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Abstract— When robot maintenance impedes the operation
of other robots in a seaport container terminal, the operational
efficiency is reduced. Therefore, robot reliability is necessary.
In this paper, we propose a reactive robot control system with
hybrid operational models for flexible and efficient container
handling in consideration of robot reliability. For this purpose,
we focus on three operational models in the states of normal,
preventive, and corrective maintenance in order to utilize the
mutual substitutability of the operation among robots. By
applying hybrid operational models, each robot is able to
respond to the dynamically changing states reactively. Finally,
we discuss the effectiveness of the proposed system in a seaport
container terminal.

Index Terms— Reliability, preventive and corrective main-
tenance, reactive robot control, hybrid operational models,
mutual substitutability, AGV, ATC.

I. INTRODUCTION
In a seaport container terminal system, there are various

types of robots [1]. Robot reliability is a particularly serious
concern due to the fact that the system is subjected to salt
erosion. The reliability of an item is expressed by the prob-
ability that the item will perform its required function under
given conditions for a stated time interval [2]. In research that
deals with flexible manufacturing systems (FMSs), system
reliability has already been investigated from the viewpoint
of the endurance and fault tolerance of robots (machines)
[3] [4]. Savsar has described the importance of preventive
and corrective maintenance for system reliability [5]. On the
other hand, few investigations of seaport container terminal
systems consider reliability; one of these studies by Hoshino
et al. deals with the reliability design of operating robots
[6], and another, by Bruzzone et al., deals with container
logistics node design [7]. However, although operating robots
are preventively maintained on the basis of the degree of
reliability, robot failure has not been considered at all [6].

In an actual seaport container terminal system, in order
to minimize the loss of operating efficiency even when a
robot undergoes maintenance, a large number of robots are
readied and used on the assumption that operating robots fail
fortuitously. However, such a policy increases the required
number of robots, and, therefore, the initial investment.
Therefore, in this paper, we approach this issue from the
system management side.

Fig.1 shows an automated transportation system that is
called a horizontal automated guided vehicle (AGV) trans-
portation system in a seaport container terminal. The ef-
fectiveness of the system has been shown compared to the
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Fig. 1. Horizontal AGV Transportation System in a Seaport Container
Terminal (top view)

vertical one by controlling the operating robots efficiently
[8]. Thus, we address and manage the horizontal system
considering efficient maintenance of the operating robots.

II. SEAPORT CONTAINER TERMINAL
A. Horizontal AGV Transportation System

In the horizontal AGV transportation system shown in
Fig.1, quay container cranes (QCCs) at the quay side,
automated transfer cranes (ATCs) at the container storage
yard side, and AGVs for container transport between the
quay and yard sides are in operation. In this paper, we
refer to the AGV and ATC as operating robots. Since
each robot has a radio communication device, the robots
are able to share their information with neighbors based
on the distributed blackboard, namely, “sign-board” model
[9]. A container storage location consists of a 320 [TEU
(Twenty-foot Equivalent Unit)] container space. There are
three QCCs at the quay side, and two ATCs of different
sizes are operating at one location.

While Qiu and Hsu et al. have focused on a transportation
system with a bidirectional path layout to take into account
inter-berth operations [10] [11], in this paper, we focus on
a unidirectional path layout because the layout is suitable
for more conflict-free container routing even if a simple and
feasible routing rule for the system automation is applied.
Thus, we do not address a multiple berth scenario, such as a
traffic pattern of distributing into and gathering from different
berths.

B. Container-Handling Operation
We limit container movement to one-way flow, i.e., from

the quay side to the yard side in the course of container



loading, transport, transfer, and storing operations as follows:
1) A QCC loads a container from the container ship to

the AGV.
2) The AGV transports the container from the quay side

to a destination location in the container yard.
3) Right after the AGV goes into an adjacent yard lane

to the location, an ATC is called.
4) The AGV begins container transfer to the ATC after

the ATC arrives at the position.
5) The AGV that has completed transferring goes back to

a QCC.
6) The ATC to which the container has been transferred

stores it at the storage position.
The effectiveness of the container assignment and order

scheduling methods has been shown by the authors [12] [13].
Thus, the operating robots perform container-handling tasks
as follows: regardless of the operational state, the tasks are
equally given from three QCCs; in other words, containers
are equally loaded onto the AGVs by the QCCs. In addition,
the containers are equally assigned to each location in the
container storage yard. The tasks are all scheduled so that
the total moving distance of the ATCs is minimized.

III. CHALLENGES
Fig.2 shows the container-handling simulation result with

the AGVs and ATCs. Fig.2(a) indicates the throughput of
an ideal system in which, although the operating robots
are not maintained preventively, they do not fail at all.
Fig.2(b) indicates the throughput of a system in which
preventive maintenance of the operating robots and corrective
maintenance for a failed robot are done. Here, the MTBFs
(Mean Time Between Failures) of the AGV and ATC in the
simulation (Fig.2(b)) are 50 and 40 hours, respectively. From
the results shown in Fig.2(a), it is evident that the throughput
increases as the number of AGVs and ATCs increases, and,
then, the throughput converges at 130 [TEU/hour]. On the
other hand, from the results shown in Fig.2(b), it is evident
that the maximum throughput is less than 120 [TEU/hour];
sometimes the throughput does not converge. In addition, it
is clear that the throughput decreases significantly due to the
maintenance activity.

These results denote that the system shown in Fig.2(b) is
insufficient for a system in which the operating robots have
to be maintained in consideration of robot reliability. Hence,
for the realization of efficient and flexible container handling,
we address the following challenge:

• Even in a case in which a robot has to be maintained
due to decreased operational function or failure, ideally,
the system should continue operation as efficiently as
possible without interruption, as shown in Fig.2(a).
Hopefully, this is done by controlling other robots and
preventing the system from being obstructed by the
robot undergoing maintenance.

For this challenge, we focus on operational models in
order to utilize the mutual substitutability of the operation
among robots that have similar functions. We define the
system operational states as follows: 1. normally operating,
2. preventive maintenance, and 3. corrective maintenance,
and develop suitable operational models for the three states.
By applying the developed hybrid operational models, each
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Fig. 2. Container-Handling Simulation Result: System Throughputs

robot is able to respond to the dynamically changing states
1 ∼ 3 reactively. This is a reactive robot control system that
takes reliability into account.

IV. ROBOT RELIABILITY
In this paper, we assume that the probability density

function on the time span of a normally operating robot in the
system follows an exponential distribution. Thus, the failure
rate of the operating robot (λ(t)) at time t is constant (see
Eq.(1)). Each operating robot, on the basis of the failure rate,
λ0, fails fortuitously. Furthermore, the degree of reliability
(R(t)), which is the probability that the robot has not failed
by time t, is derived from Eq.(2). Therefore, based on the
degree of reliability, each robot stops operating and enters the
preventive maintenance mode when its degree of reliability is
under a threshold value. In other words, we decide the robot
preventive maintenance timing t on the basis of R(t). The
initial MTBF of the operating robot, MTBFinit, is derived
from Eq.(3).

λ(t) = λ0 (1)
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Fig. 3. AGV Operational Model in the Preventive Maintenance State

R(t) = e−λ0t (2)

MTBFinit =
∫ ∞

0

R(t) dt =
∫ ∞

0

e−λ0t dt =
1
λ0

(3)

From Eq.(1), Eq.(2), and Eq.(3), the failure rate (λ(t)) and
degree of reliability (R(t)) can be derived from the recip-
rocal number of the initial MTBF (MTBFinit). Moreover,
we consider that the initial MTBF of the robot decreases
according to the cumulative operation time (thour), as seen
in Eq.(4), where x denotes a reduction factor. Hence, λ(t)
and R(t) are repeatedly calculated from the renewed MTBF.

MTBF (thour) = MTBFinit − x × thour (4)

V. REACTIVE ROBOT CONTROL WITH HYBRID
OPERATIONAL MODELS

A. Operational Model in the Normal State

In the normally operating state, the robots are controlled
with the use of the operational model as follows: the AGV
selects the shortest lane to the destination and does not
change the destination and lane while moving. The ATC has
its own operation area on the location, and, thus, the ATC
does not operate in another ATC operational area.

B. Operational Model in the Preventive Maintenance State

Since there are a limited number of maintainers, in this
paper, only one AGV and one ATC in the preventive main-
tenance mode are maintained. Hence, in a case in which
multiple AGVs and ATCs enter the preventive maintenance
mode at the same time, it is necessary to preventively
maintain the robots efficiently in order to take advantage of
the mutual substitutability of the operation among robots.

As for the AGV, if an AGV is preventively maintained on
every transport lane, the AGV becomes an obstacle to other
AGVs. To solve this problem, we parallelized the system by
providing a maintenance shop as shown in Fig.3. By doing
this, the system is able to keep operating except in a case
in which all AGVs are in the maintenance mode and go
to the maintenance shop. Here, an AGV that arrives at the
maintenance shop first is maintained according to the First-In
First-Out (FIFO) rule.

On the other hand, since there are two ATCs at one
location, even if an ATC at the location is in the preventive
maintenance mode, another ATC is able to perform its
task instead by sharing their operation areas. Fig.4 shows
container transfer and storing operations among the AGVs
and ATCs in a case in which one ATC at the location enters
the preventive maintenance mode. In Fig.4(a), two ATCs
are normally operating; then, in Fig.4(b), one (small) ATC
is in the preventive maintenance mode at the edge of the
location. For this situation, if the other (large) ATC is in a
standby state, the ATC moves to support the other’s operation
with the waiting AGV (see Fig.4(c)) in communication with
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Fig. 4. ATC Operational Model in the Preventive Maintenance State

the small ATC. However, if both ATCs at the location are
in the preventive maintenance mode at the same time, the
flow of incoming AGVs is disrupted on the adjacent yard
lane to the location. As a result, the whole system operation
might be interrupted. To solve this problem, we developed
the following preventive maintenance rules:

• If there is a location where two ATCs are both in
the preventive maintenance mode, one of two ATC at
the location is selected for maintenance according to
priority.

• If either ATC operates at every location, an ATC that
enters the preventive maintenance mode first is main-
tained by rotation.

C. Operational Model in the Corrective Maintenance State

It is difficult to completely prevent the accidental failure
of the operating robot even if they are maintained for
prevention regularly. Therefore, as well as the operational
model in the preventive maintenance state, we consider an
operational model in order to take advantage of the mutual
substitutability of the operation. In this paper, we focus on
operational models in the quay and container storage yard
sides, where there are multiple lanes. In communication with
each other on a communication lane, an AGV is able to
identify whether any failed AGVs or RTGCs exist in the
quay and container storage yard sides.

1) Operational model in the quay side:
• If there is a failed AGV at a destination (QCC) or

on the lane, the normally operating AGV changes
the destination to another QCC closest to the current
destination as a new destination according to priority
and selects a new lane.

• However, if there are several QCCs that have same
priority, the AGV changes the current destination to a
QCC located on the yard side and selects a new lane
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as well in consideration of the moving distance of the
AGV.

Fig.5 shows an example of the operational model when
an AGV fails in the quay side. Here, in the quay side, there
are three QCCs operating on three quay lanes (QLs). Fig.5(a)
shows that the quay side destination (QD) of an AGV moving
on the (red) communication lane is QD 3. However, the AGV
notices that a failed AGV exists on QL 3 in communication
with AGVs; hence, the AGV changes the destination from
QD 3 to QD 2 and selects QL 2. Fig.5(b) shows a case
in which, although the AGV on the communication lane is
moving to destination QD 3, there are failed AGVs on QLs
3 and 2. In this case, the AGV changes the destination to
QD 1 and selects QL 1.

2) Operational model in the yard side:
• If there are failed ATCs and AGVs at a destination

(location) or on the lane, the normally operating AGV
changes its destination to another location closer to
the current destination from the locations located on
the quay side in comparison to the current destination
according to priority and selects a new lane.

• However, if there are failed ATCs and AGVs at every
location or on every lane located on the quay side,
the normally operating AGV changes the destination
to another location closer to the current destination
from the locations located on the land side according to
priority and selects a new lane.

• The container transfer and storing points at a location
are not changed even if the destination is changed.

Fig.6 shows an example of the operational model in a case
in which the AGVs and ATCs failed in the container storage
yard. Fig.6(a) shows that the yard side destination (YD) of
an AGV moving on the (red) communication lane is YD 3,
located at the adjacent 3rd location to the yard lane (YL)
3. However, the AGV notices that there is a failed AGV on
YL 3 through communication with other AGVs and ATCs;
hence, the AGV changes the destination from YD 3 to YD
2 from the candidates YD 1, 2, 4, and 5 and selects YL 2.
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In Fig.6(b), there are one failed ATC at the first location and
failed AGVs on YL 3 and 2. In this case, the destination is
changed to YD 4, and then YL 4 is selected as well.

VI. SIMULATION EXPERIMENT
A. Experimental Condition

The initial MTBFs of the AGV and ATC are 50 and 40
hours, respectively. These are minimum parameters given in
our previous work [6]. Each operating robot is preventively
maintained at time t when the degree of its reliability is less
than 0.9, that is, R(t) ≤ 0.9. The R(t) of a robot, which
was once preventively maintained, is reset to one (R(t) = 1).
Here, the initial degree of reliability of each operating robot
at the start of a simulation is given randomly as follows:
0.9 < R(t) ≤ 1.0. Moreover, as for Eq.(4), the MTBF of
each robot is decremented by 0.1 (reduction factor: x = 0.1)
for the cumulative operation time (thour).

As for preventive maintenance, we assume parts inspec-
tion, consumable parts replacement, and main parts replace-
ment; thus, 0.3∼0.5 [hour] for the AGV and 0.2∼0.4 [hour]
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Fig. 7. Comparison Result of Systems ((I), (II), and the proposed one) on the Basis of the Throughputs

for the ATC are required. These preventive maintenance
times are randomly determined. As for the failed robots,
0.5∼1.0 [hour] for the AGV and 0.4∼1.0 [hour] for the
ATC are required for their correction. These corrective
maintenance times are also determined randomly.

The total number of containers in a container ship, that is,
the number of tasks, is 600 [TEU]. Here, because there is
a 320 [TEU] container space at one location, two locations,
i.e., at least four ATCs, are needed in the system. In this
experiment, we do a 10-time simulation for 10 incoming
container ships with 600 [TEU] containers. The maximum
numbers of AGVs and ATCs used in the container-handling
simulation are 30 and 20, respectively.

As for the performance of the AGV for the container
transport, the maximum traveling speeds are given as 5.56
(loaded) and 6.94 (empty) [m/s] depending on the presence
of a container. The acceleration and deceleration speeds
are 0.15 and 0.63 [m/s2] regardless of the presence of a
container. The maximum moving speed of the ATC is 2.5
[m/s], and the acceleration and deceleration speeds are 0.1
and 0.4 [m/s2], respectively. The container loading time by
the QCC, the container transfer time from the AGV to the
ATC, and the container storing time by the ATC, which are
described in II-B, are 60, 30, and 30 seconds, respectively.

To discuss the effectiveness of the proposed reactive robot
control system with the developed three hybrid operational

models, we compare the proposed system to (I) the ideal
system, in which, although the operating robots are not
preventively maintained, they do not fail at all with the use of
the operational model described in V-A (see Fig.2(a)), and
(II) a system in which, although the operating robots are
preventively maintained with the use of the two operational
models described in V-A and V-B, they are not efficiently
controlled in the corrective maintenance state (see Fig.2(b)).

B. Simulation Result
Fig.7 shows the comparison result of the systems on the

basis of the throughput. The blue (and diamond-shaped) plot
denotes the throughput of the ideal system (I); the red bar
graph denotes the throughput of the system (II); and the
white bar graph denotes the throughput of the proposed sys-
tem, in which the operating robots are reactively controlled
even in the corrective maintenance state by switching three
hybrid operational models, described in V-A, V-B, and V-C.

From the result, for the system in which the robots, which
have to be maintained for the prevention and correction in
consideration of the reliability, are operating, we can see
that the proposed system throughput for the all combination
of AGVs and ATCs is higher than the throughput of the
system (II). From the results of Fig.7(d) ∼ Fig.7(f), we
obtained several higher throughputs near the ideal system
throughputs. This is because the robots failed on the lanes



TABLE I
INCREASE OF THE SYSTEM THROUGHPUT

Number of Average Max. Min.
ATCs (locations) [TEU/hour] [TEU/hour] [TEU/hour]

4 (2) 6.0 12.3 0.9
6 (3) 7.5 15.0 2.6
8 (4) 9.2 16.6 1.9

10 (5) 7.5 16.7 2.1
12 (6) 9.2 20.5 2.4
14 (7) 7.8 17.2 4.0
16 (8) 8.6 14.2 1.3
18 (9) 6.4 13.0 1.0
20 (10) 5.4 11.6 2.1

in the quay or yard sides. In addition, the other operating
robots successfully responded to the corrective maintenance
state with the third operational model. These results indicate
that the robots are successfully controlled with the use of
the hybrid operational models. On the other hand, we also
obtained several throughputs near the throughputs of the
system (II), e.g., as shown in Fig.7(a) with 26 AGVs. The
reason for this result is that there were AGVs that failed on
a single lane, such as the communication lane, and not on
multiple lanes, such as the quay and yard lanes. In this case,
it is needed to develop the fourth operational model on a
single lane to avoid a failed robot.

C. Effectiveness of the Proposed System
Table I shows the increase of the throughput of the

proposed system relative to the throughput of system (II)
on the basis of the result shown in Fig.7. To discuss the
effectiveness of the proposed system, the increase of the
throughput is calculated after the throughput of the ideal
system with a certain number of AGVs becomes nearly flat
(see blue and diamond-shaped plots in Fig.7). In other words,
the increase of the throughput when the number of AGVs is
more than 20 in the result of Fig.7(a) and 17 in other results
Fig.7(b) ∼ Fig.7(i) is examined. In the table, “average”
represents the average value of the difference between the
proposed system throughput and the system throughput of
(II), “max.” represents the maximum value of the difference,
and “min.” represents the minimum value of the difference.

From Table I, we can see that the increase of the proposed
system throughput is 5.4 ∼ 9.2 (average), 11.6 ∼ 20.5 (max.),
and 0.9 ∼ 4.0 (min.). The average increase of 9.2 [TEU/hour]
produces an increase of 100 [TEU] container volume within
10 hours of system operating time. From the result of the
maximum value, the increase in container volume within 10
hours of system operating time was up to 200 [TEU].

Furthermore, we can see that the proposed system is
particularly effective when the 6 ∼ 16 ATCs were used. This
is because the number of yard lanes increases or decreases
according to the number of locations in the container storage
yard. In the proposed system, since the robots perform the
given tasks by switching three hybrid operational models
reactively, the AGVs could not change and select their
destinations and lanes appropriately in a case in which there
were few yard lanes in the yard side, e.g., four ATCs and two
lanes (locations). As a result, the increase of the throughput
was comparatively low. In a case in which 18 or 20 ATCs
were used, i.e., there were 9 or 10 yard lanes and locations,
the AGVs did not go into the yard lane successively even if

an AGV or ATC failed on the yard lane or location because
the tasks are assigned to each location equally for the AGVs,
as described in II-B. Hence, the increase of the throughput
was low in the system with many ATCs. However, from the
result that the entire throughput was higher than that of the
system (II), finally, the effectiveness of the proposed system
in the dynamically changing states was shown.

VII. CONCLUSION
In this paper, we proposed a reactive robot control system

with hybrid operational models in a seaport container termi-
nal considering the robots’ reliability. We developed oper-
ational models in the normal, preventive maintenance, and
corrective maintenance states in order to utilize the mutual
substitutability of the operation among robots. In the system,
each robot was able to respond to the dynamically changing
states reactively with the use of the hybrid operational
models. Finally, for flexible and efficient container handling,
we showed the effectiveness of the proposed system through
a simulation experiment.

In future works, we will additionally take into account:
(I) a multiple berth scenario in the systems which consist
of a bidirectional path layout by developing more complex
container routing rule and (II) a fluctuation of the lulls and
peaks in the workload for the robots in the maintenance of
them, for a highly efficient system.
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