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Abstract

In today’s fluctuating business environment, flexibility, responsiveness, and reconfigurability in the field of warehousing systems are key
characteristics as well as the level of automation, cost effectiveness and maximum throughput. The miniload multishuttle system represents
relatively a new scalable automated storage and retrieval solution which provides considerable flexibility for adapting throughput capacity to
meet market needs. The miniload multishuttle system comprises autonomous vehicles (shuttles), lifts, and a system of rails that facilitate
movement of the vehicles in the x and y dimensions in a tier. In this new technology, the shuttles can be moved between different tiers by
means of shuttle lifts. Especially in large and complex material flow systems, the modeling problem arises with the interactions between
transactions and the collisions between shuttles. An agent-based simulation approach that differs from discrete-event simulation (DES) offers
an alternative way to model the autonomous control of the multishuttle system. This research develops a simulation model for the miniload
multishuttle order picking system using the multi-agent modeling approach. The main objective of this paper is to create a detailed simulation

model and to evaluate the performance of the system in order to support in design process of miniload multishuttle order picking systems.
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1. Introduction

Intralogistics systems are defined as a combination of
organization, controlling, execution and optimization of the
in-house material and information flow [1]. Classical criteria
in the design process of intralogistics systems are
minimization of costs (by means of e.g. maximal utilization of
resources), quality of service (order lead time, timeliness,
error levels), flexibility (ability to cope with changing process
parameters, such as order structure or article structure) and
scalability (ability to grow with increasing system load) [2].
All of these design criteria in the field of intralogistics are key
challenges for the industry, especially in dynamic and
uncertain environments. This dynamic environment is
characterized by a wide variety of products, fluctuations in
demand, and increased customer expectations in terms of
quality and delivery time. To deal with these increasingly
challenging issues, firms need to develop strategies that

provide the flexibility to succeed in uncertain environments.
However, it seems to be difficult to achieve within the rigid,
specific and specialized world of automated material handling
systems [3] which offers static and inflexible hardware
solutions for the main functions of intralogistics systems. At
this point, autonomous vehicles have been widely adopted as
a key component to intralogistics systems in order to improve
adaptability by physical flexibility in disposition, routing and
space consumption.

Automated storage and retrieval systems (AS/RSs) are
major material handling systems that have been widely used
in warchousing for storing and retrieving finished products
and parts [4]. In its most basic depiction, the basic
components of an AS/RS are storage racks, a crane (or,
equivalently, S/R machine), and input/output (I/O) stations.
The benefits of AS/RSs include low labor cost, enhanced
space exploitation, improved material tracking and high
system throughput [5]. Although AS/RS technology can

2212-8271 © 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

Selection and peer-review under responsibility of the International Scientific Committee of “The 47th CIRP Conference on Manufacturing Systems”

in the person of the Conference Chair Professor Hoda EIMaraghy”
doi:10.1016/j.procir.2014.01.041


https://core.ac.uk/display/81929664?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

476

achieve high throughput and fast response times in many
material handling applications, classic AS/RS systems have
limitations, such as limited flexibility and autonomy by the
physical build-up of the system. The traditional design is a
single shuttle that can carry a pallet or handling unit. In order
to increase the throughput capacity of the system, multishuttle
AS/RSs have been developed in recent years [6]. The
miniload multishuttle system represents relatively a new
scalable AS/RS solution which provides considerable
flexibility for adapting throughput capacity to meet market
needs. While there is usually just a handful of an automated
crane in conventional AS/RS, there are a higher number of
coordinated vehicles in the multishuttle system to fulfil the
storage and retrieval orders.

Especially in large and complex material flow systems,
numerous questions arise both on the design and control
levels. From a design perspective, the system configuration is
often complicated by large varieties of products needing
storage, varying areas of required storage space and drastic
fluctuations in product demand [7]. Large-scale, complex or
highly dynamic environments make the systems too complex
to be evaluated analytically. Especially, automated storage
and retrieval systems are difficult to model analytically
because they incorporate interactions of many subsystems [8].
For this reason, simulation is used as an important decision
support tool to analyze all the processes and interactions of
the warehouse that are complex, dynamic and stochastic in
nature. Most of research on warehouse simulation ( [9], [10],
[11]) uses discrete-event simulation approach to model the
operations of a warehouse or the dynamic behaviors of the
system are expressed using mathematical techniques.
However, using such models, it is difficult to model the
autonomous vehicle's control. Multi-agent systems [12],
which are composed of different interacting computing
entities called agents, offer an alternative way to design and
implement simulation of intralogistics systems based on
multishuttles and autonomous control.

In this paper, we develop a multi-agent simulation model
to evaluate the performance of a miniload multishuttle order
picking system. The main objective of our research is to
introduce the application of a statechart-based model for the
new generation multishuttle systems in which the shuttles can
be moved between different tiers. The remainder of this paper
is organized as follows. In Section 2 the architecture of the
system and control structure is presented. We describe the
multi-agent simulation model of miniload multishuttle order
picking system in Section 3. Finally, details of the
implementation and evaluation results are given in Section 4.

2. System description and control structure

Since throughput capacity is a concern with AS/RS,
multishuttle systems have been developed for automated
storage and retrieval of cartons or small parts in order to
increase the throughput capacity of a system. This system
comprises autonomous vehicles (shuttles), lifts, and a system
of rails that facilitate movement of the vehicles in the x and y
dimensions in a tier. In this new technology, the shuttles can
be moved between different tiers by means of shuttle lifts.
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Figure 1 illustrates an example of a multishuttle with lift and
one aisle rack system used in the storage area.

Fig. 1. The multishuttle automated storage/retrieval system

Figure 2 shows the structure of the miniload order picking
system under study (mentioned in [13] and [14]). The order
picking system can be classified as a part (or product)-to-
picker system. Three main areas can be distinguished, namely
the storage area, workstations, and conveyor. At the
workstation, the picker picks a number of required items from
the product tote based on customer order and puts them in an
order tote. A conveyor loop is used to transport the product
totes between the storage area and workstations.
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Fig. 2. Miniload multishuttle order picking system

The storage area consists of multiple levels of racking,
shuttles, and buffer conveyors. It is essentially automated with
multishuttles to serve two main functions, namely the storage
and retrieval of product totes. Multishuttle system is an
important goods to person material handling technology.
Currently, one storage crane works all vertical levels within
the storage aisle in conventional AS/RS. However, in next
generation of multishuttle technology, each vertical level in
the storage system is concurrently serviced by an autonomous
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vehicle or vehicles can be moved between different levels by
means of shuttle to process transactions across all levels [15].
Besides, the system can be expanded with changing the
number of vehicles in a fixed storage configuration based on
as throughput requirements.

The retrieved totes are put on the output buffer in the
storage area, waiting to get access to the central conveyor
loop to be sent. The central conveyor loop transports product
totes to the picking stations. To ensure that there will be
sufficient storage spaces at the rack system for the returning
product totes, the replenishment product totes are given less
priority than returning product totes in the enter point of
conveyor.

Each of the five workstations in the system consists of two
input buffers and one output buffer as shown at the bottom of
Figure 2. Once product totes arrive at the order picking
workstation, they form queues on buffer conveyors. In our
case, a picker always completes an order before starting to
pick items for the next order. After the required product tote is
available, the picker then picks a number of required items
from the product tote and put the item(s) into an order tote
when a product tote reaches its assigned picking station. After
item picking, it is possible that the product totes becomes
empty or the number of product in a tote may be under the
safety level. In that case, the empty product tote will be put on
the take-away conveyor along with the finished order totes to
be sent to the replenishment area. If the product tote still
contains any items left, the tote will be returned to the storage
area using the central conveyor loop. The destination storage
point for a returning product tote is the same point from which
it was retrieved. After the product totes reach the input buffer
of the assigned storage area, they wait for the multishuttle to
store them into the miniload racks.

3. Proposed agent based modelling for the miniload
multishuttle system

Especially in large and complex material flow systems,
numerous questions arise both on the design and control
levels. Furthermore, highly dynamic environments make
systems too complex to be evaluated analytically. For this
reason, the simulation is used as an important decision
support tool to analyse all processes of the warehouse that are
dynamic and stochastic in nature. They are commonly used to
model decentralized controls where a large number of
heterogeneous objects with individual behaviours and their
interactions with other objects have to be considered [16]. A
typical agent-based model has three elements [17]:

e A set of agents, their attributes and behaviours.

e A set of agent relationships and methods of interaction:
An underlying topology of connectedness defines how
and with whom agents interact.

e The agents’ environment: Agents interact with their
environment in addition to other agents.

Developing an agent-based simulation (ABS) requires
identifying, modelling, and programming these elements. In
ABS, the model consists of a set of agents that are

autonomous and self-directed. The main features of agents are
the capability to make independent decisions, their ability to
perform flexible actions in a dynamic and unpredictable
environment, as well as their pro-activeness depending on
motivations generated from their internal states [18]. One of
the fundamental principles of these simulations is to design
the agent’s behaviour, which is described by simple rules or
more abstract representations [17]. An agent’s behaviour
relates the information that comes through interactions with
other agents and with the environment.

Agent-based modelling (ABM) can be performed either by
using programming languages or by using a readily available
simulation software packages that address the special
requirements of the agent modelling. Several ABM tools has
been developed presenting different functionalities, graphical
interfaces and also programming languages such as Repast,
Swarm, NetLogo and Mason. We refer the reader to the
surveys in [19] and [20] for a much more detailed
information. In this research, the simulation model has been
implemented in AnyLogic™, which is Java based simulation
software that support discrete-event, system dynamic and
agent-based modelling approaches [21]. One major advantage
of AnyLogic is that it allows the user to create a simulation
model combining differential equations, discrete events and
agent based modelling. These combination possibilities make
it a very interesting tool for simulation of complex systems.
Another reason to use AnyLogic is the possibility to use Java
code at any place of the program and object oriented structure.
This allows great freedom to expand the feature set of the
tool.

The developed simulation model is composed of a set of
agents that communicate with each other and with the
environment via messages. In order to design agents and
specification of their behaviours, statecharts are used.
Statecharts are basically directed graphs where different kinds
of nodes represent states and edges characterise transitions
[22]. A state can be considered as a set of reactions to external
events that determine the object’s situation. The transitions
within the statecharts are triggered by certain events, such as a
message, an arrival, a condition, or a timeout. When a
transition is triggered, the agent leaves its current state,
initiates the actions specified for that transition, and enters a
new state [23].

3.1. Simulation model

Figure 3 shows a screenshot of developed simulation
model including the storage area with lifts, the closed loop
conveyor, and order picking stations. To model the
multishuttle miniload order picking system, a combined
Discrete Event (DES) and Agent Based Simulation is used.
The different developed agents consist of multishuttle agent,
lift agent, and order manager agent. All these agents have
their own characteristics and behaviours. The agent
implementation in the model is based on the statecharts, the
set of rules, and functions. Figures from 4 to 6 depict the
statecharts modelling respectively the behaviours of order
manager, multishuttle and lift agents.
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Fig. 3. The screenshot of 2D simulation model developed in AnyLogic for the
miniload multishuttle order picking system
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In Fig. 4 the statechart modelling for order manager agent +

is illustrated. Boxes in this figure show the possible states and
the arrows show the possible transitions. The square shapes in
the chart represent branches (decision nodes). The order
manager agent can be one of three states: “initial” state,
“assignBox” state and “selectBox” state. There are three
branches between three states to check the order, the task type
and free MSM agents. The transitions between states are
modelled by the timeout, the message and the condition. The
“Initial” state represents the state where the order manager Multishuttle
agent waits for a new customer order. A new order will cause J J—
the statechart to follow the first branch. At the second branch,

the order manager agent checks the multishuttle availability.
Then it controls the task like retrieval or storage. Once the
task is defined, the order manager agent communicates with
the multishuttle agents by sending a message and assigns the
order to a free multishuttle.
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Fig. 4. State transition model of the order manager agent

c)  The retrieval process

Fig. 5. State transition model of the multishuttle agent
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The multishuttle agent statechart is depicted in Fig. 5. The
multishuttle agent template consists of three main blocks for
the retrieval process, the storage process, and moving home
location process. As the block depicted in Fig. 5-a is used for
moving home location, the block in Fig. 5-b is used for the
storage process. The multishuttle agent starts at their home
location. While in the state idle, it waits for a new order
request. Each multishuttle agent checks the order pool with
the “Check Request” timeout transition. If there is a request,
they change their state based on the location of the requested
box. If the box is at a different level, multishuttle agents
change its state to the “move to lift” state and then they move
through the /ift agent. The decision of where to drive next is
made when the current task is completed and the next state is
triggered by the arrival transition. Some of the state changes
are connected by passing messages. As soon as the
multishuttle agent reaches the lift, it communicates with the
lift agent by sending a message. The transition from the
“move to lift” to the “get right lift” state is triggered by the
arrival transition and the agent moves to the destination tier
vertically. The state of multishuttle agent is changed to “take
entity” state with a message received from the /ift agent. Once
the requested order is picked from the storage area, the agent
executes the “move to lift” state again and the multishuttle
agent moves to the lift. When the agent finishes the retrieval
transaction, the multishuttle executes the “driving home” state
if there is not a storage transaction and moves back to his base
location.

Lift

waitingForTask

A
checkTask

reachLevell reachLevel

loadAgent

moveTarget

entityLeave

moveLevel

agentLeavel

Fig. 6. State transition model of the lift agent

In Figure 6 is shown the statechart for modelling the
behaviours of the /ift agent. A queuing system has been
implemented for the /ift agent. The /ift agent template consists
of two main blocks which use a very similar logic. In the right
block, the multishuttle agent will be moved to the target tier to

pick the requested order. The left block is used to move the
multishuttle from its level to the input buffer of an aisle. The
lift agent is in the “waitingForTask” state by default and
transitions into the “move” state when a multishuttle is ready
to move to the destination tier. If the lift is not in the
“waitingForTask™ state, the multishuttle agent is added to a
queue list of the lift. When the moving destination level task
is completed, the next state is triggered by the arrival
transition. The transition between the “agent leave” and the
initial state is triggered by timeout. Other related warehouse
operations are modelled by using DES.

4. Simulation experiments and results

In this section, we will use the developed agent-based
simulation model in order to analyze the performance of the
multishuttle order picking system under different scenarios. In
particular, we are interested in system’s throughput (d) and
average cycle time per order. The miniload-workstation order
picking system is triggered by orders that enter the system at
any time. An order is composed of order lines, where each
order line consists of a particular item type. In other word, an
order line represents a Stock Keeping Unit (SKU) type and
the required amount of items for that SKU. It is assumed the
warehouse stocks a total of 600 SKUs, which are provided in
boxes.

Table 1. The order type structures used in the experiment

Order Single Two Three Four
Structure Order Line Order Line Order Line Order Line
A % 40 % 40 % 10 % 10
B % 40 % 20 % 20 % 20
C % 25 % 25 % 25 % 25

Customer orders are modelled as independent Exponential
arrival processes with 80 order/hour and the target throughput
per hour is assumed 80 orders. The order size varies between
1 and 6 units and generated from a uniform distribution. To
show the effect of different size of order on the performance
of the system, the order structure is varied in the number of
order lines as shown in Table 1. The exemplary order picking
system consists of a shelving system with 5 tiers, 5 aisles and
specially developed 3 workstations. Each aisle is served by 2
multishuttles. Number of buffer places per buffer lane at one
workstation and the aisle is 4. For each scenario, 15
replications are run with a random seed and simulation results
represent the mean of these replications.

Table 2. Performance comparisons of different simulation scenarios

Order Structure A B C
Average cycle time 106 (sec) 120 (sec) 126 (sec)
Orders per hour 94 84 79

Fig. 7 shows the cycle time and order lines for 50 sample
orders under the order structure A. One interesting result
obtained for the cycle time against the number of order lines
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is that the cycle time of single line order can be higher than
the cycle time of four line order. This is because all
multishuttles can be busy if there are boxes waiting to be
stored on the buffer of the storage area. Table 2 shows the
influences of different order structure on the expected cycle
time and throughput performance of the system. As it can be
seen in Table 2, the order structure impacts the mean order
throughput time. As the probability of three and four order
line increases, the throughput per hour decreases. Under order
structure A and B, the system achieves the target throughput.
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Fig. 7. Number of order line and cycle time per order for order structure A
5. Conclusion

The evolution in intralogistics systems put forward new
challenging requirements. Today, flexibility, reconfigurability
and high availability are important as well the level of
automation, cost effectiveness, and maximum throughput. In
recent years, the new generation multishuttle systems have
been developed for automated storage and retrieval of cartons
or small parts in order to increase the flexibility and
throughput capacity of a miniload order picking system.
Discrete-event simulation is one of the methods commonly
used to represent the real situation that occurs in a system.
However, discrete event simulation is not suitable to be used
in order to analyse the model of autonomous behaviours.

In this paper, we propose an agent-based simulation model
for the miniload-multishuttle order picking system to evaluate
the performance. The results show that the order structure has
a significant impact on the performance of the system.
Furthermore, agent-based simulation approach proposes a
powerful tool in modelling of complex multishuttle systems
that takes advantages of agent properties. The simulation in
this study has assumed a simplified control strategy. This
study can be extended in many directions by considering
different control policies such as storage location assignment.
The rack design and the optimization of number of
multishuttles are the focus of future work.
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