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Abstract: The objective of this research paper is to find the optimal order picking route thus improving the
operational efficiency of logistics processes. Computing and selecting the best route are crucial for minimizing order
completing time and operational costs. To achieve this, an algorithm is developed by use of several warehouse logistics
methods. This algorithm is applied to a single warehouse and the paths are computed using the s-method, the return
method, the middle point method, and the composite method. The verification of the algorithm is conducted through
thirty cases, each with different order picking locations. This research shows that when larger number of parts need to
be picked from various racks, the paths created by the composite method and the s-method provide the shortest route
for the designated warehouse.
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OJPEAYBAILE OIITUMAJIHA ITATEKA 3A IIOJAI'OTOBKA HA HAPAYKA BO MATALIMHHU

A 1cTpak T McrpaxyBauknoT TPy MMa 3a [eJT [a ja MPOHAjIe ONTHMAaHATa IaTeka MpH MOATOTOBKA HA
Hapayka 3a HCIOpaKa, a Co Toa Ja ja Mmoao0pu epUKacHOCTA Ha JIOTUCTHIKHUTE NporecH. [IpecMeTkara u ©300poT Ha
ONTHMAJIHATa ITIaTeKa € O] CYIUITHHCKO 3Haueme 3a MUHUMH3Hpame Ha BPEeMETO 3a IOJAroTOBKAa Ha Hapadka M
OIepaTHBHUTE TPOILIOIH. 3a J1a Ce IOCTUTHE TOAa, Pa3BHEH € aJrOPUTaM KOPUCTEJKH HEKOJIKY METOM Ha JJOTUCTHKA BO
cknaaumTaTa. OBOj alNropuTaM € MpUMEHET Ha eHO CKIAAMINTE M IaTeKaTa € IMpecMeTyBaHa Cropen ,,S-MeTouoT”,
,,METOJIOT Ha Bpakame”, ,,METOJOT Ha CpeaHa TO4ka” W ,,KOMIIO3UTHHOT MeTon . Bepubukanuja Ha WU3BPUIHHOT
aITOpUTaM € M3BpIIeHA IIPEKy MpecMeTKa Ha TPUECeT Caydar KO BKITydyBaaT Pa3INIHH JIOKAIUH BO CKIAAUIITETO O]
KoM Tpeba Ja ce 3eMe cToka. McTpaxyBameTo MoKaxyBa Jieka nmaTekute GopMupaHu crnoper ,,KOMIO3UTHHOT METOA”
1 ,,S-METOJIOT” BO CHUTE CIlydaHl Kora € MOTpeOHO Ja ce 3eMaar rojieM Opoj KyTHH Of pa3indHH padTOBHU ja daBaaT
HajKpaTKaTa raTeka 3a KOHKPETHOTO CKIQANIITE.

Kutyunu 360poBH: ONTHMHU3AIM]ja HA TTaTEKa; MOATOTOBKA HAa HApayKa 3a HCIIOPaKa; CKIaUIITE

1. INTRODUCTION

The aim of logistics is consistently centered on
finding faster, accurate, timely, and flexible meth-
ods for delivery. This research paper focuses on the
specific aspect of logistics known as intra-logistics.
The need for research is supported by a review of
earlier surveys in the field of intra-logistics, order
picking and optimization of logistics processes in
warehouses.

Firstly, Ratliff [1] introduces an algorithm for
order picking in warehouses. The objective of the

algorithm is to select the optimal path, thereby min-
imizing the time required for order picking.
Kruithof [2] in his research outlines the steps on
how to programme an algorithm aimed at optimiz-
ing warehouse path. Additionally, Wang [3] in his
thesis used a mathematical model, which is based
on the Traveling Salesman Problem (TSP), com-
bined with Genetic Algorithms. Puka [4] conducts a
comparative analysis of four order picking methods
to determine the optimal approach. Liu [5], simi-
larly, presents a comparison of the s-method, the re-
turn method, and the composite method. In align-
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ment with previous research, Esra [6] compares the
s-shape method, the midpoint method, and the larg-
est gap method.

Lanza [7], in the research paper, gives a thor-
ough explanation of how to optimize the path for or-
der picking using a programming language. Kor-
bacher [8] also seeks to compare paths using the
midpoint method, the return method, and the largest
gap method. Additionally, Shetty [9] introduces
vehicle routing based on order picking in ware-
houses to further reduce travel time and distance.

The literature review shows that the selection
of the shortest path during order picking has been
extensively discussed since the second half of the
twentieth century. Given that approximately 50% of
the time needed for the preparation of a delivery or-
der is attributed to the movement of the order picker,
it becomes necessary to optimize the path taken dur-
ing the execution of this process, thereby reducing
the time spent. Within the realm of logistics, order
preparation emerges as a critical segment with sig-
nificant potential for optimizing logistics cost and
enhancing productivity [10].

1. LITERATURE Problem

REVIEW "identification PATH OPTIMIZATION

BACKGROUND

/" 2. ORDER PICKING AND PICK

Based on the conducted research, it is evident
that addressing the challenge of selecting the short-
est path in a warehouse is particularly complex due
to the varied shapes and internal layouts of ware-
houses. Consequently, the primary objective of this
study is to identify and capitalize on an opportunity
to optimize a pivotal segment of the logistics pro-
cess-order picking. The focus of this research was
to gather data and generate an algorithm for path op-
timization in the warehouse. Generating and using a
Matlab code, this research should efficiently enable
the selection of the shortest path in order picking
within a certain warehouse. This research paper
contributes in solving important and contemporary
issues in scientific and professional research into in-
tra-logistics.

2. METHODOLOGY

The data used in this paper was primarily gath-
ered from academic literature and publications. The
keywords used in the search are: order picking
methods and optimization of pick path in ware-
house. Figure 1 illustrates the steps taken in this re-
search.

Data collection - D
solution the 3. MODEL - DESCRIPTION ‘

| research . AND ASSUMPTIONS |
y problem - y

l Data [nput:
i . - o

y B 4

A ALGORITIIM oy, 5 MATLAB
DESCRIPTION | prement

CODE

VERIFICATION — RESULTS

%Validationﬁ

6. MODEL VALIDATION AND | the key
findings

B

7. CONCLUSION
and insights

AND DISCUSTION

P

Fig. 1. Research methodology

3. ORDER PICKING METHODS AND
PICK PATH OPTIMIZATION

Optimizing order picking involves determin-
ing the sequence for order completion and selecting
the most suitable path. In the context of rack ware-
houses, various heuristic methods are employed to
generate movement routes. Additionally, algorithms
are utilized to ascertain the most appropriate path,
whether it be optimal or suboptimal [11].

3.1. Order picking methods

a) S-shape method

Moving the order picker using the s-shape
method is the most straight-forward method to im-
plement. Using this method every rack containing at
least one item for retrieval is traversed along its en-
tire length [12, 13]. Conversely, racks devoid of
items slated for collection are entirely bypassed.
Figure 2 illustrates an example of preparing a
delivery order using the s-shape method.

Mech. Eng. — Sci. J., 42 (1), 15-26 (2024)
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Fig. 2. S-shape method

b) Return method

The return method stands out as a simple and
frequently employed approach in order picking. In
this method, the order picker enters between the
racks, exclusively from one side. After collecting
the required goods, the order picker follows the
same route for the return journey (Figure 3). It's

important to note that this method might not always
be practical, especially in situations where order
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Fig. 3. Return method
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picking is done with forklifts and there is not
enough room to perform a 180° turn [7]. A further
drawback of this method is its tendency to prolong
the duration of the process compared to alternative
methods, resulting in limited optimization of the
time allocated for preparing the order for delivery.
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c) Midpoint method

In this method, the warehouse is conceptually
divided into two hypothetical halves. Thus, the
completion of the order is done by entering from the
first passage and only the first and last passage are
traversed across their entire length. When passing
through the remaining passages, an alternative ap-
proach is adopted. If the items to be picked are situ-
ated in either the first or second hypothetical half of
the warehouse, the return method is applied. Access
to these passages is determined by the correspond-
ing side. For instance, when goods need to be re-
trieved from the second half of the warehouse (rack
bays 4, 5, or 6), entry is made from that side (Figure

.M

4). In contrast, when goods are to be picked from
the first half of the warehouse (rack bays 1, 2, or 3),
the access point for these passages is from the front
side of the warehouse. When passages do not con-
tain items for picking, they are simply bypassed.
This approach is illustrated in Figure 4, showcasing
how the return method is applied selectively de-
pending on where the parts are located in the two
hypothetical warehouse halves [8].

It's crucial to note that the midpoint method
might not apply in all situations and could encounter
challenges in cases where there's an odd number of
rack bays in a sequence. In such cases, decisions
must be made on how to divide the racks across the
two warehouse halves.

*explanation

1 1 O 0 R ] ] 0 A ] T 1

0 1 O 0 0 0 O 0 N 1 O O

o o

rack bay 3 | rack bay 2| rack bay 1
Rack

Fig. 4. Midpoint method

d) Composite method

As the name suggests, the composite method
represents a new method that is a combination of the
two existing methods (the s-shape method and the
return method), which pulls out the best features of
both methods and combines them into one compo-
site version. The purpose of this method is to mini-
mize the movement between two farthest locations

and two adjacent crossings, so the aim is to use ei-
ther the s-shape method or the return method [5, 14].
A composite method example is provided in Figure
5.

Since there are parts to be taken from the bays
in the first and the second half (racks bays 3.6 and
4.3) the s-method is applied, for picking the parts in
those two passages, the first and the second passage
are passed in their entire length. The return method

Mech. Eng. — Sci. J., 42 (1), 15-26 (2024)
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is applied in the third passage, because in that
passage the only parts to be taken are the ones that
are located in the first half of the warehouse (rack
bays 5.1, 6.1 and 6.3). The passages 4 and 5 are
bypassed, since there are no parts to be taken.

Unlike the s-method, in the composite method
the last passage does not have to be passed in its en-
tire length. Therefore, as shown in Figure 5, the last
passage, passage 6, is not passed in its entire length,
since it is necessary to take goods from the first bay
of the rack (12.1).

entrance

rack 1

Fig. 5. Composite method

3.2. Methods of pick path optimization

The basic approach for calculating the direct
distance between two given points, 4(x:, y1) and
B(x2, y2) or Euclidean distance, is calculated accord-
ing to the equation (1):

d(A,B) = \/(xz —x)2+ (0 —y)%: ()

Manhattan distance is another way of distance
calculation. According to the Manhattan distance,
the distance between two points A(xi, y1) u B(x2, y2)
is calculated using the expression (2) [15]:

d(A,B) = [ x; — x| + | y1 — ¥2l. 2)

In the literature review on route optimization
during the preparation of a delivery order, the Stei-
ner Traveling Salesman Problem (STSP) is used,
which is a subtype of the traditional TSP [13, 15].
The TSP deals with scenarios where a known num-
ber of locations {ls, I»,...,In} are given, and the trav-
eling salesman must visit each location, considering
the distances between each pair of locations [2, 16,
17]. The objective is to find the shortest path along
which the traveling salesman will visit all locations
and return to the starting location. The spatial
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solution comprises the set of all permutations of the
numbers 1, 2,...,n without repetition. Some of the
methods for calculating TSP include the Brute-force
method and the Branch and Bound method [18].

If the task involves determining routes for the
movement of vehicles, it is known as the Vehicle
Routing Problem (VRP) [19, 20]. This method ex-
pands upon the TSP. In the TSP, the goal is to visit
a specific number of locations from the starting
point and ultimately return to the starting point [1].
The fundamental form of the VRP focuses on opti-
mizing the routes for vehicles originating from a
central location, delivering goods to various desti-
nations [21]. This could involve the use of several
types of vehicles or a single vehicle making multiple
trips [9, 22, 23]. The objectives of determining
vehicle movement routes include:

= Minimizing the total distance traveled,

= Ensuring that the selected path passes through
all locations only once;

» Ensuring that the chosen route starts and ends
at the same location.

The objective of the Steiner Traveling Sales-
man Problem (STSP) [2, 7, 8, 10, 12, 24, 25] is,
given a list of locations to be visited and the mutual
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distances between them, to find the shortest possible
path. This path should encompass all locations,
ultimately returning to the initial position [21, 26,
27].

4. MODEL DESCRIPTION

This section illustrates the warehouse model
used in this research paper. First, the model under
study is described in detail. To examine a real-world
scenario, input parameters for an actual warehouse
are employed. The layout of the warehouse under
consideration is depicted in Figure 6. The dimensi-
ons of the warehouse are 31,900 mm in width and
11,000 mm in length. The warehouse consists of
twelve racks, five of which being double-sided
racks and two of which being single-sided racks.
Each rack has six bays. The length of each rack is

6,000 mm, while each rack bay is 1,000 mm in
length. The distance between the racks and the
warehouse walls is 2,500 mm, and the gap between
two adjacent racks is 2,800 mm. The width of the
single-sided racks is 1,300 mm, and for the double-
sided racks is 2,500 mm. The warehouse features a
single entrance and exit, both located on the same
side of the building. The entrance is positioned on
the leftmost side, while the exit is on the right.
Within the warehouse, six passages between the
racks allow for the movement and manipulation of
goods using a forklift. In Figure 6, the path anti-
cipated during order creation is marked in red. In
detail A of Figure 6, the 1,000 mm distance repre-
sents the space between two rack bays of one rack
when collecting parts. In detail B of Figure 6, the
500 mm distance indicates the space from the
beginning of the rack to the middle of the first rack
bay.
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Fig. 6. Warehouse dimensions

For a simpler representation of the warehouse in
Figure 6, the racks and rack bays are labeled. The
racks are numbered from 1 to 12, and each rack bay
is labeled from 1 to 6. Therefore, for rack 1, the rack
bays are marked as 1.1, 1.2, 1.3, where the first

number indicates the rack number, and the second
number indicates the bay number on that rack.

The height of both the racks and the warehouse
are not considered, since they are not taken into ac-
count in the calculation of the route for order picking.

Mech. Eng. — Sci. J., 42 (1), 15-26 (2024)
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Additionally, it is expected that the order picker will
select boxes from the center of each rack bay to form
the delivery order. This research paper omits the di-
mensions and mass of the boxes and there are no
limits on capacity, i.e., on how many parts the order
picker can carry.

4.1. Presentation of the algorithm

Figure 7 illustrates the block diagram of the
algorithm for creating an executable program. The
algorithm operates by calculating paths using four
methods and choosing the best one. The first step of
the algorithm is to create a matrix with 12 columns
and 6 rows, where the number of columns corres-
ponds to the number of racks, and the number of rows
represents the bays of each rack.

In the next step, the code generates a matrix with
all elements initialized to zero. To modify the matrix,
the positions from which an order needs to be picked
are changed from zero to one. This is achieved using
the command ‘change = 1:num_changes', where the
variable ‘num_changes’ denotes the number of or-
ders to be taken. The cycle iterates 'n' times, prompt-
ing the user to specify from which rack (column) and
rack’s bay (row) packet need to be taken. After com-
pleting the ‘for’ operation, the matrix is formed, with
‘1’ representing the positions from which orders

m—b Forming matrix (6, 12) with all elements =0 ——matrix=zeros (6, 12

num_changes=input('"How many packets need to be taken?')

A 4

Modification of the matrix

col = input('Enter rack number (1-12):");

; row = input('Enter rack bay number (1-6): ');

for change=1:num_changes———»

should be picked. Following this, the output matrix is
displayed, highlighting the locations marked with '1'
as the places from which goods should be retrieved.

After the completion of the previous steps, the
algorithm proceeds to calculate the sub-processes for
the entered parameters based on the four methods: the
s-method, the return method, the midpoint method,
and finally, the composite method. Following the ex-
ecution of these four sub-processes, the algorithm
compares the path lengths obtained from each meth-
od. If the length of the path according to the s-method
is smaller than the lengths obtained from the other
three methods, the output is printed: "The path
according to the s-method is the shortest”. However,
if the path length according to the s-method is not
smaller than at least one of the paths obtained from
the other three methods, a comparison is made with
the length of the path obtained according to the return
method, the midpoint method, and the composite
method. If the length obtained from the return method
is the smallest compared to the other three methods,
the output is: "The path according to the return meth-
od is the shortest". In case the length obtained from
the midpoint method is the smallest compared to the
other three methods, the output is: "The path accord-
ing to the mid-point method is the shortest". Other-
wise, the output is: "The path according to the com-
posite method is the shortest".

ow many changes to th
natrix should be made?

n which racks (columns) and
in which rack's bays (rows) should the
packages be taken?

Make the

) ——matrix(row, col) = ;¥
changes

Display of the matrix

Path calculation according to

—dis trix );—»
isp(matrix) the s-method

v

Path calculation according to
the return method

A 4

Path calculation according to
the midpoint method

Path calculation according to
the composite method

A 4

v

Comparison of paths according
to the four methods

Printing the optimal
method

Fig. 7. Block diagram of the algorithm

Maw. undic. nayu. ciuc. 42 (1), 15-26 (2024)



22

A. Vasileva, I. Gjurkov

5. MODEL VALIDATION AND VERIFICATION
Results and discussion

Thirty distinct arbitrary order picking cases
were generated to evaluate the reliability of the
Matlab code. To validate the code, three cases were
randomly selected from the total of thirty and
manually calculated. In Figure 8, the slice window
for case 1 is displayed, while Figure 9 shows the

Command Window

paths generated according to the four methods for
the input data of case 1.

In Figure 10, the slice window for case 2 is
shown, while Figure 11 presents the paths generated
according to the four methods for the input data of
case 2.

In Figure 12, the slice window for case 3 is
shown, while Figure 13 presents the paths generated
according to the four methods for the input data of
case 3.

View of the warehouse with the packages that need to be taken when forming the order:

1 1 1 1 1 1 1 1 1 1 0 0
1 0 v 1 1 0 1 0 0 0 0 1
1 1 v} 0 1 0 v} 1 1 1 ] 0
1 1 v 1 1 0 1 0 0 1 1 1
a 1 1 0 a 0 1 1 0 0 0 1
o Q 1 1 o 1 1 1 1 Q 1 0
The path length by the S-method is: 80000
The path length by the Return method is: 108000
The path length by the Midpoint method is: 143900
The path length by the Composite method is: 80000
The path is the shortest according to this/those method/s: The S-method 80000, The composite method 80000
Jx 5>
Fig. 8. Case 1
Sx(2800 + 2500)
=]
g 800425 49
___________________________ exit I
ry |
EE H——-——ﬁ === F______h" c
r | u
- il :""In:n.i 1 14 B
2 THE TR | e =
= | Healr || BaolaofF | DoReodF | =
5 EHL B HA L G
(3] ] M
. b .2 7Y Pyl :IF': 0.38 1.3 :’: '
= | .
S | kalal ! || Joales] || fodid 1| §
I=] 1 N (] 1 —
< ] ] l: I : :l: ]
| sl pok c) o0.941.5
@] ] lr" 1 ‘I 1| | : “
I T 1L |
] u[l A 1 o |'|
] AN 171 1k
[ NS N B (SR B N S
—— ______I p— .o
A00+ 25 SR00+2500) A00+2500
S-method
c 2x[4x (2800 + 2500)] —\ /- c
I I
Ly €
I'F | _________
- 1
= .Jj— | -
e
| o
'_": 3 §| & I
8l 5 | B
95 Js 7 2
s N =
[~ o
i 7§ A
5 | =
|
28 M g
x | -
@ x| 4
— = %1. :JF' ol F
x |
1 I
=
5 x[2800 + 2500)
Midpoint method Composite method

Fig. 9. Comparison of path lengths according to the four methods (Case 1)

Mech. Eng. — Sci. J., 42 (1), 15-26 (2024)



23

Determining optimal order picking route in warehouses

Command Window

View of the warehouse with the packages that need to be taken when forming the order:
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View of the warehouse with the packages that need to be taken when forming the order:
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Fig. 13. Comparison of path lengths according to the four methods (Case 3)

Based on the results obtained, the formation of
paths for order picking using the composite method
and the s-method consistently outperformed in all of
the test cases compared to the other methods. The
identical values of the paths for the composite
method and the s-method arise from the nature of
the orders in the illustrated cases. These cases re-
quire retrieving a significant number of parts/boxes
from nearly every bay of the racks, resulting in the
formation of the same path for both the composite
method and the s-method. In all cases, it is worth
noting that the lengths according to the s-method are
consistently 80,000 mm. This uniformity in path

lengths for different orders stems from the necessity
to retrieve a box from each rack, requiring passage
through all the passages to enable access to each
rack bay. After the composite method and the s-
method, the next best-performing method is the re-
turn method. The longest paths in all thirty cases,
are observed with the midpoint method. For the
given warehouse and its entry and exit layout, the
midpoint method fails to provide an adequate path
formation in order picking. In scenarios where only
a small number of boxes need to be retrieved from
the first bays of the racks, the return method, as well
as composite method, yields the shortest path.
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6. CONCLUSIONS

The selection of the shortest delivery path is a
logistical challenge that has been extensively stud-
ied since the second half of the 20th century. In lo-
gistics, the preference for the shortest path is pri-
marily applied during the delivery of shipments
within the borders of a country, for intercity or city
deliveries. The issue of choosing the shortest path
when preparing goods for delivery within the ware-
house, as part of the logistics chain, is a problem that
is not as thoroughly researched, and few executable
programs are available. The varying shapes and in-
ternal layouts of warehouses add to the difficulty of
solving the issue of choosing the shortest path
within a warehouse. This suggests that a software
solution needs to be tailored to the placement of in-
put and output, as well as the layout of the racks
where the items are stored. Selecting the optimal
path when preparing an order for delivery in a ware-
house is essential for optimizing logistics processes.
In this regard, this research paper addresses the spe-
cific problem of calculating the shortest path in a
rack warehouse with given dimensions and layout.

The verification of the executable code is
demonstrated through thirty arbitrary order-picking
cases. The simulation results show that for varying
numbers of racks and rack’s bays from which part/
boxes need to be picked, the composite method and
the s-method show superior performance among the
four methods. As expected, the composite method
outperforms the other techniques and provides
optimal solutions by combining and addressing the
limitations of alternative methods. In scenarios
where numerous boxes are to be picked up from
almost all racks, the paths formed by the composite
method and the s-method are identical.

When it comes to retrieving parts/boxes from
a smaller number of racks, particularly from the first
or the second rack bays in the first half of the ware-
house, the return method yields better results than
the s-method. As the number of racks increases, and
there is a need to collect boxes from more distant
rack bays like 4, 5, and 6, the s-method proves more
effective. In the given case, the longest paths during
order formation in all examples were observed us-
ing the midpoint method. In conclusion, the values
obtained from the conducted research underscore
the importance of calculating the shortest path in
warehouses when preparing a delivery order.

Future directions for refining, expanding, and
advancing the research would involve a compara-
tive analysis examining how changes in input and
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output parameters affect path lengths. Additionally,
the objective is to develop an executable algorithm
capable of mapping the shortest path as an output,
enabling the code to find more practical applica-
tions. Developing an algorithm to calculate the
shortest path for warehouses with varying dimen-
sions and spatial layouts is a substantial challenge.

A major improvement to the algorithm in the
future would involve incorporating capacity consid-
erations into the calculation of the optimal path dur-
ing the process of preparing a delivery order. This
entails including the quantity of items retrieved
from a particular rack and considering the limited
capacity of the asset, such as a cart or a box, into
which the order picker will place the ordered pieces.
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