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Abstract Due to globalization and the growth of international trade, many container
terminals are trying to improve performance in order to keep up with demand. One
technology that has been proposed is the use of Automated Guided Vehicles (AGVS)
in the handling of containers within terminals. Recently, a new generation of AGVs
has been developed which makes use of cassettes that can be detached from the AGV.
We have developed an agent-based simulator for evaluating the cassette-based system
and comparing it to a more traditional AGV system. In addition, a number of different
configurations of container terminal equipment, e.g., number of AGVs and cassettes,
have been studied in order to find the most efficient configuration. The simulation re-
sults suggest that there are configurations in which the cassette-based system is more
cost efficient than a traditional AGV system, as well as confirming that multi agent
based simulation is a promising approach to this type of applications.
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1. Introduction

The transport of containers is continuously growing and many container terminals
(CTs) are coping with congestion and capacity problems. For instance, the number of
Twenty-foot Equivalent Unit containers (TEUS) shipped world-wide has increased
from 39 million in 1980 to 356 million in 2004 and growth is projected to continue at
an annual rate of 10 per cent till 2020 [1]. Often due to both physical and economic
constraints, big container ships are calling on just a few larger ports from which smaller
container ships will “feed” containers to other ports in the region. Thus, the number of
containers being transhipped is increasing.

There is pressure on the management of ports and CTs to find more efficient ways
of handling containers and increase CT capacity. Traditional methods for increasing
capacity, such as expanding the CT are often not feasible. Thus, other solutions to in-
crease the efficiency and capacity are considered, including the use of automation, e.g.,
Automatic Stacking Cranes and Automated Guided Vehicles (AGVs) which may also
reduce the operational costs for CTs [3].

The first AGV system was introduced in 1955 for horizontal transport of materials
and AGVs were first used for transporting containers in 1993 at the Delta/Sea-Land
terminal located in Rotterdam. There has been much research conducted in various
areas incorporating AGVs and CTs (cf. Vis [4], for a comprehensive literature review
on AGVs). In two European Union sponsored projects; IPSI (Improved Port Ship Inter-



face) and INTEGRATION (Integration of Sea Land Technologies), a system for han-
dling containers using cassettes and AGVs has been developed but to date has not been
used in a CT [5]. The cassettes are steel platforms detachable from the AGV and on
which containers can be set. A possible advantage of using cassettes is their ability to
act as buffer, since containers can be placed on it without an AGV being present. Fig-
ure 1 shows an IPSI AGV and illustrates the different parts of a CT.

Figure 1. An IPSI AGV transporting a cassette loaded with two containers (left) and a
sketch of a container terminal (right).

To evaluate this new development in container handling, we will compare the IPSI
AGV system to a “traditional” AGV system, which will be referred to as T-AGV. We
perform a comparative analysis of the transport of containers between ship-side opera-
tions to the operations in the stacks located in the yard . We also study the effect of the
number of cassettes allocated to the IPSI AGV. The developed model can also assist in
analyzing aspects, such as, crane assignment to ship and AGV assignment to cranes.

Because of complexity and capital and construction costs, simulation models have
been used for understanding behaviour and testing strategies in CTs, e.g., see [6], [7]
and [3]. We have developed a multi-agent based simulator (MABS) for comparing the
performance of the two AGV systems according to a number of criteria, e.g., service
time for a ship, utilization rate for the CT equipment, and operating cost. The choice of
using MABS is based on the versatility in simulating complex systems and perceived
simplicity in the structure preserving modelling of the different entities in a CT. Pa-
runak et al. [2] compared macro simulation and micro simulation approaches and
pointed out their relative strengths and weaknesses. They concluded that “...agent-
based modeling is most appropriate for domains characterized by a high degree of lo-
calization and distribution and dominated by discrete decision. Equation-based model-
ing is most naturally applied to systems that can be modeled centrally, and in which the
dynamics are dominated by physical laws rather than information processing.” As a CT
has a high degree of localization and distribution and is dominated by discrete decision,
we found agent-based modeling a promising approach worthy to investigate.

The remainder of the paper is organized as follows; in section 2 a description of the
problem is provided. In section 3, the methodology and model is presented. Section 4



provides a description of the simulation experiments. The results are presented and
discussed in section 5. Conclusions and future work are provided in section 6.

2. Problem Description and Model Assumptions

A CT is a place where ships will be berthed so that containers can be unloaded and/or
loaded by Quay Cranes (QCs). The CT are often viewed as an interface for transport of
containers between modes of transport linking the landside with the marine-side [9]. In
addition, CTs can serve as temporary storage in the transhipping of containers from one
ship to another ship. Ship owners often demand a fast turn-around time since more time
for sailing imply more opportunities for extra voyages and more revenue. Further, from
a logistics perspective, improving the transport of containers within the CT may help in
decreasing the total transport time and cost of transporting cargo in containers. CT
managers seek to meet requirements of fast turn-around time and try to optimise the
use of their terminal resources, such as, quay cranes for which the capital costs can be €
7 million or more [10], and transporters, such as AGVs. Many CT managers view the
interface between the QCs and the yard as the most critical planning problem [11].

In the scenario studied, a ship arrives at a CT with a number of containers to be
unloaded and another set of containers are loaded onto the ship before it departs. The
unloaded containers are to be transported from the QC area to stacks in the yard and the
containers to be loaded are picked-up from stacks and transported to the QC area. We
will refer to the QC areas where containers are stored temporarily as the Buffers. The
transportation between the buffers and the stacks is carried out by AGVs (either T-
AGVs or IPSI AGVs with their accompanying cassettes) and we call the time it takes
to perform it (including the return without container(s) as well as the load and unload-
ing operations) the AGV cycle time. This definition is similar to the one used in a study
comparing a Straddle Carrier system with an Automated Stacking Crane system by Vis
[12]. The stacks are located in different areas of the yard and therefore have varying
distances to the QC, implying different transport times. We model this by letting the
AGV cycle time have random component for each transport. We also consider the time
for the unloading and loading of containers from and to a ship by a QC, called the con-
tainer handling time.

The technical specifications of the two AGV systems considered are presented in
Table 1. The IPSI AGV is slightly faster than a T-AGV and has a higher loading capac-
ity as containers cannot be stacked on the T-AGV. The lifting time for an IPSI AGV
(the time for it to move under a cassette and lift it off the ground for transporting) is
approximately 15 seconds. The T-AGVs do not have a corresponding lifting time since
containers are directly loaded on top of them. The initial purchasing cost is provided by
industrial partners and serves as an estimate.

Table 1. Specifications of the AGV systems (kr = Swedish kronor)

IPSI AGV T-AGV
Speed (both empty and loaded) 20 km/h 15 km/h
Capacity 82,000 kg 55,000 kg
Maximum container capacity that | 4 TEU (either 4 x 20’ 1 TEU (one 20’ container) or
can be transported or 2 x 40 containers) 2 TEU (one 40’ container)
Initial purchasing cost 4,5 million kr 2,7 million kr
Additional costs (one cassette) 8,000 kr Not applicable




3. Methodology and Simulation Model

In our model there are entities which have a number of attributes and operations associ-
ated to them and some of which can communicate with each other. The entities of the
real world that we model are: ships, QCs, their buffers, AGVs (IPSI AGV or T-AGV),
cassettes and containers. These entities (in some cases including the persons operating
them) have to coordinate with each other to complete the main task, which is the
unloading/loading a ship. Therefore we model the AGVs, the buffers and the QCs as
agents, which. during the simulation perform their task in parallel, replicating the ac-
tivities in real world CTs. The simulation model was implemented using DESMO-J, an
open source library for the JAVA programming language [14]. DESMO-J provides a
runtime process based simulation engine that can be used to map port entities to soft-
ware entities and to simulate the coordination of these process.

The entities use the Contract Net protocol to coordinate tasks. This protocol is used
because of its ability to distribute tasks and self-organise a group of agents [15]. The
protocol is suitable since our model describes tasks that can be characterised as hierar-
chical in nature and are well-defined. The Contract Net protocol implies that one agent
will take the role of a “manager”, which initiates a job to be performed by one or more
other agents. The job may require that a number of participating agents respond with a
proposal and the manager will accept a proposal and confirm it to a selected agent and
reject the other proposals. This protocol seems to closely reflect the operational deci-
sions that are made by the actual workers in the CT, especially when a foreman will
communicate via radio with drivers and QC operators. In our case, the buffer agents act
as “managers” of the Contract Net protocol and the AGV agents are bidding and per-
forming the jobs.

The system that we have modelled is illustrated in Figure 1 (right-hand side). We
have focused on modelling the operations that involves the QCs and the AGVs that
transfer containers between the quay and stacks. The main difference between the IPSI
AGV and the T-AGV is the absence of cassettes. The containers need to be placed di-
rectly on the AGV in the T-AGV system. A QC will wait for an available T-AGV to
place a container on it rather than placing the container on the ground and then having
to later pick it up and place it on a T-AGV, in order to reduce extra moves by the QC.
We have followed a general simulation process as described by Law and Kelton [8] and
therefore we are testing a prototype with real data.

The entities that are modelled are:

=  Ship: contains the containers.

= Quay cranes: used to unload and load the containers.

= AGVs (IPSI AGVs or T-AGVs): used to transport container, from/to QC
from/to a container stack.

= Buffer: Pick-up and drop-off area behind the QC that temporarily stores con-
tainers on cassettes or AGVSs.

= Cassettes: A set of cassettes bound to a QC.

= Containers

As mentioned earlier, the QCs, Buffers and the AGVs are modelled as agents,
whereas the ships and cassettes are modelled as objects.



3.1 Quay Crane (QC) Agent

The QC is responsible for the unloading and loading the containers from and to the
ship. The number of QCs serving a ship is specified by the user. Each QC has the fol-
lowing attributes:
e asetof AGVs (IPSI AGVs or T-AGVSs) assigned to it
o aset of cassettes (for the IPSI AGVs)
e a buffer area where its cassettes or T-AGVs can be placed for load-
ing/unloading containers
e container handling time for (un)loading a container. In a real CT the container
handling time will vary for each container, which we simulate by a computer-
generated random number using a linear congruence method chosen in a range
specified by the user.
Moreover, the following are recorded for each QC:
e the number of containers unloaded from the ship and loaded to the ship
e the time it has been working (not including the idle time).
A QC performs the following functions
e When unloading, the QC will unload a container from the ship if there is a
cassette (or T-AGV) with free space in the buffer area. If not, it waits until
there is one available.
e When there are containers to be loaded available in the buffer area, the QC
will load one container at a time to the ship.
e The QC finishes working when there are no containers to be unloaded or
loaded for the ship.

3.2 Buffer Agent

A buffer is assigned to a specific QC and the buffer is responsible for allocating free
AGVs to either pick-up a container and move it or move empty (to pick-up container(s)
at another location). The buffer is also responsible for the QC to stop unloading if there
is no cassette available or the cassette is full and to stop loading if there is no containers
available on cassettes or on AGVs. The Buffer agent will communicate with the AGVs
and assign an AGV that is free to pick up a cassette (for the IPSI-AGV). Once a cas-
sette is available the buffer agent will ask the QC to start working. When using T-
AGVs, the buffer agent tries to find a free T-AGV and assign a container to that T-
AGV. If no T-AGV is free then it waits until a T-AGV is free at the buffer. Pseudo-
code describing the unloading and dispatching strategy of the buffer agent for the cas-
sette-based system is given below:

WHILE still containers to unload DO
IF cassette available that has room for more containers THEN
Ask QC to unload a container and place it on cassette
Ask all AGVs for their status
Wait for status reports
IF AGV idle THEN
Ask that AGV to fetch the loaded cassette
ELSEIF cassette is full THEN
Ask QC to stop unloading



REPEAT
Ask all AGVs for their status
Wait for status reports
UNTIL at least one AGV is idle
Ask the idle AGV to fetch the loaded cassette
ENDWHILE

33 AGV Agent (IPSI AGV and T-AGV)

Each QC has a number of AGVs assigned to it. This value is specified by the user be-
fore the start of the experiment. An AGV is responsible to transport containers between
a QC Buffer and container stacks. Each AGV has the following attributes:
o astate (“free” or “busy”)
e acycle time for transporting a cassette/container from the buffer to the stack
and return back to the buffer. Or vice versa during the loading phase. In a real
CT the AGV will have varying transport times, which we simulate by a com-
puter generated random number using a uniform method chosen in a range
specified by the user.
Moreover, the following are recorded for each AGV:
e the number of containers transported to/from the stack
e the time it has been working (not including the idle time).

4. Experiment Description

The input parameters are stored in a text file from which the simulator reads the pa-
rameters. The output of the simulation is a set of files which contains information of all
events taken place during the simulation. A trace file contains the overall performance
of each QC, AGV and cassette involved in the simulation. The performance criteria
that are used for evaluating and comparing the CT transport systems are:

e Service Time: is the time it takes to complete the unload/load operations for a
ship, also known in the maritime industry as “turn-around time”.

e Ultilization Rate: Active time / Service Time (Active time + Idle time). Active
time is the time a piece of CT equipment is busy, e.g. moving a container from
the QC to a stack, and Idle time is the time that it is not working. The utiliza-
tion rate for the following equipment is recorded: QC, AGV and Cassette.

e Throughput: Avg. number of containers handled per hour during Service time
for: QC, AGV and Cassette

e Total Cost: Equipment cost for serving a ship is calculated in the following
ways (OPEX = operating cost per hour for a unit of CT equipment):

- QC: number of QCs x OPEX for QC x Service Time.

- AGV: number of AGVs x OPEX for AGV x Service Time.

- Cassette: number of cassettes x OPEX for Cassette x Service Time.
- Total Cost: QC costs +AGV costs + Cassette costs

4.1  Scenario Settings

The scenario settings were based upon data provided by industrial partners. The results
from the simulations are average values. Thus, a sufficient number of runs are needed



in order to get a valid estimation. The cycle times used in the simulation have been
determined from prior analysis in which the stack distances and maximum speeds of
the AGVs were tested. We used an approximation method to calculate the minimum
number of simulation runs required in order to obtain results from a simulator with
small enough statistical errors. The approximation method [16] has been applied by Vis
et al. [17] in vehicle allocation at a container terminal. In this method, data from a lim-
ited number of replications is used to approximate the required minimum number of
replications in the actual experiment (denoted i) such that the relative error is smaller
than y (0 <y <1) with a probability of 1-o.. The i value can be calculated from:

— 2
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where S%(i) is the variance of the trial sample, z, _,, is the 1-o/2 percentile of the

normal distribution, i(l) is the trial sample mean value, and y'=y /(1 + ). Based

on our trial sample we found that to obtain the error smaller than 2% (y < 0.05) with a
probability of 95% that the number of generated replications would be sufficient at 100
for all experiments conducted in this paper. In the simulation experiments, we use the
settings listed in Table 2 for serving a single ship.

Table 2. Settings experimented in the simulator for a single ship

AGV Type

Input Settings for Scenario IPSI AGV T-AGV
No. Containers 493 493
No. QCs 3 3
No. Cassettes assigned to an QC for each IPSI AGV 1-4 n.a.
No. AGVs per QC 1-5 1-5
Container handling time for QC 1-2 min 1-2 min
Travel cycle time for AGV 3-6 min 3-5 min

An “average ship” is used in which 493 containers are to be either unloaded or loaded,
and there are 3 QCs to serve the ship. Each QC is assigned 1 to 5 AGVs and has a con-
tainer handling time randomly generated for each container ranging between 1 to 2
minutes. The numbers of cassettes are from one to four per IPSI AGV. Each IPSI AGV
has a travel cycle time that is randomly generated for each cassette transported ranging
between 3 to 6 minutes. The T-AGVs posses a random travel cycle time ranging be-
tween 3 to 5 minutes. Cycle time for the IPSI AGV includes the lifting of a cassette,
transport it from a QC to a stack, detach the cassette and then return to the QC with an
empty cassette; or the cycle time for the opposite direction, i.e., transporting from the
stack to the QC. Cycle time for T-AGVs is similar to IPSI AGVs but does not have a
lifting time or transport a cassette.

5 Simulation Results

Simulation experiments were conducted to evaluate various combinations of allocated
terminal resources three QCs. Ship service time results are presented in Figure 2, for
different number of AGVs and cassettes used (the exact values are given in Table 3).
They suggest that ship service time is generally faster for IPSI AGVs than for T-AGVs.




When three or more IPSI AGVs with two or more cassettes each, the service time is
close to its smallest value and instead the capacity of the QCs becomes the bottleneck.
Ship service time results for the T-AGV system are similar to the IPSI AGVs when
assigned with one cassette. The ship service time appears to be faster after two IPSI
AGVs are assigned with two or more cassettes, average ship service time is 5,13 hours.
The fastest ship service time is 4,10 hours when using four cassettes and either four or
five IPSI AGVs. The use of an additional IPSI AGV when using four cassettes appears
not to influence the ship service time.

Ship Service Time in |

T-AGV
1 Cassette
2 Cassettes

3 Cassettes

4 Cassettes
Number of AGVs 5

Figure 2. Simulation results for ship service time.

Table 3. Average ship service times (and standard deviation).

No. AGV T-AGV 1 Cassette 2 Cassettes 3 Cassettes 4 Cassettes
1 10,03 (0,14) 10,08 (0,12) 9,85 (0,13) 9,45 (0,14) 9,23 (0,13)
2 7,15 (0,05) 7,03 (0,06) 5,13 (0,06) 4,90 (0,07) 4,78 (0,06)
3 4,65 (0,06) 4,58 (0,07) 4,32 (0,05) 4,23 (0,06) 4,23 (0,06)
4 4,33 (0,06) 4,30 (0,06) 4,27 (0,07) 4,15 (0,06) 4,10 (0,06)
5 4,20 (0,06) 4,20 (0,06) 4,18 (0,06) 4,13 (0,07) 4,10 (0,06)

From the simulation experiments, we can compare the QC utilization rates in Table 4.
Generally, we see that the more transport equipment is available, the higher is the QCs’
rate of utilization. The rate of QC utilization becomes close to one when using three or
more IPSI AGVs with at least two cassettes per AGV.



Table 4. Comparison of QC Utilization Rates

No. AGVs T-AGV 1 Cassette 2 Cassettes 3 Cassettes 4 Cassettes
1 0,41 0,41 0,42 0,43 0,44
2 0,57 0,58 0,80 0,84 0,86
3 0,88 0,89 0,95 0,97 0,97
4 0,95 0,95 0,96 0,99 1,00
5 0,98 0,98 0,98 0,99 1,00

AGYV Ltilization rates are presented in Table 5. We see that the utilization rate is close
to 1 when only one AGV is used, that is, the QC is able to keep the AGV busy. When
more AGVs are added, the utilization rate decrease and the AGVs spend more time
being idle. In comparing T-AGVs with the IPSI AGVs, there is a recorded higher level
of utilization when IPSI AGVs each have two or more cassettes. Utilization rates for
the IPSI AGVs decrease in smaller increments as the number of cassettes increase.

Table 5. Comparison of AGV Utilization Rate (IPSI AGV and T-AGV)

No. AGVs T-AGV 1 Cassette 2 Cassettes 3 Cassettes 4 Cassettes
1 0,957 0,962 0,995 0,997 0,991
2 0,687 0,673 0,939 0,971 0,983
3 0,659 0,680 0,730 0,755 0,744
4 0,543 0,559 0,570 0,575 0,578
5 0,477 0,484 0,476 0,469 0,468

An increase in the number of cassettes and AGVs adds extra capacity for transporting
containers. The extra capacity provided by cassettes may be viewed as a ‘floating
buffer’, which allows the IPSI AGVs to decouple the load of containers on a cassette
and fetch another cassette. This activity assists in lessening the idle time of the QCs so
that they can be more productive. Thus, from the above results one can conclude that it
is useful to introduce a certain amount of IPSI AGV and cassettes in the simulation to
make the crane busy throughout the simulation. As crane operating cost is higher than
the AGV operating cost, these results can be helpful for CT management in deciding,
e.g., how many cranes, IPSI AGVs and cassettes to be allocated to a ship. We shall
now compare operating costs for the different configurations.

In Table 6 and Figure 3 the total operating costs for employing the CT equipment is
presented. In determining the total operating costs the hourly operating cost is multi-
plied by the number of CT equipment type employed, which is then multiplied by ship
service time. The assumed hourly operating costs (including depreciation, maintenance,
labour and fuel) used in the calculations are (in Swedish kronor per hour):

e QC: 905 kr/hour

e T-AGV: 43 kr/hour

e IPSI-AGV: 60 kr/hour
e  Cassette: 0,50 kr/hour



Total Costs

T-AGV

1 Cassette

2 Cassette

Number
of

Number of AGVs 5 # Cassetee Cassettes

3 Cassette

Figure 3. Total operating costs for serving a ship.

Table 6. Total operating costs for serving a ship.
No. of AGVs T-AGV 1 Cassette 2 Cassettes 3 Cassettes 4 Cassettes
28 535 kr 29 206 kr 28 545 kr 27 400 kr 26 786 kr
21 257 kr 21 649 kr 15816 kr 15112 kr 14 766 kr
14 424 kr 14 939 kr 14 090 kr 13 837 kr 13 856 kr
14 001 kr 14 796 kr 14 707 kr 14 330 kr 14 182 kr
14 112 kr 15 215 kr 15 186 kr 15 035 kr 14 945 kr

A|B|WIN|F-

In comparing the total operating costs, the addition of more AGVs and cassettes
leads to lower costs up until three IPSI AGVs and three cassettes are employed. The
total costs when adding further equipment increase, but the time gained do not com-
pensate for the extra cost. Thus, from a cost perspective the best choice in the scenario
studied would be to use three IPSI AGVs with three cassettes each. From a ship service
time perspective, on the other hand, an additional AGVs and an additional cassette for
each AGV would give even better results (but inly slightly). Thus, a CT manager
would have to make the final decision of how to balance the quality of service provided
with the total costs.

6 Discussion, Conclusion and Future Work

The simulation experiments have provided much insight into the properties of various
terminal equipment types that can be used in container terminal operations. The cas-
sette-based system posses some advantages in that it can act as a ‘floating’ buffer,
meaning that it can allow the QCs to keep unloading/loading and not having to wait for
an AGV to be available. Waiting time is lower for the QCs and thus they are obtaining
better utilization rates. The initial results from the prototype AGV simulator provide
some interesting observations useful for determining the number of machinery units to



allocate for serving a ship. The simulation experiments that we have conducted are also
creating further questions that require more investigation. Naturally there is a trade-off
to be expected between service time and the costs for purchasing and operating equip-
ment.

Compared to traditional simulation approaches, the MABS approach can provide
finer granularity in modelling the entities and having them communicate and coordi-
nate amongst other entities. In particular, we found this useful in the studied application
where the characteristics of different types equipment need to be captured, and where
equipment is distributed in physical space and the need to coordinate their activities is
essential. More generally, we argue that MABS seems a promising technology for
evaluation and comparison of different automation approaches. Elder [13] mentions
some general advantages of simulation methods over applying queuing theory. In addi-
tion, we found it difficult to use queuing theory to model activities such as the AGV
dispatching strategies (in this study carried out by the Buffer agent) that are used when
applying cassette-based systems.

For future work we would study other models for container handling time by the QC
and the cycle time for AGVs (e.g., including stoppages caused by malfunctioning
equipment, etc. which affects the productivity at a real CT). Another topic worth study-
ing is different dispatching strategies for allocating containers to AGVs and cassettes.
We plan to extend the model in several directions, e.g., including the unloading/loading
taking place at the stacks, more detailed modelling of the AGV movements, etc.
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