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ABSTRACT

In the unit-load warehouse (UW) design, the aisle design problem dealing with storage
space layout is the first among the three main problems. Several conventional and
non-conventional designs have been proposed in the literature. In general, the
assessment of UW designs is commonly carried out using analytical approaches.
However, such an approach may be inadequate due to assumptions or approximations,
making results unrealistic. Aiming to bridge this gap, this research develops an
assessment framework that employs the FlexSim software for simulating the
conventional, Flying-V and Fishbone designs based on a real case from a Philippine
manufacturing company. Using a computer simulation, this research investigates
factors not yet tractable with present analytical methods. The factors employed for the
comparative assessment are “picking run-time”, “travel distance”, and “capacity”. The
results suggest that the Fishbone design provides the most advantage compared to the
Flying-V and other conventional designs. With the proposed Fishbone design, the
company is expected to save, on average, 52.39% of picking run-time, 32.25% travel
distance, and increase storage capacity by 7.5%. The research findings are compared
to previous studies based on analytical approaches.
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storage area is the most common building block of

Several component subsystems exist in distribu-
tion centres (DCs), which are typically categorised
based on processes. These subsystems include receiv-
ing, storage, order picking, and shipping. The pallet

these systems. It consists of storage racks, aisles
between them, and one or more pickup and deposit
(P&D) points (Gue & Meller, 2009), commonly called
a “warehouse”. Most space in a DC is usually allocated
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for the warehouse. Almost all products are received
and stored in pallet quantities in this area. Warehous-
ing does not necessarily add value to the product;
however, it is undoubtedly essential in operations
(Feng et al., 2018), which in recent years has drawn
research interest to the topic, especially in logistics
research.

Unit-load warehouse (UW) designs were among
the highly explored logistics research topics (Feng et
al., 2018). UWs are used to store items — typically,
pallets — that can be stowed or retrieved in a single
trip and usually handle standardised cargo types.
According to Gue and Meller (2009), UWs are used
in at least two ways in a DC: (1) as areas for order
picking, where products are often received and
shipped in pallet quantities (e.g., distributors of gro-
ceries or appliances), and (2) as areas reserved to
replenish fast-pick areas. UW designs take account of
the general type of warehouse operations (e.g., single-
command, dual-command), the number and location
of the P&D points, and several aisle characteristics
(Masae et al., 2020a).

The current literature discusses three primary
UW design variants: conventional, non-conventional,
and general warehouses. Among the three variants,
the conventional and non-conventional designs were
commonly employed in UWs (e.g., Gue & Meller,
2009; Meller & Gue, 2009; Feng et al., 2018), which is
central to this study. As expounded by Masae et al.
(2020a), conventional warehouses have “rectangular
shape with parallel picking aisles that are perpendicu-
lar to a certain number of straight cross-aisles” (Fig.
1, left). Subsequently, warehouses with more than two
cross-aisles are often referred to as multi-block ware-
houses, where each block in the warehouse consists of
several sub-aisles (Fig. 1, right) (Masae et al., 2020a).

In a conventional warehouse, storage racks are
arranged to create parallel picking aisles, perhaps
with one or more cross-aisles, to allow workers to
move quickly between picking aisles. This structure
forces workers to travel rectilinear distances (i.e.,
north-south and east-west) to picking locations. On
the other hand, non-conventional warehouses do not
arrange all picking aisles or cross-aisles parallel to
each other but “select a different layout to facilitate
reaching certain regions of the warehouse or to
improve space utilization” (Masae et al., 2020a).

While the conventional design is popular in the
industry, several inadequacies were highlighted. For
instance, in a conventional warehouse, it is always
necessary to traverse the full rectilinear distance in
a picking command (Cardona et al., 2012). Generally,

it tends to limit productivity in a single-command
UW (Gue & Meller, 2009; Meller & Gue, 2009; Car-
dona et al., 2012; Clark & Meller, 2013; Feng et al,,
2018). This contention leads to the question of how to
arrange cross-aisles and picking aisles to minimise
the expected distance to pick in a single-command
unit-load warehouse (Gue & Meller, 2009). To answer
this question, non-conventional designs were devel-
oped. The literature presents six non-conventional
UW designs, namely the U-shaped, Chevron, Leaf,
Butterfly, Fishbone, and Flying-V designs (e.g., Glock
& Grosse, 2012; Venkitasubramony & Adil, 2016;
Feng et al,, 2018; Masae et al, 2019; Masae et al,,
2020a; Masae et al., 2020b). These designs present
a noticeable reduction in expected single-command
distance (Oztiirkoglu et al., 2012; Oztiirkoglu, 2016).

The U-shaped layout consists of a central aisle
arranged in the form of a “U” It is also composed of
various picking aisles extending from the central
aisle. The problem of this design lies primarily in its
narrow aisles, which restrict the mobility of picking
devices aside from restricting traffic in its central aisle
(Masae et al., 2020a), which may not be suitable in
some UWs. On the other hand, the Chevron, Leaf,
and Butterfly designs are similar to the Fishbone
design (Oztiirkoglu et al., 2012). As a consequence of
their insignificant difference, Oztiirkoglu et al. (2012)
claimed that similar benefits to the Fishbone design
could be expected under turnover-based storage.

The Flying-V design challenges the first design
assumption of the conventional design, which pre-
sumes that cross-aisles are straight and meet picking
aisles only at right angles. In this design, a cross-aisle
is inserted into the storage space and does not con-
strain it to meet the picking aisles only at right angles
(Fig. 2). On the other hand, the Fishbone design
challenges the second design assumption of conven-
tional warehouses, which presumes that picking aisles
must be parallel to one another (Fig. 3). These two
UW designs — the Flying-V and Fishbone designs
— are the most widely studied UW designs in the
literature (Masae et al., 2020a). Based on the previous
discussions, this study focuses on the Flying-V and
Fishbone designs.

Although the Flying-V and the Fishbone design
both utilise a V-shaped cross-aisle, they are relatively
different in other aspects. For instance, the propo-
nents of the two designs (Gue & Meller, 2009) recog-
nised that “travel in a Fishbone warehouse is much
simpler than travel in a Flying-V warehouse”. For this
reason, comparative assessments were commonly
employed in previous literature to identify which

920




Volume 13 e Issue 1 ¢ 2021

ENGINEERING MANAGEMENT IN PRODUCTION AND SERVICES

AR
HHHH

T

T

T

IIITI
TTTT
IIIT
T
TTIT
T
TIIrT
imE

EFFFHRAH

EEFFEH

HHHH
HHHH

TITITIT
LTI
TIIITT

jaudsansans)

IEEEEEE Sl
I

HHHE
T

LTIT
T
IIIT
T
T
It

TTTT

ESSERNaRERERRRIRRRsSRRARNNEEY

T

TITTIITTTT

HE
FHHHHH
T
[

T
HH
HHHH

A

TTIIILT
1T
im
T
i
T
immmn
i

A
T

R

|sassannsnnn;
T
I I

Fig. 1. Conventional design

Fig. 2. 3D Flying-V design

among the two prominent UW designs possess more
utility (Pohl et al., 2011; Gue et al., 2012; Clark & Mel-
ler, 2013; Masae et al., 2020a). Based on analytical
approaches employed in the literature, the Fishbone
design is collectively considered more superior than
the Flying-V design.

While the literature offers several analytical stud-
ies on Flying-V and Fishbone designs, their compara-
tive assessment in a real case environment is relatively
unexplored. Furthermore, UW design primarily aims
to maximise picking efficiency, one of the key perfor-
mance indicators for measuring the flow of goods in
warehouses is the picking run-time, which is high-
lighted as among most critical metrics for warehouse
managers in the WERC (Warehousing Education and
Research Council) survey (Oztiirkoglu & Hoser,
2019). Counterintuitively, the current literature con-
tains no attempts to consider picking run-time in
evaluating UW designs. This gap may be consequent
to the limitations of analytical approaches.

Fig. 3. 3D Fishbone design

Usually, to treat a problem analytically (i.e., con-
sidering an analytical approach is possible), one
needs to resort to some assumption or approxima-
tion, e.g., an assumption that pickers are equally effi-
cient in traversing through different UW designs with
equal travel distances; hence, equal picking run-time.
However, real-life situations are more complicated.
For instance, an increase in the number of turns
required to traverse through aisles in a UW design
would increase travel time due to slowing down due
to turns. However, this factor is avoided by analytical
approaches through assumptions or approximations
together with several other factors (e.g., randomness,
asymmetry). Thus, employing other methods that
allow studying factors not yet tractable with analyti-
cal methods is warranted for evaluating UW designs.

To bridge the gaps, this research employs a heu-
ristic approach aided by the FlexSim software package
in the comparative assessment of the conventional,
Flying-V, and Fishbone design. The assessment is
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made in a real-case environment in a Philippine
manufacturing company as part of a UW design
improvement project. This study aims to provide
a mix of theoretical and pragmatic perspectives in
UW design. The novelty of this paper is three-fold.
First, it pioneers the proposal of an easy-to-adopt
approach to UW design for industry practitioners.
Second, it is the first to employ the integration of
picking run-time, travel distance, and capacity as
performance assessment metrics for UW design.
Lastly, it is among the first to illustrate an assessment
of conventional and non-conventional (e.g., Flying-V
and Fishbone) UW designs in a real case scenario,
verifying the findings of previous studies employing
analytical methods.

1. LITERATURE REVIEW

1.1. WAREHOUSE AISLE DESIGN PROBLEM

Warehouse design is complicated because many
interrelated design problems lead to many potential
designs (Pohl et al, 2009a). There are three main
problems in warehouse design. The first is the aisle
design problem, which deals with the layout of storage
space. The second is product allocation, which tries to
find the right positioning of products in the storage
space. The third is the order picker routing problem,
which determines the best sequence of locations for
a worker to visit when building orders. The first prob-
lem — the aisle design problem — is the primary
concern of this paper. The following discussions eluci-
date the evolution of studies dealing with the aisle
design problem.

Space is the primary concern in warehouse aisle
design because its main objective is to store stocks.
Moder and Thornton (1965) explored how floor space
utilisation is affected by some dependent and inde-
pendent variables. Among the independent variables
affecting floor space is the “slant angle of the pallets”.
Their study proposed a mathematical model for
assessing the extent that floor space change concern-
ing the angle of placement of the pallets and aisle
width. More recent studies on modelling warehouse
aisle designs have been grounded on the idea proposed
by Moder and Thornton (1965) (Oztiirkoglu, 2016;
Kocaman et al., 2021; Oztiirkoglu & Hoser, 2019).

Following the work by Moder and Thornton
(1965), Francis (1967a, 1967b) investigated the shape
of optimal warehouse designs considering a single
dock with rectilinear travel between the storage space

and the dock. Elements of warehouse layout, such as
space utilisation and travelling cost of a handling unit,
were investigated by Berry (1968), who proposed two
types of UW design from his findings. As pointed out
by Oztiirkoglu et al. (2012), the first design assumed
“rectangular pallet blocks with the same depth
arranged around a main orthogonal gangway”. On the
other hand, the second layout assumed that “floor
stored pallets were arranged in different depths
around a single diagonal gangway providing access to
all stacks” (Oztiirkoglu et al., 2012).

Building on the ideas previously discussed, Pohl
et al. (2009b) showed that the optimal placement of
a “middle” cross-aisle in conventional rectilinear
designs should be slightly behind the middle. Cross-
aisles are appropriate for order picking operations, in
which more than one location is visited per trip but
may not be applicable in single-command operations
(Oztiirkoglu et al., 2012), which is an idea considered
in this study. In conventional designs, workers travel
rectilinear paths to store and receive pallets. However,
this design generally limits the productivity of opera-
tions. For instance, the conventional design is based
on several undocumented and unnecessary assump-
tions. Why, for instance, must cross-aisles meet pick-
ing aisles at right angles? Or why do picking aisles
have to be parallel? The answer, of course, is that they
do not, and various works have shown that adhering
to these haphazard assumptions, which, by the way, is
the most commonly adopted practice in the industry,
could result in a significant penalty in labour costs
(Gue & Meller, 2009; Pohl et al., 2011; Gue et al., 2012;
Clark & Meller, 2013; Masae et al., 2020a).

To address this problem with the conventional
design, “radial aisles” were proposed in previous stud-
ies. White (1972) showed that “radial aisles” reduced
travel distance in a non-rectangular UW design. With
the assumption of continuous warehouse space, he
proved that travel distance from the P&D point to any
point in the storage area was close to the Euclidean
distance when the number of radial aisles increased.
Gue and Meller (2009) extended this idea to propose
two non-conditional designs to reduce single-com-
mand travel under a random storage policy, namely
the Flying-V and Fishbone designs. The following
discussions present the related literature that expounds
on the Flying-V and Fishbone designs.

1.2. FLYING-V DESIGN

In the Flying-V, picking aisles are parallel with
orthogonal cross-aisles at the warehouse’s top and

92




Volume 13 e Issue 1 ¢ 2021

ENGINEERING MANAGEMENT IN PRODUCTION AND SERVICES

bottom (Pohl et al., 2011). According to Gue and
Meller (2009), for reasonable values of cross-aisle
width, the optimal shape of the cross-aisle is V-shaped,
with the vertex at the P&D point. The Flying-V aisle
appears to be curved, but the cross-aisle segments
between picking aisles are piecewise linear (Pohl et
al., 2011).

The assessment of Gue and Meller (2009) on the
Flying-V design yielded a 10% improvement in sin-
gle-command travel under a random storage policy
when compared to an equivalently sized conventional
design with no middle cross-aisle. Under the same
conditions, Feng et al. (2018) made a comparison of
the Flying-V to the conventional design using opti-
mal locations for P&D points determined by an opti-
mal integer programming model. The results of their
analytical evaluations show that the Flying-V design
can obtain 8-18% distance savings compared to the
conventional design (Feng et al., 2018).

Oztiirkoglu (2016) investigated the effects of
various P&D points on both the capacity and the
travel distance of non-conventional warehouses,
including the Flying-V design. Their results revealed
that the Flying-V design, in general, requires 61.17%
less space than the improved designs in the study.
They also found out that as the number of P&D points
increases (greater than 11), the Flying-V design
“overwhelms the improved designs because it requires
less additional space” (Oztiirkoglu, 2016). Clark and
Meller (2013) developed a three-dimensional model,
which confirmed that “the Flying-V design is advan-
tageous to implement over the standard (conven-
tional) warehouse configuration”

1.3. FISHBONE DESIGN

The Fishbone design has orthogonal cross-aisles
at the top, left, and right edges of the warehouse (Pohl
et al,, 2011). The middle cross-aisle is diagonal and
straight, with vertical picking aisles above and hori-
zontal picking aisles below. The middle cross-aisle
slope is calculated by minimising the P&D distance
to a single random location in the warehouse. The
assessment of Pohl et al. (2009a) revealed that, under
a random storage policy, the Fishbone design reduces
single-command travel by up to 20% and dual-com-
mand travel by 10-15% when compared to the con-
ventional design.

Pohl et al. (2009b) explored the Fishbone design
for task interleaving operations. Their analytical
evaluations showed that the Fishbone designs offer
a decrease in expected travel distance over several

conventional conditional designs. The underlying
notion is that a cross-aisle that cuts diagonally across
the picking aisles affords “Euclidean efficiencies”
(Gue & Meller, 2009; Cardona et al., 2012), which
allows workers to get to most picking locations. In an
analytical assessment performed by Clark and Meller
(2013) on the robustness of non-conventional designs
in terms of vertical travel, it was shown that, while
their per cent improvement generally diminishes as
the height of the rack increases, the Fishbone design
maintains a greater per cent improvement over the
Flying-V design. Its design, considering vertical
travel, was then later formalised by Cardona et al.
(2015).

Dukic and Opetuk (2012) and Celik and Siiral
(2014) performed an evaluation of the Fishbone
design for order-picking systems while considering
different routing policies. Their analytic approaches
discovered that the Fishbone design could perform as
much as around 30% worse than an equivalent con-
ventional design under a random storage policy and
steady demand. They also found that depending on
how skewed the demand is, the Fishbone design can
outperform the conventional design for dedicated
storage with non-uniform demand.

1.4. SYNTHESIS OF THE REVIEW AND
RESEARCH GAPS

While the Flying-V design shows an advantage
over the conventional design, that advantage dimin-
ishes as the number of levels in a warehouse increases
(Clark & Meller, 2013). Thus, if the warehouse is large
enough, then the Flying-V design is a better choice.
However, if the warehouse is small, the conventional
design is more suitable. Also, provided that the num-
ber of P&D points is fixed, and their positions are
optimal, the Flying-V design seems to sacrifice some
space to achieve the distance saving goal (Feng et al.,
2018). Much like the Flying-V design, in gaining an
advantage in terms of travel distance, the Fishbone
design requires approx. 5% more space (Pohl et al.,
2009b).

While these inadequacies may draw interest from
an academic perspective, in most industries, the lux-
ury of space may not be as abundant as analytical
approaches, implicitly suggested via assumptions. In
a fixed-space layout, the contention now turns to
whether the Flying-V and Fishbone designs are still
capable of outperforming the conventional design in
terms of crucial indicators, such as picking run-time,
travel distance, and capacity. Note that while picking
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run-time has been recognised as a vital performance
indicator of UW design (Oztiirkoglu, 2016), it is not
yet used in the assessment.

These contentions on the Flying-V and Fishbone
designs warrant further investigation, especially in
areas unexplored in the current literature. For
instance, in assessing both the Flying-V and Fishbone
designs, analytical approaches are commonly utilised
(e.g., analytical experiments). For a study aimed at
warehouse designers in practice, this approach might
be insufficient. Real case applications are seldom
employed in recent literature. Furthermore, the trend
of employing analytical approaches for assessing UW
designs has somehow led the current literature to
disregard the provision of friendly approaches for
warehousing practitioners in the industry to replicate
assessment procedures. Analytical approaches also
tend to oversimplify the complex nature of UW
designs, often avoiding several design complexity
factors, e.g., slow-down at turning points, which has
dire effects on picking run-time — the completion
time of a picking routine. These factors indicate that
travel speed is not constant at all points of the layout.
It varies especially at the turning points because the
picker’s rotational motion reduces vehicle speed (e.g.,
forklift speed). This explanation indicates that UW
designs may have the same total travel distance yet
different picking run-time. Several other factors may
affect picking run-time, e.g., randomness, aisle width,
and layout asymmetry. These factors are challenging
to integrate into an analytic model, which explains
why most models impose assumptions to avoid them.

1.5. FLEXSIM SIMULATION SOFTWARE

Computer-simulation methods are by now an
established tool in many branches of science. The
motivations for computer simulations of physical
systems are manifold. One of the main motivations is
the elimination of assumptions and approximations.
With a computer simulation, analysts can study sys-
tems not yet tractable with analytical methods. The
computer simulation approach allows studying com-
plex systems and gaining insights into their behav-
iour. Complexity, which is persistent in real-world
applications, can go far beyond the present analytic
methods. Since they can be used to study complex
systems, provide
standards against which approximate theories, e.g.,
analytical evaluations, may be compared.

FlexSim software integrates virtual reality tech-
nology and discrete object-oriented simulation. At

computer-simulation methods

present, the FlexSim simulation is primarily used in
logistics, warehouse optimisation and design, and the
optimisation of production lines (Tang et al., 2013;
Liu et al., 2016; Kesek et al., 2018). The applications of
virtual reality technology and object-oriented simu-
lation technology in assessing UW designs are unex-
plored. Thus, there is a need to explore the use of
computer simulation to study UW designs’ efficiency
and compare results with analytic approaches
employed in the literature. To address the gaps men-
tioned in this section, this study developed an assess-
ment framework that utilises the FlexSim software for
simulating the conventional, Flying-V, and Fishbone
designs based on a real case from a Philippine manu-
facturing company. The performance indicators used
for the comparative assessment are “picking run-
time”, “travel distance”, and “capacity.” The methodol-
ogy used in this study is illustrated in the following
section.

2. METHODOLOGY

This study employs a quantitative approach in
assessing the performance of conventional, Flying-V,
and Fishbone designs. Since the available analytical
approaches in the literature seem incapable of assess-
ing the indicator ‘picking run-time’ to evaluate this
performance indicator, a simulation-based approach
is adopted in this study, using the FlexSim software
package as the main instrument. FlexSim is a widely
adopted warehouse layout model simulation software
in practice and is broadly discussed in the current
literature (Huihui et al., 2016; Yafei et al., 2018),
which allows designing, testing, and redesigning the
layout of the warehouse ahead of commissioning
projects and without risk to on-going operations. In
this simulation, single-command operation and ran-
dom picking are assumed. The detailed procedure
adopted in this work is as follows:

Step 1. (Develop the warehouse blueprint) Meas-
ure the dimensions of the warehouse and develop
a blueprint.

Step 2. (Estimate relevant parameters) Based on
the developed warehouse blueprint, determine the
relevant parameters for the simulation. This study
adopted the standard geometry of the V-shaped non-
conventional UW design introduced by Oztiirkoglu
(2016), as illustrated in Fig. 4. The description of the
parameters and features is presented in Table 1.

The required computations for each feature are
distinct for the Flying-V and Fishbone designs. The
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Fig. 4. Standard geometry of V-shaped non-conventional UW designs

Source: (Oztiirkoglu, 2016)

diagonal aisle slope for the Flying-V and the Fishbone
designs is illustrated in Equation (1) and Equation
(2), respectively. The diagonal aisle angle is obtained
using Equation (3) for both Flying-V and Fishbone
designs. The length of the triangle’s height is obtained
for the Flying-V and Fishbone designs using Equa-
tion (4) and Equation (5), respectively. The length of
the triangle base is calculated using Equation (6) and
Equation (7) for the Flying-V and Fishbone designs,
respectively. Lastly, the warehouse area for both Fly-
ing-V and Fishbone designs is determined using
Equation (8).

Tab. 1. Description of the variables

PARAMETERS DESCRIPTION

ey, e, ey Dimensions of the openings
a, Horizontal stacking space
a, Vertical stacking space
a GMP space requirement from the pallet to

the wall

ap Aisle width

FEATURES DESCRIPTION
m The slope of the diagonal aisle
6 The angle of the diagonal aisle
B The length of the height of the triangle
a The length of the base of the triangle
A The width of the warehouse
B The length of the warehouse

e +a, + 2a,;

Mfrying-v = 7(ew + al) (1)

e +a,
Mgishbone = ey +a) @)
6 = tan~t(m) 3)
Bfiying-v = u + 8ey, + 7a; + 2 (4)
ﬁfishbone =u+4de +a+ Zap +1 (5)
« fiyng—v = 3ap + 5a, + 2a; + a, (6)
afl-shbone = dajz + 106W + 9a1 + 3.25 (7)
Area = (AB|A=2a,B=p) (8)

Step 3. (Set-up the simulation conditions) Using
the FlexSim software, the simulation was executed
using the following conditions: each palletised unit
weighs 1000 kilograms, the average moving speed of
the forklift is 5 metres per second, its average lifting
speed is 0.45 metres per second, and the items in the
warehouse are randomly picked. The blueprint, along
with the computed variables, is recorded into the
FlexSim with the pre-determined conditions.

Step 4. (Run the simulation) The simulation was
run for a different number of random picks, § =
(30,80) € Z*, for the conventional, Flying-V, and
Fishbone designs. The performance indicators
measured in this simulation are ‘picking run-time,’
‘travel distance,” and ‘capacity.” In visualising the flow
of this heuristics approach, a Heuristic Comparative
Assessment of the UW Designs (HCAUD)
framework is presented in Fig. 5.
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Fig. 5. Heuristic comparative assessment of UW designs (HCAUD) framework

3. CASE STUDY: SHEMBERG MAR-
KETING CORPORATION

3.1. PLANT LINEARISATION PROGRAM (PLP)

A Philippine carrageenan manufacturing com-
pany, Shemberg Marketing Corporation, intends to
implement a Plant Linearisation Program (PLP),
wherein a re-layout of the entire plant would be con-
ducted. The scope of the PLP involves the re-design of
individual production, warehousing, and other facili-
ties.

In line with this, the company’s Blending Area,
Magnetising Area, and Primary Blended Powder
Warehouse (PBPW) are proposed to be situated in
one building, as presented in Fig. 6. The Blending
Area requires a space allocation for its accessories,
mainly comprised of chemicals and powder ingredi-
ents.

The blenders would require a maximum of 20
tons or 20 pallets worth of accessories each. In the
proposed linearisation layout, there is no space allo-
cation for the accessories. The management intends
to reduce the PBPW to utilise more space for the
Blending Area.

Despite the possible reduction in space, the
PBPW has to be re-designed so that travel distances
from the P&D point and picking run-times are kept
at a minimum while maximising warehouse capacity.

In line with these objectives, this study incorporates
the Flying-V and Fishbone design.

3.2. DESIGN SPECIFICS

Zooming into the PBPW in the initial design of
the PLP, the specific dimensions of the conventional
design are presented in Fig. 7. For the capacity
improvement, the initial design of the PBPW in the
PLP is modified to propose an alternative layout. The
said design is much like the conventional design, but
with a =2.7 metres. Furthermore, the Flying-V and
Fishbone design of the PBPW is presented in Figs. 8
and 9, respectively.

4. SIMULATION RESULTS

Based on the design specifics provided in Figs. 6
to 9, each UW design’s parameter and design feature
was computed using Equations (1) through (8). The
results are presented in Table 2. The Flying-V and
Fishbone designs occupy relatively less space than
conventional designs (e.g., initial PLP design, alterna-
tive PLP design). With this, the Flying-V and Fishbone
designs exhibit 7.5% and 5.0% more capacity than the
conventional designs. The calculated parameters and
features and the specific designs for the UW designs
assessed in this study were entered into the FlexSim
software for running the simulation. The results of the
simulation are presented in the following discussion.
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Tab. 2. Calculated parameters and features

Legend:
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Units: meters

PARAMETERS unit INITIAL PLP DESIGN ALTE';‘:;T:: PLP FLYING-V DESIGN FISHBONE DESIGN

ey, metres 1.00 1.00 1.00 1.00

e metres 1.20 1.20 1.20 1.20

(3 metres 1.00 1.00 1.00 1.00

u metres - - 4.30 2.00

a, metres 0.10 0.10 0.10 0.10

a, metres 0.30 0.30 0.30 0.30

az metres 1.00 1.00 1.00 1.00

ac metres - - 2.85 3.50

a, metres 3.60 2.70 2.70 2.70
FEATURES

m metres - - 0.94 89.00

6 degrees - - 43.00 42.00

B metres - - 15.00 15.00

4 metres - - 17.55 15.15

A metres 37.30 37.30 35.10 30.30

B metres 15.00 15.00 15.00 15.00

Area square metres 559.50 559.50 526.50 454.50

Capacity pallets 80.00 80.00 86.00 84.00

The simulation results revealed that the Fishbone
design consistently outperformed the Flying-V, initial
PLP, and alternative PLP designs in terms of picking
run-time. Moreover, the disparity of the results also
tended to diverge as the number of random picks
increased, which made the advantage of the Fishbone
design more elaborate. While less advantageous than
the Fishbone design, the Flying-V design was rela-
tively superior to the conventional designs in picking
run-time. The comparison of picking run-time of the
UW design assessed in this study is presented in Fig-
ure 10. The results reveal the following ranking in
terms of picking run time: Fishbone design > Flying-

V design > alternative PLP design > initial PLP
design.

The simulation results also revealed that the
Fishbone design consistently outperformed the other
UW designs assessed in this study in terms of travel
distance. Interestingly, the Flying-V design seemed to
fail at this performance indicator by an overwhelm-
ing extent compared to other UW designs. The alter-
native PLP design, on the other hand, appeared to
have relatively the same results as the initial PLP
design. A comparison of the UW designs’ travel dis-
tance over the different picks is presented in Fig. 11.
In general, the results reveal the following ranking in
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Fig. 11. Comparison of travel distance

terms of travel distance: Fishbone design > alternative
PLP design > initial PLP design > Flying-V design.

5. DISCUSSION

Initial PLP Design seeseeee Alternative PLP Design = = = Flying-V Design == -

Considering the initial PLP design as a reference
point, in terms of picking run-time, as illustrated in
Fig. 12, the per cent improvement of the Fishbone
design, when compared to the other UW designs, is
overwhelmingly large. The literature has always
emphasised significant improvements with the Fish-
bone design in terms of travel distance (Pohl et al.,
2011; Cardona et al., 2012; Dukic & Opetuk, 2012;
Clark & Meller, 2013; Celik & Siiral, 2014; Cardona et
al., 2015). However, no research produced the same

)

« Fishbone Design

results in terms of picking run-time, which is an
equally important performance indicator if not more
critical. This study provides the first insights on the
performance of both conventional and non-conven-
tional UW designs in terms of this metric. It is also
worth noting that, while the Flying-V design presents
more improvement than the alternative PLP design,
the advantage is relatively insignificant because their
functions are relatively close to each other. Further-
more, for all UW design, per cent improvement in
terms of picking run-time seems to decrease as the
number of random picks increases. In the case of the
Fishbone design, while per cent improvement gener-
ally projects a downtrend together with the number
of random picks, its function seems to fluctuate. The
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main implication of this observed behaviour lies in
optimal random picks to allow that the maximised
per cent improvement for the Fishbone design. In
this study, 34-36 random picks seem to produce
maximum utility for the Fishbone design.

Similar findings for the Fishbone design can be
inferred in terms of per cent improvement for the
travel distance. However, interestingly, the Flying-V
design seems to exhibit unproductive results in this
performance indicator. As illustrated in Fig. 13, the
Flying-V design consistently fails to improve the ini-
tial PLP design. According to Feng et al. (2018), for
the Flying-V design to exhibit improvement to the
conventional design, it usually “sacrifices some space”.
Based on their analytical evaluations, they suggested
that “if the warehouse is large enough, then Flying-V
is a better choice”; however, “if the warehouse is a
small size, the conventional aisle configuration is

90,00%
80,00%
70,00%
60,00% / el
50,00%
40,00%
30,00%
20,00%
10,00%
0,00%

Per cent improvement

oooooooo
............................

more suitable” Thus, in this case, the Flying-V design
may have been unsuitable because of the warehouse’s
limited space. In this case, the conventional UW
designs are preferred to the Flying-V design.

Furthermore, this study confirms the findings of
previous studies that attempted to compare the Fly-
ing-V and the Fishbone design. Gue et al. (2012)
emphasised that “the Fishbone design is generally
preferred to the Flying-V”, which can also be sug-
gested based on this study’s findings. In general, in
terms of capacity, picking run-time, and travel dis-
tance, the Fishbone design is deemed the most
advantageous design compared to the Flying-V,
alternative PLP, and initial PLP designs.

The findings of this study suggest that among the
UW designs considered for improving the PBPW as
part of the PLP in the case firm, the proposed Fish-
bone design is most suitable. The final proposed

-
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Fig. 14. Final proposed design integrating the Fishbone design in the PLP

design associated with the findings is presented in
Fig. 14. With the proposed design, the company is
expected to save, on average, 52.39% of picking run-
time, 32.25% travel distance, and increase storage
capacity by 7.5%. For future warehouse improvement
projects, the framework developed in this study
(HCAUD framework) can also be adopted. Com-
pared to other approaches the developed framework,
is more convenient and less complicated by a signifi-
cant degree but produces relatively the same results.
Thus, it can be easily replicated by industry practi-
tioners for in-house warehouse assessments. The
attempt to measuring picking run-time, which was
successfully demonstrated in this study, expands the
dimensions for evaluating warehouse designs. Thus,
in selecting future UW design options, picking run-
time may now be considered, which offers a more
systematic approach for UW design selection. The
study findings also demonstrate that while the Flying-
V design was developed as an improvement of the
conventional designs (Gue & Meller, 2009a), its
application is limited by various factors such as ware-
house space availability. In relatively small ware-
houses, similar to the warehouse under investigation
of this work, a transition from conventional design to
the Flying-V design may not be adequate.

CONCLUSIONS

The UW design approaches are continuously
expanding with the improvements in systems analysis

and decision-aiding tools. These potentially enhance
the capacity of managers to develop, assess, and select
UW designs, especially in the manufacturing sector.
Among the first attempts in the literature explored in
this article were (1) the development of a novel
approach to a heuristic comparative assessment of
non-conventional UW designs, (2) assessment of
UW design in the context of a real-case scenario, and
(3) the measurement of picking run-time as a perfor-
mance indicator for assessing UW designs. The Fly-
ing-V and Fishbone designs were among the UW
designs explored in this article. This work developed
a framework based on the FlexSim software package
for the convenient analysis of UW designs. The results
suggest that the Fishbone design provides the most
advantage compared to the Flying-V and the other
conventional designs. The findings also supported
previous literature that suggested limitations on the
Flying-V design, implying that the Flying-V design
may have been an unsuitable option due to the lim-
ited space of the warehouse. Based on the findings,
a proposed UW design for the PLP was developed,
integrating the Fishbone design. The company is
expected to save, on average, 52.39% of picking run-
time, 32.25% travel distance, and increase storage
capacity by 7.5% with the proposed design. Further-
more, industry practitioners can quickly adopt the
developed HCAUD framework for their in-house
UW design assessments.

While this work considers multiple performance
indicators for the UW design assessment, their inte-
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gration in outranking the UW designs was not
explicitly applied, which would have been a more
systematic approach to outranking the alternatives.
In this regard, for future research, a multi-attribute
decision-making approach may be employed to
address this gap. Furthermore, since this research
case environment limits the Flying-V design’s appli-
cability, its comparison with the Fishbone design may
be biased. Thus, future studies could replicate the
procedures through the proposed framework in
a more suitable setting, i.e., a relatively larger ware-
house. Lastly, while several performance indicators
have been identified in previous research, only several
(three) performance indicators were measured in this
study. Thus, it may be relevant to consider multiple
performance indicators in the assessment of UW
design while employing the framework proposed in
this work.
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