
v() [s?““ <D D @y < s‘“] NC)

i=1r=0

e if the product is placed on multiple shelves, the next
shelf only is available

V() V(a,b: la—bl#1ANa<b, a,b=1,...,5)
1 1
[Zxaﬂ + ) apie < 11 . (10
r=0 r=0

Orientation constraints:
e side orientation is possible for the product

V(i 5) [y; < 0] 5 (11)
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e only one orientation (front or side) is available for
the product

(12)

r=0

Rack bands constraints:
e tags compatibility for the shelves and products

1
[H%>ZW+
r=0

e minimum category size if the category exists on the
shelf

(13)

P 1
v(z7k) Z Zp]']fl]?” = Ck;]
j=1, r=0
py=k
P 1
VI 2 D fur=0ffs (4
j=1, r=0
=k _
e category size tolerance
P 1
v(k) max Z > DY fije
j=1, r=0
py=
P 1
- zzl{l,ln,s Z ijrfljr
j=1, r=0
pi=k
< b 15
< | o, () ] (15
Relationships constraints:
e SKU relationships
V(i 4,7) [fijr = @ijr]; (16)
e SKU and orientation relationships
(i, 5) [fijo < (1= ) £ (17)
e SKU and orientation relationships
Vi, ) [fij1 <y f] . (18)
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Decision variables:
e the product placed is on the shelf

V(’L.,j, 7’) [xijr S {07 1}] 5 (19)
e the number of SKUs
(i, gy ) [figr = U0 F7Y ] 5 (20)
e orientation
V(5) ly; € {0,1}]. (21)

Heuristics development

In this research, two heuristics to reach a solution
to the shelf space distribution problem on the rack
with vertical and horizontal product categories are
proposed and implemented. The algorithmic thinking
skills allow identifying the logical steps in order to find
the solution. While the solution approaches can be-
come complicated, conceptually, they’re quite simple.
We describe below two algorithms designed to solve
the problem at hand. Then we will present a computa-
tional comparison of these algorithms. The proposed
heuristics solution process is represented along these
lines.

Let z;; is a sequence of shelf allocations, conse-
1

= Z Z;jr binary value means if the prod-

r=0
uct is placed on the shelf. Let f;; is a sequence of

= Zfijr, an

r=0
integer positive value means how many SKUs of the
product are placed on the shelf. Variable y; is used to
determine the front or side orientation of the product.

quently, z;;

product allocations, consequently f;;

e Estimate how many could be the sets of shelf alloca-
tion sequences for each of the product orientations
(front or side) based on the orientation (11)—(12)
and cluster (8) constraints.

e If there are too many sets of shelf allocation se-
quences, analyse the input data and, based on in-
tuition and product distribution knowledge, deter-
mine less proficient sets of sequences. For example,
if there are 4 shelves and 5 products of one category
should be placed there, maybe there is no reason to
include in the sets of shelf allocation sequences sets
by 4 products on the shelf because 1 shelf will be
empty. Of course, there could be a solution with the
empty shelf but analyse if there couldn’t be more
profitable allocations and exclude the fewer ones.
Exclude also shelf allocation sequences which are
expected to give not so good solutions based on the
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minimum category size (14) and category size tol-
erance (15) constraints. The goal of this step is to
intuitively select a set of shelf allocation sequences
that are expected to give a good solution. They will
be processed in later steps. The output of this step
should be, e.g. “generate sets of shelf allocation se-
quences by 2 or 3 products”, “don’t generate sets of
shelf allocation sequences by 1 or 4 or 5 products”.
Moreover, there could be different reasons why dis-
tributors decide to allocate or not allocate products
on the shelves or to allocate on one shelf more prod-
ucts than on the other.

e Using the sets of shelf allocation sequences from
the previous step, generate a set of shelf allocation
sequences that allows for placing the products on
the shelves with regard to the compatibility tags

" = {H;H";V*1} ie. allocate the initially found
shelf allocation sequences on each shelf and exclude
incorrect product to shelf allocations. Next, exclude
allocations that do not satisfy shelf tags compatibil-
ity (13), minimum and maximum number of shelves
(9) and next shelf (10) constraints.

e Generate a set of product allocation sequences for
each of the shelf sequences considering allocation
product on the shelf (7), minimum and maximum
numbers of products (5), shelf length (2), shelf
depth (3)—(4), supply limit (6) constraints.

e From the achieved set of product allocation se-
quences, exclude the sequences that do not satisfy
product allocation on multiple shelves, i.e. mini-
mum category size (14) and category size tolerance
(15) constraints.

e The rest relationship constraints in this approach
will also be satisfied; therefore, checking them is
not included in these steps.

The number of shelf and product sequences can be
approximated after these preparation stages are com-
pleted. This is necessary in order to estimate how
many of them can be generated and checked in the
main solution finding step in a not relatively long
time. Because of this, only a portion of all possi-
ble sequences that will provide a satisfactory result
is generated based on the intuitive retail experience.
Furthermore, the future expected movement /profit of
a product allocation sequence might be evaluated in
advance using the minimum and maximum numbers
of product parameters. As a result, some steering pa-
rameters could be adjusted in order to decrease the
time of running this algorithm.

Steering parameters are the following:

e Parameter 1: The list of numbers of products to be
used while generating sequences of shelf allocations.

e Parameter 2: Number of generated product alloca-
tions for each shelf to be checked.
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e Parameter 3: The step for going through product
allocations on each shelf.

e Parameter 4: Number of generated product alloca-
tions for each category to be checked.

e Parameter 5: The step for going through product
allocations in each category.

e Parameter 6: Minimum and maximum width range
for each category to be checked, the sum of maxi-
mum widths must exceed the shelf width in order to
have a better solution; other category widths out-
side the defined range are not considered.

e Parameter 7: Input movement /profit for each cat-
egory to be checked, the product allocations with
the profit below it are not considered.

e Parameter 8: Total movement/profit for a solution
on all shelves, the allocations with the profit below
it are not considered.

All shelf allocations that satisfy the defined con-
straints will be examined, but the number of prod-
uct allocations (with different numbers of SKUs) will
be reduced by steering parameters. The steering pa-
rameters must be clearly analysed because, in some
cases, little size and worse total movement/profit of
one category may result in a significantly better move-
ment/profit for the other category, i.e. the total move-
ment/profit will be greater than if each of the cate-
gories occupies approximately equal space.

e In later steps, according to intuitive rules specified
for each heuristic, reduce the number of product
allocations so that only a small part of them will be
analysed. Next, find the best solution among them
from the generated product allocations.

— H1 — For each shelf in each category for each
parent shelf allocation, generate product allo-
cations so that they will be in not descending
order of category width, next in not ascend-
ing order of category movement/profit. Do not
take the product sequences outside the category
width defined by parameter 6. As well as, do not
take the product sequences with the category
movement/profit below one defined by param-
eter 7. Take the defined by steering parameter 2
number of product allocations for each shelf but
go through all possible product allocations with
shelf step defined as parameter 3. Product se-
quences on each shelf for each category are com-
pleted. Combine them with the consequent prod-
uct sequences of other categories. The resulted
product sequences sort in not ascending order
of movement/profit; next, sort the parts inside
sorted ones in not ascending order of profit ratio.
Take the defined by steering parameter 4 num-
ber of product allocations for each category but
go through all possible product allocations with
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category step defined as parameter 5. Do not
take the product sequences with a total move-
ment /profit below one defined by parameter 8.

— H2 — For each shelf in each category for each
parent shelf allocation, generate product allo-
cations so that they will be in not descending
order of category width, next in not ascend-
ing order of category movement/profit. Do not
take the product sequences outside the category
width defined by parameter 6. As well as, do not
take the product sequences with the category
movement /profit below one defined by param-
eter 7. Take the defined by steering parameter 2
number of product allocations for each shelf but
go through all possible product allocations with
shelf step defined as parameter 3. Product se-
quences on each shelf for each category are com-
pleted. Combine them with the consequent prod-
uct sequences of other categories. The resulted
product sequences sort in not ascending order
of profit ratio; next, sort the parts inside sorted
ones in not ascending order of movement/profit.
Take the defined by steering parameter 4 num-
ber of product allocations for each category but
go through all possible product allocations with
category step defined as parameter 5. Do not
take the product sequences with a total move-
ment /profit below one defined by parameter 8.

N.B. Parameter 1 is used for the generation of shelf
sequences before generating the product sequences.
Heuristics H1 and H2 explain how to deal with prod-
uct sequences; therefore, parameter 1 is not mentioned
here. Heuristics H1 and H2 differ from each other by
order of sorting in the second part (values in italic).
Because of this, different steering parameter values
might be applied to them, and different results could
be obtained.

Step parameters 3 and 5 are implemented because
if the number of solutions is very high, the consequent
solutions distinguish slightly. Therefore in order to di-
versify the solutions to be checked, we take not con-
sequent values but values with the defined step.

In our notation, profit ratio means the ratio of the
total movement /profit of the products allocated on
a rack divided by occupied space, i.e., free space on
each shelf, is not taken into calculations.

Choosing the correct approach is frequently the key
to locating the ideal solutions. Distributors appreciate
creative and unusual ideas. The above described step-
by-step approach allows for completing the product
shelf space distribution task. It could be observed that
the initial rack space distribution problem is broken
into parts because its steps are simple and easy to
perform.

Volume 13 @ Number 2 e June 2022

Computational experiments

Due to the fact that not all problems can be treated
as linear, the best solution could not be discovered.
We investigated if the recommended principles within
the heuristics produce good results in order to apply
these heuristics to more complex rack space distribu-
tion problems in the future. CPLEX solver is used to
verify that the proper result is obtained by heuristics
while solving a problem.

Experiments were performed on 10, 15, and 20-
product sets which must be allocated on a 4-shelf rack
with the shelf lengths 250 cm, 375 cm, 500 cm, 625 cm,
and 750 cm. Product sets with different product pa-
rameters (width, depth, movement/profit, etc.) were
prepared. For these products, 2 vertical categories on
the rack were specified.

The experiments were conducted using the com-
puter with the following parameters:

e Processor: AMD Ryzen 5 1600 Six-Core Processor

3.20 GHz.

e RAM: 16 GB.

e System type: 64-bit Operation System, x64-based
processor.

e Windows 10.

Heuristics were developed in MS SQL Server
2008 R2. Microsoft SQL Server Management Stu-
dio: 10.50.4000.0. The optimal solution was found us-
ing IBM ILOG CPLEX Optimization Studio Version:
12.7.1.0.

Table 1 shows the performance of the developed
heuristics H1 and H2 compared to the commercial

Table 1
Performance of the developed heuristics

Shelf Pr.oﬁt Pr'oﬁt Time Time
Products . ratio of | ratio of | of H1 of H2
width H1 H2 [min] | [min]

250 100.00% | 100.00% 0.03 0.03

375 100.00% | 100.00% 0.20 0.21

10 500 100.00% | 100.00% 0.07 0.07
625 100.00% | 100.00% 0.16 0.16

750 100.00% | 100.00% 0.73 0.72

250 100.00% | 100.00% 0.25 0.47

375 100.00% | 100.00% 0.11 0.11

15 500 98.82% 99.12% 2.27 2.54
625 100.00% | 100.00% 0.05 0.05

750 100.00% | 100.00% 0.33 0.33

250 100.00% | 100.00% 2.99 3.72

375 99.22% 99.39% 7.35 7.89

20 500 92.58% 92.58% 0.19 0.19
625 98.91% 98.91% 1.46 1.46
750 99.06% 99.06% 3.84 26.44
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CPLEX solver solution. The columns with profit ratio
mean movement /profit found by heuristics divided by
the optimal movement /profit found by CPLEX solver.
Such metric has been calculated for each heuristic for
each test instance.

It could be observed that both heuristics found the
optimal solution for the 1%% product set of 10 prod-
ucts on all shelf lengths. For the 2°¢ product set of 15
products, both heuristics found the optimal solution
on the four shelf lengths. For the rest 500 cm shelf
length, heuristics H2 was slightly better than heuris-
tics H1, H2 achieved a profit ratio of 99.12% com-
pared to 98.82% achieved by H1. For the 3'¢ prod-
uct set of 20 products, both heuristics found the op-
timal solution only for the shortest shelves rack. For
the 374 cm shelf, heuristics H2 was also slightly bet-
ter than heuristics H1 giving the 99.39% profit ratio
compared to 99.22% given by heuristics H1. The re-
sults of the other shelf lengths were the same for both
heuristics.

All results are equal to or higher than 92.58%; in
10 from 15 tests for each heuristic, both of them
found optimal solutions. This proves the rationality of
the heuristics proposed and the reasonableness of the
steering parameters, which strongly reduce the num-
ber of solutions to be generated without the making
result worse. Only profitable solutions are generated
to be checked in later steps of the heuristics.

The solution time of CPLEX was from 1 to 4 sec-
onds. It could be noticed in Table 1 that most of the
test instances with optimal solutions, except the 20
products set on 250 cm shelf lengths, found the solu-
tion in less than a minute. The solution time for the
largest instance (20 products on 750 cm shelf length)
of H2 was increased up to 26.44 minutes.

Table 2 presents the steering parameters of the de-
veloped heuristics H1 and H2 correspondingly. The
percentage given in the table does not mean the com-
parison of checked solutions to all possible solutions
but to the number of solutions received after process-
ing with the reduction parameters. So at first, the re-
duced number of solutions were generated on the de-
fined range of numbers of products: for shelf sequences
(steering parameter 1), for the range of the category
widths (steering parameter 6), which are greater than
movement /profit for each category (steering parame-
ter 7), which are greater than total movement /profit
(steering parameter 8). Here the number of solutions
to be compared with is received. Next, the reduced
number of solutions is taken to be checked: for each
shelf (steering parameter 2) and for each category
(steering parameter 4). Next, the ratios of taken so-
lutions to total reduced solutions are calculated in
columns “checked allocations on shelf”, “checked allo-
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Table 2
Numbers steering parameters of the developed heuristics
H1 and H2

S 5 5 5] S Q™

| & 85| €5 | 85| 85| €5 | &°
28T 87| 87| E° 8% |cs

250 | 100% | 100% | 100% | 100% | 100% | 100%

375 | 100% | 100% | 100% | 100% | 100% | 100%

10 | 500 | 100% | 100% | 100% | 100% | 100% | 100%
625 | 100% | 100% | 100% | 100% | 100% | 100%

750 | 100% | 100% | 100% | 100% | 100% | 100%

250 | 100% | 100% | 100% | 100% 50% 100%

375 | 100% | 100% | 100% | 100% 29% 100%

15 | 500 | 100% | 100% | 100% | 100% 3% 90%
625 | 100% | 100% | 100% | 100% | 100% | 100%

750 | 100% | 100% | 100% | 100% | 100% | 100%

250 | 100% | 100% | 100% | 100% 37% 100%

375 | 100% | 100% | 100% | 100% 28% 3%

20 | 500 | 100% | 100% | 100% | 100% | 100% | 100%
625 | 100% 88% 100% | 100% | 100% | 100%

750 | 100% 37% 100% 57% 1% 1%

cations for category”. 100% means that the reduction
of the solution numbers with the help of steering pa-
rameters 1, 7, 8 is enough, so steering parameters 2
and 4 are not applied. It could be concluded that the
mentioned steering parameters 1, 7, 8 are enough for
small instances. But when the number of solutions is
very large, the additional steering parameters 2 and 4
should be applied.

For the last largest instance, only 4% of reduced
numbers of solutions for each category were enough to
get the solution. The reduction of solutions for shelf 2
and shelf 4 do not worse the result. Most of the tests
show 100%. This means that where there is possible to
get the result solution fast enough, we do not reduce
the number of solutions with the steering parameters
2 and 4 in order to get the result of higher quality.

The numerical steering parameters in Table 2 are
the same for both heuristics because the same in-
put parameters were used for both heuristics. In such
a way, the goal was to compare the heuristics them-
selves because a larger number of solution numbers
may result in a better solution but the time increase.
Therefore we tried to use the same initial parameters
for both heuristics.

Table 3 shows the movement /profit steering param-
eters of the developed heuristics. The input move-
ment/profit below which the separate solutions for
a category were not taken is calculated compared to
the sum of average profits of all categories in all re-
duced partial solutions received after applying steer-
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ing parameters 1, 7, 8. So at this step, we can approx-
imate what the average profit of the category is; we
could take slightly lower than it for one category and
slightly greater for another more profitable category.
There is no reason to generate solutions with a move-
ment/profit significantly lower than the average for
all categories. This principle is also applied in both
heuristics.

Table 3
Profit steering parameters of the developed heuristics H1
and H2
Products Sbelf Prlr(;lfti:ol?(iUt PI;*(e)auftiitolIflcf)rllt Profit :lnput

width category 1 category 2 ratio

250 138% 69% %

375 96% 125% 51%

10 500 84% 141% 43%
625 82% 118% 42%

750 2% 103% 37%

250 130% 91% 2%

375 139% 108% 76%

15 500 137% 95% 74%
625 144% 98% 79%

750 146% 93% 82%

250 151% 55% 108%

375 152% 52% 106%

20 500 143% 55% 97%
625 147% 67% 97%

750 123% 101% 82%

The values of profit input ratios greater than 100%
mean that there were so many partial solutions that
we took only that which could get greater total move-
ment /profit than the sum of average profits of all cat-
egories.

It could be noted that there are no test instances
where we took partial solutions, which could give less
movement /profit than the sum of average profits of
all categories (all profit input ratios are greater than
100%). So the proposed approach of excluding less
profitable solutions is very valuable. For the set of 10
products, the input profit was equal to the sum of av-
erage profits of all categories in all tested widths. For
the rest test instances, the input profit was slightly
higher (up to 24% for the 20 products on a 250 cm
shelf. When the instance is larger, we increase the in-
put profit in order to decrease the number of solutions.

Profit input ratios for separate categories show the
ratio of the profit of the category to the average cate-
gory profit. The values greater than 100% show that
we generated solutions for this category higher than
the average category profit. The values below 100%
show that solutions with category profits lower than
average category profit were taken. Increasing the
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movement /profit of the more profitable category and
decreasing the movement/profit of the less profitable
one results in higher total movement /profit. Only for
two instances (15 products on 375 c¢m; 20 products on
750 cm) the movement /profit of both categories was
higher than the average profit by category. In other
instances, increasing movement/profit by both cate-
gories gave either worse results or did not find the
result at all. Therefore we made the decision to in-
crease one category’s movement/profit and decrease
the other one.

The total number of shelf allocations in a general
case is (r +1)79 = 379,

Number 3 represents the possible allocations of the
product: (1) if it is not placed on the shelf, (2) if it
is placed on the shelf in the front orientation, (3) if
it is placed on the shelf in the side orientation. All
products may be placed on all shelves simultaneously.

The total number of product allocations for each
number of products in a general case is

P
[T (e = pmim 1)
j=1

Table 4 shows the numbers of generated allocations
and solutions in heuristics H1 and H2. Table 5 shows
the numbers of all possible shelf and product alloca-
tions in general cases calculated using the formulas
above. The numbers of H1, H2 could be compared to
the total possible numbers of solutions.

Table 4
Numbers of generated allocations and solutions in heuris-
tics H1, H2
Number of
Products Shelf 5?2:;2?35 Number of | Number of
width solutions H1 | solutions H2
to be
checked
250 8.73-10° 4.60 - 101 4.60 - 101
375 3.06 - 107 2.40 - 10" 2.40 - 101
10 500 9.02- 105 3.32.102 3.32.102
625 7.20 - 106 4.63 - 104 4.63 - 104
750 5.40 - 10° 4.30 - 105 4.30 - 10°
250 5.47 - 107 2.45-10* 1.78 - 10°
375 1.27 - 107 1.00 - 101 5.56 - 102
15 500 3.68 - 10 2.20 - 101 1.24 - 105
625 1.30 - 106 2.92-102 2.92-102
750 6.69 - 106 6.22 - 104 6.22 - 104
250 3.71-107 1.43-10° 5.01-10°
375 1.17 - 10° 4.57-103 2.36 - 10°
20 500 1.01-107 2.21-10° 2.21-10°
625 2.97 - 10° 8.31-10% 8.31-10%
750 1.13- 1010 8.09 - 10° 8.07 - 106
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Table 5
Numbers of all possible shelf and product allocations in
the general case

Number of shelf Number of product
Products . .
allocations allocations
10 1.22-10% 1.10 - 1052
15 4.24 - 1028 1.15-1078
20 1.48 - 1038 1.21-10104

For example, for the largest instance, the number
of all possible product allocations on all shelf widths
is 1.21 - 10194, But for heuristics, about a million so-
lutions to be checked were enough to get the result
solution. Moreover, for 250 cm shelf width, even 100
thousand solutions to be checked allowed to get an
optimal solution by both heuristics. This proves that
intuitive rules implemented in heuristics are of great
reasonability.

By means of this case study, we show how shelf
space distribution planning can be improved in real
distribution centres. It could be useful for the exam-
ination of particular cases (number of products, cat-
egories, shelves, the rack widths) in a real-world con-
text.

Conclusions and future research

A distribution centre is typically the ideal solution
for rapidly moving products in and out of a facility on
a per-order basis. The sort of facility that is required is
ultimately determined by the nature of the company’s
operations. The light assembly of products, process-
ing, quality control, repackaging, and other operations
necessary to fulfil orders may be included in certain
distribution centres.

The process of product management in a distribu-
tion centre is not a simple or quick one to accomplish.
It requires a lot of effort and time. Allocating certain
quantities of products in horizontal and vertical cate-
gories has some intrinsic benefits. The product could
be found quickly on the shelf of the rack and added
to the order. Then it could be quickly packed and
shipped. So more orders could be processed.

The supply chain motto is to provide the right
items, at the right time, at the right place. The
customer-focused distribution centre serves as a link
between the supplier and the client.

In this research, the problem of dimensioning the
shelf space on the rack with vertical and horizontal
product categorisation in a distribution centre is fo-
cused on maximising the product movement/profit.
Distribution centre’s leaders are interested in expert
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solutions for allocation of products to shelves which
allow packers quickly find the product on the shelf,
pick it to the order container and send the container
to the next picking area, which results in the pro-
cessing of more orders and as a result the increase of
gained movement /profit.

In this research, we developed two heuristics to
solve the proposed problem of dimensioning the shelf
space on the rack with vertical categories optimally or
near optimally on different problem instances. There
were 8 steering parameters that allowed to reduce
the search space implemented in heuristics. Among
them were parameters that decrease the number of
products on the shelves (steering parameter 1), the
category with a range for assigning most space for
the most profitable products within the category
(steering parameters 6), the number of generated
product allocations (steering parameters 2 and 4),
the step parameters for the intensity of solution
diversification (steering parameters 3 and 5), and
the movement/profit below which the solutions were
not generated (steering parameters 7 and 8). The
principles in the proposed heuristics could be applied
for solving other shelf space on the rack dimensioning
problems as well as non-linear models for which an
optimal solution could not be found.

There were 15 testing data for each heuristic.
Their quality was compared to the solution found by
CPLEX solver. In 10 from 15 tests, both heuristics
found optimal solutions without exploring the whole
solution space. For the rest test sets, the solutions
received by heuristics were equal to or higher than
92.58%. Both heuristics are executed without check-
ing the whole solutions space. Despite this fact, they
could find an optimal or near-optimal solution.

The maximum number of shelf allocations checked
by heuristics H1 and H2 was 1.13-10'°. The maximum
number of product allocations checked by heuristics
H1 was 8.09-10°, and the same parameter checked by
heuristics H2 was 8.07-10%. At the same time, the total
number of the shelf and product allocations (in the
whole solution space) were 1.48-103® and 1.21- 1004,
consequently.

This proves that the rules applied in the proposed
heuristics allow significantly reducing solution space
without worsening the gained result. The solution
time of heuristics was fast enough for most instances
(varying from 2 seconds to approximately 7 minutes).
For the last largest instance, it increased up to 26.44
minutes.

When distribution centre leaders put related prod-
ucts within reach of one another, they use rack-
making procedures. Modern supply chains with im-
proved data and intelligence can identify product
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demand months ahead of time, plan appropriately,
and deliver products right when they’re required. Of
course, the method leaders complete calculations are
influenced by various circumstances and conditions.
Because the best-selling products obtain the most
SKUs, the quantity of SKUs is crucial. Therefore we
propose several heuristics.

The advantages of proposed heuristics:
e The proposed approach implements a definite

procedure based on the real product distribution
experience.

e It can be easily understood by the distributor
without programming knowledge.

e New important steps easily could be added with
regard to the changing environment and require-
ments.

e On each step is easy to debug if errors occur or
the step was implemented due to a mistake or
inconsistency of the initial requirement.

e It is not as time-consuming as other precise algo-
rithms.

e It can be applied to solve large problems of di-
mensioning the shelf space on the rack in distri-

bution centres.
This shelf space distribution experience and view-

point form the foundation for a procedure that will
be used to discover solutions to other dimensioning
the shelf space issues. The basic approach is essential
because it can be used to a wide range of issues, in-
cluding those whose solutions are written in a different
computer language. It is expected that the knowledge
gained from this study would be useful to practition-
ers working on the allocation of products on the racks
in distribution centers.

This research has some limitations. The proposed
heuristics cannot necessarily be applied to all dimen-
sioning the rack shelf space problems because real-life
problems vary significantly by the requirements and
input data. But the insights gained from this research
can then help the distributors and other researchers to
develop additional ideas and implement into practice
new intuitive solutions.

The results of this research provide insights for fur-
ther studies. The following research questions could
be set:

e What other product space distribution rules exist

for working with the data?

e What other relationships exist among the supply

chain data values?

e What could other new facts be revealed?

e What other rules of selecting only profitable

product allocations could exist?

Last but not least, we recommend comparing the
developed heuristics with other optimisation methods
which do not use heuristics.
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