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ABSTRACT
This article describes an optimization method for the material handling system
of forklifts using queueing theory and simulation. The objective is to reduce
several types of wastes such as waiting time, capacity costs, delayed job orders,
and transportation costs. A certain IT infrastructure is assumed, such as monitors
for forklift drivers to check on the current job orders at different work stations.
Mathematical equations are used to find initial upper and lower limits for the
needed capacity levels over the day. Subsequently, a simulation for different levels
of capacity within the range of theoretical results is performed in order to find the
exact man hour needed for different jobs sequencing strategies. On the basis of
the statistical software R, a tool is devised to provide companies with the results
for the different parameters they determine. These results show the effects of
using batching, considering limitation of line-side space, and the empty drives
reduction strategy on performance measures. The strategy of reducing empty
drives by identifying the nearest workstation needing a job order was found to
be not efficient since it increases the needed capacity. This is due to the fact that
the variability of waiting time and hence the late orders percentage are increased.
Dieser Artikel beschreibt eine Optimierungsmethode für ein Materialtransportsystem
von Gabelstaplern mittels Warteschlangentheorie und Simulation. Ziel ist es,
verschiedene Arten von Verschwendung bei den Kapazitätskosten, verspäteten
Arbeitsaufträgen und Transportkosten zu reduzieren. Es wird eine gewisse ITInfrastruktur angenommen, wie etwa die Verwendung von Monitoren, um die aktuellen
Arbeitsaufträge von verschiedenen Arbeitsplätzen anzuzeigen. Mathematische
Gleichungen werden benutzt, um anfängliche obere und untere Grenzen für die
benötigten Kapazitätsniveaus zu finden. Danach wird eine Simulation für verschiedene
Kapazitätsniveaus innerhalb des Bereichs der theoretischen Ergebnisse durchgeführt,
um die genau benötigte Mannzeit für verschiedene Jobsequenzierungsstrategien
zu finden. Mit Hilfe der Statistiksoftware R wird ein Tool erstellt, welches
Unternehmen für verschiedene Parameter Ergebnisse liefert. Diese Ergebnisse
zeigen die Auswirkungen der Verwendung von Batching, unter Berücksichtigung der
Begrenzung des Zeilenseitenraums und der Reduzierung der Leerfahrtstrategie für
Leistungsmessungen. Die Strategie, das Leerfahren zu reduzieren, indem nach dem
nächsten Arbeitsplatz gesucht wird, der einen Auftrag benötigt, ist nicht so effizient,
da es die benötigte Kapazität erhöht. Dies liegt daran, dass es die Variabilität der
Wartezeit vergrößert und somit den Prozentsatz der verspäteten Bestellungen steigert.
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1. Introduction
Material handling is one of the most important
factors affecting costs and performance in
manufacturing companies [1]. Any delay
in moving the needed materials can cause
production delay that, in turn, affects productivity.
Moreover, the space for line-side inventory can
be very scarce and insufficient for much material
to be stacked. On the other hand, increasing the
needed capacity can lead to major costs and an
unorganized allocation of workload. Therefore,
material handling is one of the most important
activities that need to be optimized. Capacity
in this paper means the total needed man
hours for forklifts, which affect the maximum
number of needed forklifts. Using forklifts is
the traditional way in most material handling
activities. Loading units and pallets will be
used interchangeably in this paper. In small and
medium-sized companies, it is common to see
that forklift activities and the needed capacity
are manually planned. This paper presents a tool
for optimizing a forklift system assuming the
availability of data about job orders. The number
of drivers needed throughout the day and different
performance measures can be obtained by using
analytical equations and simulation. Different
possibilities of job sequencing by using different
priority rules can be done. We present the
results of a case study for a company operating
in Germany. The tool has been developed at
Technology Campus Grafenau (TCG), which
is an applied research center affiliated to
Deggendorf Institute of Technology. This tool
is part of efforts in a project called Industrie
4.0 Werkstatt Bayerischer Wald (Industry 4.0
Workshop Bavarian Forest) which is funded by
the EU program EFRE (Europäischer Fonds
für Regionale Entwicklung; European Fund for
Regional Development). The tool performs with
R Software, a free software that can be used
by companies. More information about this
software can be found in an article by Ihaka &
Gentleman [2].
After this brief introduction about the importance
of optimizing material handling systems and the
tool developed, a literature review about using
queueing theory and simulation in logistics and
forklifts systems is presented. Moreover, some
previous studies that investigated characteristics
of forklifts systems such as batching and timedependent arrival rates are discussed. After that,
a problem definition and the objectives of the
study are presented. The methodology, which

depends on analytical equations and simulation,
is explained. Analytical equations define
boundaries of the needed capacity of drivers.
Subsequently, simulation of forklift operation
with different options and priority rules is done.
Finally, results and conclusion are presented.

2. Literature review
2.1. Forklift system as a queueing system
The range of applications of queueing theory
includes telecommunications and computer
science, manufacturing, air traffic control,
military logistics, design of theme parks, and
many other areas that involve service systems
whose demands are random [3]. Forklift system
can be considered as a queueing system. Driving
time of forklifts plus loading and unloading
activities can be considered as service time.
Forklifts and drivers are considered as servers.
Pallets are the customers. More details about
queueing theory can be found in Shortle et al.
[4]. Little was published about using queueing
theory to analyze forklift system. An example
of applying queueing theory in logistics is the
study by Masek et al. [5], where queueing theory
was applied in warehouse optimization. Another
paper by Munisamy [6] presents a port planning
and operations model for capacity planning at a
timber terminal. The analytical model was the
closed queueing network model. The model
evaluated the efficiency of the timber terminal
in relation to the cargo handling system and its
impact on terminal throughput capacity.
Simulation was used in logistics activities
including forklifts. For example, simulation
was used in a study by Takakuwa et al. [7],
where a procedure to build simulation models
for move-store activities of complicated and
non-automated distribution warehouses was
proposed. Vonolfen et al. [8] developed an
optimization model for assembly line supply
by integrating warehouse picking and forklift
routing using simulation. Their research was
motivated by an industrial application where
multiple production lines were supplied from
various warehouses at the production plant.
Material was stored in high rack storage areas
and picked by employees utilizing forklifts.
Tarczyński [9] analyzed the impact of storage
parameters and the size of orders on the choice
of the method for routing order picking where
the forklift truck’s manoeuvers such as turns
back and turns aside were considered.
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2.2. Characteristics of the forklift queueing
system
When there are several jobs served together, the
system is called bulk service queueing model
[10]. An example is the study by Parimala &
Senniappan [3] who investigated the queueing
model with single server. The service starts
only when batches of ‘a’ customers are present.
When the queue length is ‘a’, but less than or
equal to ‘b’, then the entire queue is taken up
for service. If there are more than ‘b’ customers
in the queue, then the server accepts the first ‘b’
customers. Sometimes the arrivals are coming
in batches. In a study by Chakravarthy et al.
[11], they consider a multiple server queueing
model in which customers arrive according to
a batch Markovian arrival process (BMAP).
Moreover, Haridass & Arumuganathan [12]
concentrated on a bulk arrival and bulk service
queueing system with variant threshold policies
for vacations.
In this paper, the service time and the inter-arrival
times have been assumed to be exponentially
distributed, where multiple servers have been
assumed. Some studies considered the M/M
(a, b)/c queueing system such as Medhi [13],
Neuts & Nadarajan [14], and Sim & Templeton
[15]. See more details about Kendall’s notation
in Kendall [16]. Medhi [13] obtained an
analytical expression for the customer waiting
time distribution in terms of the steady-state
probability P(0, 0) that there are no idle servers
and no waiting customers. Neuts & Nadarajan
[14] estimated the joint distribution of customer
waiting time and service group size, and also the
distributions of the number of waiting customers
and the number of free servers. Sim & Templeton
[15] derived an exact recursive algorithm to
study the steady-state probability that there are
m idle servers and j waiting customers in the
queue. They also derived analytical expressions
for steady-state system performance measures,
in terms of P(0, 0), which can be computed
using a recursive algorithm. Adan et al. [17]
relaxed the assumption of exponential service
time. In the previously mentioned studies, each
customer takes the same size from the server’s
capacity. In this paper, however, the batch
size depends on the size of pallets (customers)
where different pallets have different sizes. An
analytical expression is obtained for the number
of servers (forklifts) needed for guaranteeing
a certain limit of late percentage. This is only
part of the methodology, which depends on
analytical investigation and simulation.

The arrival rate of job orders is not only
stochastic but also with time-dependent rates.
Sometimes the jobs arrival rate in the middle
of the day is much higher than the rate of jobs
arrival in the evening. Therefore, the needed
workers capacity must vary from time to time.
The study by Massey [18], who analyzed queues
with time-varying rates for telecommunication
models, is an example of a study employing a
time-varying rate. Queueing theory as discussed
in that paper was organized and presented from
a communications perspective. More details
and a survey about time-dependent rates can be
found in a study by Schwarz et al. [19], where
there are several approaches for the performance
analysis of queueing systems with deterministic
parameter changes over time.
In queueing theory, it is common to use the First
Come First Served (FCFS) rule for sequencing
the waiting job orders. However, other service
disciplines are found in practice. Iyer & Jain
[20] modeled the impact of merging capacity
in production-inventory systems where there
are two warehouses. They presented a priority
system in which orders from the lowervariability warehouse are given non-preemptive
priority. They prove conditions under which the
FCFS operating rule failed to achieve a Pareto
improvement over the separate systems because
it increases inventory cost at the lower-variability
warehouse. Moreover, Silva & Serra [21] studied
locating emergency services with different
priorities. In urban medical emergency services,
calls that involve danger to human life deserve
higher priority over calls for more routine
incidents. The performance of an emergency
center may be judged by the number of persons in
queue or by the length of time that a person must
wait. These indicators are strongly correlated
with the number of centers available and with
their locations. In this paper, some job orders
have higher priority over others based on some
priority rules such as decreasing empty driving.
For a queue to be in steady state, the possibility of
service rate must be higher than the arrival rate.
However, in real-life peak periods, the number
of arriving job orders is sometimes higher than
the capacity of forklifts. Therefore, a queueing
system with blocking is used for investigating
this case. This means that the waiting line must
not be longer than a certain limit. An example of
blocking in queueing theory is the study by Roy
et al. [22], in which an autonomous vehiclebased storage and retrieval system (AVS/RS)
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was investigated. In that study, protocols were
developed to address vehicle blocking, and
a semi-open queueing network model was
proposed to analyze system performance and
evaluate design trade-offs. Another example is
the study by Koizumi et al. [23]. In their study,
“blocking” denotes situations where patients are
turned away from accommodations to which
they are referred, and are thus forced to remain
in their present facilities until space becomes
available. Both mathematical and simulation
results were presented and compared.
Numerous studies used very simple assumptions
to simplify the system, hence it can be very
difficult to represent the real situation on the
ground. The majority of queueing theory studies
assumes very simple situations that cannot
be suitable for the forklift-planning problem.
The mathematical derivation in this paper has
special characteristics due to grouping pallets
with different sizes. Little was published about
employing queueing theory to study forklifts
systems, especially when it comes to using
IT infrastructure to send job orders, not using
traditional kanbans, but electronic signals.
Moreover, the system is not a normal pull
system with electronic kanbans, but there is the
possibility to use priority rules for sequencing
job orders according to different criteria. This
study combines queueing theory mathematical
equations with simulation using R Software
with very wide possibilities of combinations
of parameters and options to be a tool for
optimizing the forklifts systems in terms of
capacity planning and job sequencing rules.

3. Problem statement
Usually, forklift system planning in terms of
capacity planning and sequencing rules of job
orders is performed manually. Especially small
and medium-sized companies do so, even
if there is an IT infrastructure immediately
providing data about job orders. However, an
optimized forklifts system may decrease work
force costs, waiting times, line-side inventory
costs, and congestions problems. The forklifts
system contains the following complications,
hence it is very difficult to be analyzed without
simulation:
•
•

Different demand rates from time to time
Different used labor capacities
during the day

•
•
•
•
•
•

Working pauses
Batching (bulking)
Different sizes of load units
Different possibilities of batching according
to the area in which jobs are waiting
Blocking in some peak periods
Different priority rules used

Using simulation, however, can be time
consuming and expensive for small and mediumsized companies. Sometimes, companies have
no license for expensive simulation software,
yet they will need to use simulation in every shift
to estimate the needed capacities. Besides the
fact that R Software is free, another advantage
lies in its capabilities to calculate the results
about capacity upper and lower limits from
the mathematical equations and then using the
results as input in simulation.
A simple way is to upload the Excel file
containing the needed data prepared in a certain
way using the internet browser. The model exists
in the cloud and companies get their results
immediately without seeing the code. One of
the tool’s most important advantages is that it
was developed to be very flexible for different
layouts and parameters.
By using this tool, the following objectives can
be achieved:
•
•
•
•

Minimize total needed capacity (workforce
and maximum number of forklifts)
Minimize empty driving
(lower transportation costs)
Better utilization (driving with the highest
possible forklift capacity by grouping
small pallets into one route)
Enhancing other performance measures
such as delay delivery, average waiting
time per order, average number of orders
waiting in the queue, etc.

4. Methodology
The methodology can be divided into three
major steps:
1.

2.
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3.

Final estimation of the needed capacity of
forklift drivers using simulation and trying
all the values of capacity between upper
and lower limits found in the first step,
and taking into consideration the different
options selected by the user such as the
assumed priority rules.

To handle the problem of different drivers’
capacity during the day, the following two
points are considered:
•

•

Working time was divided by small time
periods (hours). Each hour has the same
arrival rate of job orders and the same
workforce capacity.
The system performance during the
day will almost be the same. If arrival
rate is increased, workforce capacity
is also increased to keep almost the
same performance. Small deviations in
performance are ignored. In this case,
the effect of time-dependent rates can be
alleviated. In some peak periods, however,
the needed demand can be higher than
the forklifts available. In this case, more
workforce capacity must be used directly
after peak periods.

The two boundaries of the needed capacity
(number of drivers and forklifts) found by
equations are as follows:
•

BAVARIAN JOURNAL OF APPLIED SCIENCES

•

The upper limit assumes no batching, the
same size of loading unit, and no breaks.
The lower limit assumes full possibilities
of batching, all waiting batches to be in the
same area, loading time to be independent
from batch size, and pallets that can be
grouped together to have the highest
priority to be loaded first. That means the
FCFS rule is not applied.

4.1. Case study and study assumptions
This study was motivated by a case study where
a company based in Germany uses forklifts to
move materials among 12 departments distributed
on four floors. Lifts are used to move forklifts
among different departments. Each department
has its own inventory locations. However, the
tool developed in this study is flexible to handle
several different layouts without the need for
any adjustments. The company uses six forklifts.
Demand is different from one hour to another
and from one day to another. Therefore, a
flexible capacity plan is necessary. Some drivers

perform only driving and loading activities.
Others are working on other activities besides
using forklifts. Job orders are sent to a central
system, which is connected to monitors fixed
on forklifts displaying the needed jobs and their
origins and destinations. Three different sizes of
pallets are available: small, medium, and large.
A forklift can load a maximum of 4 small pallets,
2 medium pallets, or only one large pallet. It is
also possible, for instance, to load one medium
pallet and two small pallets together. Each driver
usually clicks on the monitor to choose the next
job he wants to work on. His choice is based on
his experience for the best route. Whenever he
finishes a job order, he clicks on the monitor to
save the time point of ending the job. Sometimes
individual job orders are overlooked for a very
long time. The task was to estimate the needed
capacity during the day so that job lead time is
not longer than 2 hours. Five percent of job orders
exceeded this time limit. Another objective was
to check the effect of using different strategies
for prioritizing the different job orders and the
effect on performance measures. Besides this
forklifts system, there is another system using
small trucks for small bins. For example, a truck
can load up to 25 small bins at the same time.
This second system was not considered in this
study.
The main assumptions in the tool are:
•
•
•
•
•

•

Forklift drivers are informed about the
currently needed job orders.
All forklifts have the same capacity.
Workers can do driving, or can also
perform other tasks such as order picking.
One forklift can load one or several
loading units if there is enough capacity
and if all the pallets are on the same route.
If the planned working time of a driver
finishes while he is still working on an
order, he finishes the order before he
leaves.
The forklift can stay at a central station if
there are no new orders, or just wait at the
last destination.

4.2. Upper and lower limits of
workforce needs
Assuming that forklifts can carry only one pallet
with exponentially distributed time of loading,
unloading, driving, and empty driving, and
assuming that the inter-arrival time of job orders
is also exponentially distributed, then we have
the queueing system M/M/C. In this case, the
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on lead time. To try all the possible values of
the size of this pallet is considered to be 100%.
c, upper and lower limits are needed. The value
A complicating feature is that there are different
⌈r⌉, which equals ⌈λ/µ⌉, can be used to find the
sizes of different pallets in the same facility. A
lower limit where ⌈x⌉ is the upper bound of x.
parameter that is very important in the analysis
of the system is the average pallet size, which
This simple initial solution ignores several
characteristics that can increase or decrease the
can be found using equation (3):
needed capacity. For example, the following
𝑋𝑋𝑋𝑋
points decrease the needed capacity:
•
•

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 = � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 ≤ 1

Batching of job orders
Production pause

On the other hand, the following points can
increase the needed capacity:

(3)
Where,

𝑖𝑖𝑖𝑖=1

− X: number of different sizes of pallets

− si: size of pallet i (as percentage of loading capacity of fork

− fi: percentage of demand on pallet i. It can be found by divid
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by the daily demand on all pallets.

Batching should reduce the needed capacity. Assuming for sim
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Where,
𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝
𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠sizes
𝑒𝑒𝑒𝑒 =of�
𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 ≤ 1
• 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒
X: number of
different
pallets
• si: size of pallet i (as percentage
𝑖𝑖𝑖𝑖=1of loading
capacity of forklifts)
• Where,
fi: percentage of demand on pallet i. It can
be found by dividing the daily demand on i
−pallets
X: by
number
of different sizes of pallets
the daily demand on all pallets.

Where L q_batch is the number of batches in the
(3)
queue, L q’ is the number of jobs in the queue,
and Pl is the probability of driving without
utilizing the
full loading
of forklifts.between the num
equation
showscapacity
the relationship
This equation shows the relationship between the
of (pallets)
batchesininthe
thequeue
queue.
number ofnumber
job orders
and If the driver find
the number of batches in the queue. If the driver
he will take the currently available pallets. The
findsequation
pallets that
partrelationship
of forklift capacity
shows
the
between the number
− si: size of pallet i (as percentage of loading
capacity
ofneed
forklifts)
Batching should reduce the needed capacity.
then he will
take bounding
the currently
available
upper
effect
for pallets.
the number of batches
number
batches
inthe
the
If the
finds pa
Assuming
simplicity that
the time needed
for i. It can
Therefore,
theof
system
behaves
as daily
ifqueue.
theredemand
was
an driver
− fi:for
percentage
of demand
on pallet
be
found
by
dividing
on i pallets
this
upper
bounding.
For
example,
if
the
waitin
a batch exactly corresponds to the time needed
upper bounding effect for the number of batches.
he
will
take
the
currently
available
pallets.
Therefo
by
the
daily
demand
on
all
pallets.
for only one pallet, the system has the same
The value 0.5Pl was added to compensate for
formFor
1.5example,
of theifcapacity
forklift (
service time µ, however, with a different arrival
this upper
upperthey
bounding.
thenumber
waitingofofthe
bounding
effect forthat
the
batches.
Batching
should
reduce
the
needed
capacity.
Assuming
for
simplicity
the
time
needed
for Th
rate, which is λʹ indicating the arrival of batches.
orders in capacity),
the queue amount
to
3
pallets
and
they
it is assumed that there are 2 batches. M
Service
time exactly
here means
driving and to
loading/
formthis
1.5for
of the
capacity
of theFor
forklift
(averagehas
upper
bounding.
if the
a batch
corresponds
the time needed
only
one pallet,
theexample,
system
thewaiting
same or
unloading times. In λʹ, any arrival of jobs will
pallet sizeisisalways
50% of greater
forklift loading
capacity),
than one
batch, then Pl = 0, wh
form
of the
(avera
be ignored
batch is
available
is they
assumed
that 1.5
thereof
arethe
Moreover,
serviceuntil
timea complete
µ, however,
with
a differentit arrival
rate,
which
is2 batches.
λ`capacity
indicating
the forklift
arrival of
utilized.
or when a server (forklift) is available to start a
if the number of batches in the queue is always
capacity), it is assumed
that λ`,
there are
2 batches.
More
Service
time here
driving and
loading/unloading
times.
arrival
of jobs
newbatches.
job. This system
is similar
to themeans
lift system
greater
than one batch, then
Pl = 0,In
whichany
means
in which serving one or a group of people will
that is
forklift
loading
isone
fullybatch,
utilized.
0, start
which m
always
greater
than(forklift)
then Pl = to
will be ignored until a complete batch is available
or when
acapacity
server
is available
take almost the same amount of time. The lift
utilized.
starts
when
theresystem
is only one
person ortoa the lift
Number
ofin
arriving
of
a moving
new job.
This
is similar
system
whichbatches
servingwithin
one aorunit
a group
of people
group of people without exceeding the capacity
time (λʹ) Number of arriving batches within a unit of t
will
same
amount of time. The
The lift
moving
when
is only
of the
lift.take
Lateralmost
a range the
for λʹ
is estimated.
samestarts
previous
method
forthere
finding
the one person
The
same
previous
method
for
average number of waiting batches in the queuefinding the avera
or
a
group
of
people
without
exceeding
the
capacity
of the
lift. Later a range for λ` is estimated.
Because pallets come in different sizes, forklifts
can
be applied
for λʹ:
be applied
for λ':
sometimes drive without full capacity. For
Number of arriving batches within a unit of time
𝑋𝑋𝑋𝑋
example, a forklift can leave with two pallets of
The
same
previous
method
for finding
the average
which
one is 50%
and the
otherin
onedifferent
25% of the
Because
pallets
come
sizes, forklifts λ'
sometimes
full capacity.
For n
λ �without
𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
= 0.5𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙 +drive
capacity of forklift. Therefore, the total loaded
for λ':
𝑖𝑖𝑖𝑖=1 and the other one 25% of
example,
a forklift
can
with of
two palletsbeofapplied
which one
is 50%
material
corresponds
to 75%
of leave
the capacity
𝑋𝑋𝑋𝑋 if λ = 2 and average pallet size = 3
forklift. It is important to consider the average
(5)
For
example,
the
capacity
of
forklift.
Therefore,
the
total
loaded
material
corresponds
to 75% of the capacity
percentage of loading material without full
λ' = is0.5𝑃𝑃𝑃𝑃
+
λ
�
𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓
𝑙𝑙𝑙𝑙
𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖
always
thanpallet
1,
then
= 0.6. This
capacity
(Pl) (underutilization
For example,
if λ = 2greater
and
size λ'
= without
of forklift.
It is important percentage).
to consider the average
percentage
of average
loading
material
full me
𝑖𝑖𝑖𝑖=1
For simplicity, assume that the average size of
30%, and if the number of batches in the queue
pallets,
will alsothat
add
the This
rest of loading
capa
percentage).
For
the
average
size= of
capacity
(Pl) is(underutilization
unutilized
capacity
0.5Pl. If, for example,
all
is always
greater but
than
= 0.6.
For simplicity,
example,
if assume
λ1,= then
2 andλʹ average
pallet size
30%,
drives of forklifts are with some unused capacity
means that
the forklift
not1,only
take the
Because
0 <will
𝑃𝑃𝑃𝑃are
then
𝑙𝑙𝑙𝑙 <with
is 0.5Pcapacity
example,two
allis
drives
of forklifts
some
capacity
l. If, forwill
always
greater
than
then
λ' unused
= 0.6. This
means t
then,unutilized
on averagecapacity
50% of forklifts
pallets,
but
will
also add
the1,rest
of loading
𝑋𝑋𝑋𝑋
𝑋𝑋𝑋𝑋
not be utilized. If, however, sizes of pallets are
the waiting pallets in the queue.
then, on average 50% of forklifts capacity capacity
willpallets,
notfrom
bebut
utilized.
If, however,
sizes
of pallets
are
will also
add the rest
of loading
capacity
for example 50%, 75%, and 100%, then it is
λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 <λ' < 0.5 + λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
possible
to consider
the 75%
size
as 100%,
the 100%
0<Pto
then
l<1,
for example
50%,
75%,
and
then it isBecause
possible
75% size
Because
0consider
<
𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙 < the
1, then
𝑖𝑖𝑖𝑖=1
𝑖𝑖𝑖𝑖=1as the 100% size,
size, because it is impossible to combine the
𝑋𝑋𝑋𝑋Since
𝑋𝑋𝑋𝑋
it the
is impossible
with the
75%because
pallet with
50% pallet. to combine the 75% pallet
we50%
wantpallet.
to find
the lower limit of the

λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 <λ' < 0.5 + λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖

considered. Equation (1) can be rewritten to
Assuming for simplicity that batching will
𝑖𝑖𝑖𝑖=1
𝑖𝑖𝑖𝑖=1
not Assuming
affect the service
time andthat
assuming
for simplicity
batching will not drivers):
affect the service time and assuming that
that whenever there is any number of
(6) Since we want to find the lower limit of the num
′
jobswhenever
in the queue
do not
exceed
therethat
is any
number
of the
jobs in the queue that do not exceed
the𝑐𝑐𝑐𝑐 𝑃𝑃𝑃𝑃0
capacity
of forklift
(𝜆𝜆𝜆𝜆′ /µ)
′
considered.
Equation
(1)
can
be
rewritten
to find
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝑇𝑇𝑇𝑇
>
𝑡𝑡𝑡𝑡�
=
𝑒𝑒𝑒𝑒 −(𝑐𝑐𝑐𝑐µ−λ )𝑡𝑡𝑡𝑡
capacity of forklift they will be batched
𝑞𝑞𝑞𝑞
′
𝑐𝑐𝑐𝑐!
(1
−
(𝜆𝜆𝜆𝜆
/µ𝑐𝑐𝑐𝑐))
they
will
be
batched
together,
then
in
order
to
find
the
number
of
batches
in
the
queue
it is
together, then in order to find the number
drivers):
of batches in the queue it is possible to write
where
possible to write

(𝜆𝜆𝜆𝜆′ /µ)𝑐𝑐𝑐𝑐 𝑃𝑃𝑃𝑃0′
′ )𝑡𝑡𝑡𝑡
−1
𝑐𝑐𝑐𝑐−1
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞 > 𝑡𝑡𝑡𝑡� =
𝑒𝑒𝑒𝑒 −(𝑐𝑐𝑐𝑐µ−λ
′
𝑐𝑐𝑐𝑐′
′
𝑛𝑛𝑛𝑛
𝑐𝑐𝑐𝑐!
(1
−
(𝜆𝜆𝜆𝜆
/µ𝑐𝑐𝑐𝑐))
(𝜆𝜆𝜆𝜆
/µ)
(𝜆𝜆𝜆𝜆
/µ)
(4)
𝑃𝑃𝑃𝑃0′ = �
+�
�
𝑐𝑐𝑐𝑐! (1 − (𝜆𝜆𝜆𝜆′ /µ𝑐𝑐𝑐𝑐))
𝑛𝑛𝑛𝑛!
where
𝑛𝑛𝑛𝑛=0

𝑋𝑋𝑋𝑋

(4)

𝐿𝐿𝐿𝐿𝑞𝑞𝑞𝑞_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ = 0.5𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙 + 𝐿𝐿𝐿𝐿𝑞𝑞𝑞𝑞 ′ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖=1

−1
𝑐𝑐𝑐𝑐−1
The effect
0.5Pl
is′ in
notthe
Using
Where 𝐿𝐿𝐿𝐿𝑞𝑞𝑞𝑞_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ is the number of batches in the queue,
Lq' is of
number
of
jobs
queue,
′theomitting
𝑐𝑐𝑐𝑐
𝑛𝑛𝑛𝑛great.
(𝜆𝜆𝜆𝜆
/µ)
(𝜆𝜆𝜆𝜆
/µ)
′
𝑃𝑃𝑃𝑃0 and
= �µ is from 1′ to 30 +
� that the �biggest diff
found
and Pl is the probability of driving without utilizing
the𝑐𝑐𝑐𝑐!full
capacity
of forklifts.
This
(1 −loading
(𝜆𝜆𝜆𝜆 /µ𝑐𝑐𝑐𝑐))
𝑛𝑛𝑛𝑛!
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𝑛𝑛𝑛𝑛=0

server. Furthermore, it was found that an increas
The effect of omitting 0.5Pl is not great. Using simu
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λ' = 0.5𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙 + λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
(5)
is always greater
than
1,
then
λ'
=
0.6.
This
means
that
the
forklift
will
not
only
take
the two
𝑖𝑖𝑖𝑖=1

pallets,
but will
addaverage
the rest pallet
of loading
from
thenumber
waitingofpallets
For
example,
if λ also
= 2 and
size =capacity
30%, and
if the
batchesininthe
thequeue.
queue
A Simulation-Based System for Calculating Optimal Numbers of Forklift Drivers

< 𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙 <
1, 1,
then
Industrial
isBecause
always 0
greater
than
then λ' = 0.6.inThis
meansPlants
that the forklift will not only take the two
𝑋𝑋𝑋𝑋
pallets,
but will also add the𝑋𝑋𝑋𝑋 rest of loading capacity from the waiting pallets in the queue.
λ � 𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓 <λ' < 0.5 + λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
Because𝑖𝑖𝑖𝑖0 𝑖𝑖𝑖𝑖< 𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙 < 1, then
𝑖𝑖𝑖𝑖=1

𝑖𝑖𝑖𝑖=1

(6)

Since
pallet, then two drivers are needed. In this case,
𝑋𝑋𝑋𝑋 we want to find the𝑋𝑋𝑋𝑋 lower limit of the
Since we
findlower
the lower
number ofis required
drivers, tothe
limit
of λ' is
number
of want
drivers,to the
limit oflimit
λʹ isof the simulation
trylower
scenarios
in which
λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 <λ' < 0.5 + λ � 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
(6)
considered. Equation (1) can be rewritten to find
the c value is 2, 3, and 4.
considered. Equation (1)
can be rewritten to find
the needed c value (number of forklifts
the𝑖𝑖𝑖𝑖=1
needed c value (number𝑖𝑖𝑖𝑖=1
of forklifts drivers):
4.3. Priority
rules for
orders
drivers):
Since
we want to find the lower limit of the number
of drivers,
thedifferent
lower limit
of(jobs)
λ' is
A driver starts to serve a certain job order based
′
𝑐𝑐𝑐𝑐
′
(𝜆𝜆𝜆𝜆 /µ)
𝑃𝑃𝑃𝑃0 be rewritten
considered. Equation
(1) can
to findonthe
c rules:
value(Rules
(number
of forklifts
′
the needed
following
are sorted
starting(7)
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝑇𝑇𝑇𝑇𝑞𝑞𝑞𝑞 > 𝑡𝑡𝑡𝑡� =
𝑒𝑒𝑒𝑒 −(𝑐𝑐𝑐𝑐µ−λ )𝑡𝑡𝑡𝑡
′
𝑐𝑐𝑐𝑐! (1 − (𝜆𝜆𝜆𝜆 /µ𝑐𝑐𝑐𝑐))
from the highest priority to the lowest one)
drivers):

where
(7)
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝑇𝑇𝑇𝑇
𝑞𝑞𝑞𝑞 > 𝑡𝑡𝑡𝑡� =

(𝜆𝜆𝜆𝜆′ /µ)𝑐𝑐𝑐𝑐 𝑃𝑃𝑃𝑃0′
′
𝑒𝑒𝑒𝑒 −(𝑐𝑐𝑐𝑐µ−λ )𝑡𝑡𝑡𝑡 −1
′ /µ𝑐𝑐𝑐𝑐))𝑐𝑐𝑐𝑐−1
𝑐𝑐𝑐𝑐! (1
−
(𝜆𝜆𝜆𝜆
(𝜆𝜆𝜆𝜆′ /µ)𝑐𝑐𝑐𝑐
(𝜆𝜆𝜆𝜆′ /µ)𝑛𝑛𝑛𝑛
where
𝑃𝑃𝑃𝑃0′ = �
+
�
�
where
𝑐𝑐𝑐𝑐! (1 − (𝜆𝜆𝜆𝜆′ /µ𝑐𝑐𝑐𝑐))
𝑛𝑛𝑛𝑛!

1.

•

The decision-maker can deactivate any of rules
1 to 4 in the tool.

A job order waiting for longer than a (7)
threshold time value.
2. Job orders coming from departments with (8)
small areas for line-side inventory.
𝑛𝑛𝑛𝑛=0
−1
3.
Bulking: If there are several waiting pallets
𝑐𝑐𝑐𝑐−1
(𝜆𝜆𝜆𝜆′ /µ)𝑐𝑐𝑐𝑐
(𝜆𝜆𝜆𝜆′ /µ)𝑛𝑛𝑛𝑛
and theyoncan
be grouped,
the(8)
The
data
in whichthey
λ' ishave
from
1 to 60
′ effect of omitting 0.5Pl is not great. Using simulation
𝑃𝑃𝑃𝑃0 = �
+�
�
𝑐𝑐𝑐𝑐! (1 − (𝜆𝜆𝜆𝜆′ /µ𝑐𝑐𝑐𝑐))
𝑛𝑛𝑛𝑛!
priority where:
and µ is from 1 to 30 found𝑛𝑛𝑛𝑛=0
that the biggest difference1.	
thatthere
can arise
only an increase
of one
is theis possibility
of loading
The
effect
of omitting it0.5Pl
not great.
simulation
onbigger
in
which
λ' isat from
1 to
60than
(8)
first. of
server.
Furthermore,
was is
found
that anUsing
increase
of 0.5 on
λ'data
canloading
make
aunits
difference
less
2.	
the time needed for loading and
and
from 1 tovalues
30 found that
difference that can arisethe
is only
anofincrease
of one
6%µeffect
ofispossible
if,the
forbiggest
example,
value
µ, theis lower
The
of omitting 0.5Pofl isλ'not
great.
Using µ = 8. The higher
delivering the
whole
group
affectedthis
simulation
on data init which
λʹ isthat
from
to
For example,
if it
server.
Furthermore,
was found
an 1increase
of 0.5 on λ' by
canbulking
make aeffect.
difference
of less than
60 and µ is from 1 to 30 it was found that the
amounts to 10 %, then grouping
6%
of possible
values
if, forisexample,
valuewill
of µ,
the the
lower
this
biggest
difference
that of
canλ' arise
only an µ = 8. The higher
two the
pallets
make
average
increase of one server. Furthermore, it was
service time to equal the average time
found that an increase of 0.5 on λʹ can make a
multiplied by 110%.
difference of less than 6% of possible values of
4. Reducing empty driving time: whenever
λʹ if, for example, µ = 8. The higher the value of
possible, the forklift should start with
µ, the lower this percentage. It is unlikely for the
the closest place to the previous forklift
needed capacity to equal the result in equation
destination.
(7) because of the following reasons:
5. FCFS

•

Loading a batch will take more time than
loading only one pallet.
In the case of several areas with waiting
pallets, it is almost impossible to perform
batching every time because the waiting
pallets are going to different places and are
following different routes. The higher the
number of inventory areas and the more
complex the layout, the higher the chance
of not utilizing batching at its maximum
possibility.

Thus, equation (1) and equation (7) provide
initial estimations for the upper and lower limits
of the number of needed workers. Simulation
can be used to find the results for all scenarios
between these two limits. For example, assume
that service time is exponentially distributed
with an average of 12 minutes, and interarrival time is exponentially distributed with an
average of 5 minutes, then 4 drivers are needed
in the case of no batching at all,. Moreover,
assuming that batching is possible where all the
waiting job orders are in the same area and time
for loading a batch is exactly as for loading a

Line-side inventory
FactorsFactors
affectingaffecting
the response
for a time
job for a job order, i.e. a
the time
response
order, i.e. available man hour capacity, available
forklifts,
capacity,
forklifts,
forklift forklift
loadingloading
capacity,
empty empty transportation t
transportation time, other job orders, and traffic
of forklifts
may increase
jam of forklifts
may increase
line-side line-side
inventory. inventory.
The workplace priority index is used. It can
be dynamic
may change
from one
houristoused.
The and
workplace
priority
index
another. Therefore, it is possible to write:

It can be dynami

another. Therefore, it is possible to write:

(9)

- 361 -

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝ℎ

𝑑𝑑𝑑𝑑ℎ 𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝ℎ ∑𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖=1 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
=
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝑝𝑝𝑝𝑝

Where:
•

PIph: priority index for workplace p in hour h

•

dh: average hourly demand in hour h. In other w
orders in hour h.

•

Oph: percentage of job orders for workplace p in

•

LSICp: capacity of line-side space for workplac

forklifts. For example, if the maximum area capa
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Where:
• PIph: priority index for workplace p in hour h
• dh: average hourly demand in hour h.
In other words, the average arrival rate of
job orders in hour h.
• Oph: percentage of job orders for workplace
p in hour h
• LSICp: capacity of line-side space for
workplace p measured in units of capacity
of forklifts. For example, if the maximum
area capacity is two pallets of a certain
size and forklift can load these two pallets
together, and it cannot take more than
them, then LSICp =1.
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In the case of the percentage of demand for
different workplaces being stable over the day,
Op is used instead of Oph. In this case, the priority
index for each workplace will be the same over the
day. The term “dh Oph” represents the workplace’s
hourly demand in terms of pallets. If it is
available, dph can be used instead. The nominator
represents the hourly demand or arrival rates for
the workplace p in hour h in units of forklifts. If
the index equals one, then, on average, the lineside area will be filled with pallets within one hour
if there are not any forklifts to take these pallets
during that hour. Whenever the priority index for
a certain workplace is more than for example 0.5,
any order coming from that workplace must have
a higher priority.
4.4. Simulation with R
Apart from simulation purposes, R is also used
to perform the theoretical calculations about the
initial limits of capacity needs. It is easy to find
these limits for the c value using R, where all
the possible values are tried until the appropriate
value is found. Therefore, R was used to
perform the whole tool. Performing simulation
with R renders the model independent from
the facility layout as in traditional simulation
software. That saves a considerable amount of
time of simulation development. The data must
be entered into an Excel file in a predefined way
and uploaded via a specific link on the internet,
and then the user can obtain the results.

The package “queueing” can be used to get exact
results for some types of queues. Moreover,
the package “queuecomputer” may be used
to perform simulation of some basic types of
queues. There is the possibility to set variable
server capacity to be used by the package.
Because forklift systems have so many unique
characteristics that make it impossible to directly
use such a package to simulate the system, a new
code has been written to be suitable for such a
system. Some parts of the package code may
also be used. The starting capacity of servers
(drivers) can be set employing the two limits
found in mathematical equations. Because the
arrival rate of job orders is different over the
day, the model must take into consideration
changeable workforce capacity over the day.
For the waiting job orders, the priority rules
in section 4.3 are considered, and performance
measures are calculated. All the parameters and
data can be set by the user him/herself. The user
can for example employ the tool for simulation
instead of optimization. In this case, he/she
must determine a capacity plan. Any one of the
priority rules can be activated or deactivated.
Moreover, bigger pallets can be loaded at first
in the case of batching.
It is important to know that for any system to be
in steady state, ρ that equals λ/µc must be less
than one. Therefore, if λ/µ = integer, then c must
be at least λ/µ+1. In this case, the performance
of the system is usually good and most of the
jobs wait for a short time only. Figure 1 shows
the probability that waiting in the queue takes
longer than a certain time t if λ = µ and if c = 2.
Figure 2 shows the case when λ/µ is an integer
which can be greater than 1, and waiting in
queue is 2 hours. The two figures show the fact
that when λ/µ is an integer and c is set in a way
to turn the system into steady state, then waiting
time in the queue is not very long. For example
if λ=µ=1 and 2<=c<=any value greater than 2,
and if t = 2 hours, then there will be no way
that Pr{Tq>t} is >0.05. Therefore, c=λ/µ+1 can
immediately be chosen.
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Figure 2: Probability that waiting in the queue t is more than 2 hours when c= λ/µ+1
Because the size of capacity is different during
the day, a possible solution to go through
the range between the two limits found by
mathematical equations is to start from the
highest one and then reduce the capacity for
example 5% in each iteration until getting the
lowest possible one. Because capacity must be
integers, upper bounding of the needed capacity
must be done. Because of this upper bounding,
the system performance will not be the same
over the day. There must be some differences
from time to time.
For the case study, data about driving time and
the percentage of different loading packages
was drawn from historical data of more than one

year. The arriving rates, however, are different
from one day to another. Service time was
sometimes found to be exponentially distributed,
and sometimes it follows different types of
distributions. The theoretical equations were
found based on the assumption of exponential
distribution. However, the simulation itself for
values within the range found by theoretical
equations provides the decision-maker with the
possibility to define the appropriate distribution
such as exponential, uniform, normal, etc. for
each different driving time. For example, in
some places where there is a lot of traffic, the
variability in driving time can be high. However,
the variability in other places where there is not
much traffic can be low. For instance, driving
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time can be exponentially distributed from
workstation 1 to workstation 2, and normally
distributed from workstation 2 to workstation
3. There is transportation with forklifts within
the same workstation, especially when it is
relatively large. For example, figure 3 shows
the histogram for the full load driving time

within workstation 5. KolmogorovSmirnov test
was also done and the p-value was found to be
0.112 when testing the exponential distribution
hypothesis. That means that the available
historical data about this driving time show that
it follows exponential distribution.

35
30
Frequency

25
20
15
10
5
0

1

2

3

4

5

6

7

8

and
bigger

Time (min)
Figure 3: Histogram for full load driving within workstation 5

Figure 3: Histogram for full load driving within workstation 5
5. Results and analysis

50% from the total hourly demand. A matrix of
driving times from each workspace to another
based on their origins and destinations was used.
Another matrix was used for empty driving
time. The empty driving time showed a slightly
lower average. Driving time here also includes
the loading and unloading time of pallets.
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In this section, input data are presented and
then the results and their analysis are shown.
The pallets data was as in table 1. Table 2
displays arrival rates of job orders. For the 12
workplaces, demand percentages were variable
and can be 0, 5%, 10%, 20%, 30%, 40%, and

Size (compared to forklift
Pallet types

Percentage of demand

loading capacity)

Small

36.4%

25 %

Medium

57.3%

50 %

Large

6.3%

100 %

Table
Pallets
case study
Table 1:1:
Pallets
typestypes
in caseinstudy
Time

from

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

to

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

4.3

2.7

4

2.7

2.7

2

1.6

1

1.3

5

12

15

15

15

15

15

15

Inter-arrival
time (min)

Table
arrival
Table 2: 2:
JobJob
arrival
rate rate

- 364 -

The following scenarios were tried out by the tool:

For the case study containing 12 workstations,
the calculation time using R Software took
about 1 minute on a normal personal computer.
Results about order fulfillment time (lead time)
are shown in figure 4. Working hours mean the
starting of an hour. For example, the working
hour 6:00 means the time period 6:00-7:00 h.
The average values of order fulfillment time
can be found in table 3. The average values are
almost the same for scenario 1 and scenario 2.
As expected, the performance of the system is
not stable over the day, even if the number of
drivers is variable to alleviate the changes in
demand. This is due to the aforementioned upper
bounding effect for the capacity determined.

Scenario 1: All priority rules are activated.
Scenario 2: Only batching was deactivated.
Scenario 3: Only reducing empty driving was
deactivated.
Scenario 4: Five places have capacity for
line-side inventory of 4 forklifts
capacities.
Batching effect on time was set to be 10%.
The number of iterations was set to be 20 and
no break was considered. Maximum allowable
lead time was set to be 60 min. Only 5% of job
orders were allowed to be late (take more than
60 minutes). No limitation was selected on the
maximum number of used forklifts in any hour.
Moreover, work ends in the middle of the night.

Time (min)

50,0
40,0
30,0
20,0
10,0
0,0

Working Hours
Scenario1

Scenario2

Scenario3

Figure 4: Average hourly order fulfillment time over the day for different scenarios

Scenario4

Figure 4: Average hourly order fulfillment time over the day for different scenarios
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NumberNumber
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1
0

1
0

Working Hours
Lower Limit

10
9
108
97
86
75
64
53
42
31
20

Optimal Hours
Upper Limit
Working

Working Hours
Lower Limit

Lower Limit a. Optimal
Scenario Upper
1 Limit

Lower Limit b. Optimal
Scenario Upper
2 Limit

b. Scenario 2

1
0
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Lower Limit

NumberNumber
of drivers
of drivers

NumberNumber
of drivers
of drivers

a. Scenario 1
10
9
108
79
68
57
46
35
24
13
02

Optimal Hours
Upper Limit
Working

10
9
8
10
7
9
6
8
5
7
4
6
3
5
2
4
1
3
0
2
1
0

Working Hours
Optimal Hours
Upper Limit
Working

Working Hours
Lower Limit

Lower Limit c. Optimal
Scenario 3Upper Limit

Optimal Hours
Upper Limit
Working

Lower Limit d. Optimal
Scenario Upper
4 Limit

Figure 5: Optimal number
drivers
c.of forklift
Scenario
3 versus theoretical upper and lower limits d. Scenario 4
Figure 5: Optimal number of forklift drivers versus theoretical upper and lower limits

Figure 5 shows capacity variable levels. The
scenario 3. One new performance measure was
optimal
level
of
capacity
is
the
lowest
level
of
which is
the standard
deviation
Figure 5: Optimal number of forklift drivers versusadded,
theoretical
upper
and lower
limitsof waiting
capacity that does not cause a lead time to be longer
time. It is higher for scenario 1, when the option
than the maximum allowed one with a probability
for reducing empty driving was activated. This
of 95%. That means only 5% of orders can take
is due to the simulation model trying to find the
an order fulfilment time which is longer than the
closest workstation for the forklift on the expense
maximum allowed one. It is clear that in all the
of the job orders waiting for longer times, but
different scenarios, the capacity level is within the
being for farther workstations. Therefore, the late
expected theoretical range. The level of capacity
orders percentage is higher in scenario 1. Thus,
in scenario 2 was the highest. An interesting point
the decision-maker may want to deactivate this
in table 3 is that the number of needed forklift
option to get the lowest man hour and that may
drivers was found to be the lowest in scenario
reduce the maximum needed forklifts. This is
3. To explain that, table 4 shows a comparison
especially useful when there are maintenance
between the optimal iteration in scenario 1 and a
tasks for forklifts.
previous iteration in which the man hour is 41 for
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Performance Measures
Scenario 1 Scenario 2 Scenario 3 Scenario 4
1.92
2.97
2.97
3.14
Percentage of late orders (%)
17.32
17.07
23.04
19.14
Average order fulfillment time (min)
13.12
13.03
18.68
14.99
Mean waiting time in queue (min)
41
44
35
41
Man hour
83.65
86.9
86.86
84.59
Utilization (%)
951.17
1051.45
873.8
988.63
Total empty driving time (min)
4
3.99
5.71
4.54
Average number of orders in the queue
6
7
5
6
Maximum number of forklifts
Table
3:
performance
measures
for
different
scenarios
Table 3: performance measures for different scenarios
Scenario 3
Scenario 1
Previous
Iteration
Performance Measures
Optimal Iteration
1.92
0.33
Percentage of late orders (%)
17.32
16.96
Average order fulfillment time (min)
13.12
12.75
Mean waiting time in queue (min)
12.28
9.66
Standard deviation of waiting time (min)
41
41
Man hour
83.65
83.64
Utilization (%)
951.17
1054.35
Total empty driving time (min)
4
3.85
Average number of orders in the queue
6
6
Maximum number of forklifts
Table
4:
Performance
measures
comparison
for
scenario
1
and
scenario
3
for
the
same
man
Table 4: Performance measures comparison for scenario 1 and scenario 3 for the same man hour value
hour value

Conclusion
In this paper, a forklift material handling system
was analyzed to find the optimal capacity
levels over the day and the best priority rule
for sequencing the job orders. The analysis
depends on performance measures such as man
hour, waiting time, lead time, and percentage of
delayed orders. Queueing theory and simulation
were used to find the best parameters of the
system. Even though the study considered a
case study for obtaining results, its methodology
can be applied to other environments in which
forklifts are used. It has been assumed in this
study that workers work on driving, or might
also do driving from time to time as well as
other tasks such as order picking. Another
limitation lies in the theoretical mathematical
equations where service times and interarrival times are assumed to be exponentially
distributed. However, the tool provides the
decision-maker with the possibility to choose
other types of distributions in simulation, such
as normal, uniform, and triangular distributions.
Results showed that batching orders has a
significant effect on enhancing performance
measures. Results also showed that trying to

decrease the needed empty driving times might
not be the optimal decision because it increases
the variability in waiting times. It is therefore
recommended for future research to find other
priority rules that consider waiting times. That is
possible when the IT infrastructure allows that
by informing drivers about the optimal sequence
of job orders via monitors attached to forklifts.
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