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In highly dynamic and uncertain transport conditions, transport transit time has to be continuously monitored so that the service
level is ensured at a proper cost. �e aim of this research is to propose and to test a procedure which allows an agile planning
and control of transport 	ows in port logistic systems. �e procedure couples an agent-based simulation and a queueing theory
model. In this paper, the transport scheduling performed by an agent at the intermodal terminal was taken into consideration. �e
decision-making agent takes into account data which is acquired in remote points of the system. �e obtained results indicate the
relevance of continuously considering, for the transport planning and control, the expected transit time and further waiting times
along port logistic systems.

1. Introduction

Disturbances of internal or external origin can impact the
reliability of freight transport. In this case, unreliable trans-
port service generates ine
ciencies associated with not only
an increase in costs but also a reduction in the service
level. Among the disorders which can impact the stability
of transport 	ows two stand out: tra
c congestion due to
the increasing tra
c of vehicles and delays in the decision
making process. Notwithstanding these occurrences which
indicate capacity constraints, it is likely that the overall
logistic infrastructure is still not used optimally in full.

Infrastructure issues of road access can impair the oper-
ational e
ciency of the entire port sector, thus becoming
an obstacle for social and economic national development
[1]. According to Hijjar and Alexim [2], when port access is
ine
cient, the entire cargo transport operation is damaged
because bottlenecks in the entrance of the port terminal
can result in delays and extra need for storage, therefore,
increasing the total logistic cost. To sum up, issues in port
access directly a�ect the e
ciency of terminals, exporting
companies, and transportation costs. Chin and Tongzon [3]
a
rm that logistic infrastructure makes up a vital link in

the overall chain of commerce, contributing to the interna-
tional competition of a nation. Bittencourt [4] has stated that
the logistic port model to send and receive cargo usually
consists of port operators making time windows available,
in which each shipper sends their vehicles into the port.
However, once tra
c conditions are uncertain and there is
no access control to the port zone, shippers ultimately send
in their vehicles at same time window, looking either for
convenience or for guaranteeing goods delivery. Studies on
new port logistic methods which enable rationalizing vehicle
tra
c and optimizing port cargo load meet the current need
to improve road infrastructures, stimulating greater control
and improvements in the national logistic scenario [5, 6].

Between two nodes in a logistics network, normally more
than one possible route is available. In otherwords,more than
one route choice linking the transport origin and destination
may be chosen. In this case, the decision on which route
should be used can reduce the impact caused by the large
amount of tra
c 	ow at a given time, mainly if the routing
decision is taken quickly on the basis of the observation
of changes in the environment. It is also pointed out that
competitive markets require greater agility from transport
operations so that they can respond quickly to 	uctuations
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[7–9]. Nevertheless, currently, most transport schedules take
into account only local restrictions, ignoring dynamic envi-
ronmental variables or external disturbances [10].

An important review of recent mathematical program-
ming models that deal with this subject was made by Mula
et al. [11]. Apart from that, noteworthy real-time approaches
are being studied in order to address requirements of highly
dynamic systems.Among the programming techniques being
studied, robust programming can be highlighted. �is type
of programming is aimed at creating intelligent predictive
schedules that minimize the e�ects of disturbances on the
performance of the implemented schedule. Among various
existing robust programming techniques, genetic algorithms,
multiple prede�ned schedules, and fuzzy stand out [12, 13].

�e application of an agent-based simulation in the
preparation of the transport schedule can be an e�ective
solution to mitigate the aforementioned impacts of raising
transport volumes. Taking into account the complexity of the
involved structures and the set of factors to be considered,
the development of a procedure to decide the route to be
used by a transport vehicle so that it can be applied on
port logistic chains is quite challenging, both in scienti�c
and in practical terms. In this context, this paper proposes
a procedure, based on the application of stochastic queueing
models, to reduce the impacts caused by increased transport
time due to tra
c congestion on the route.�e analysis of the
performance of the proposed procedure employs a test case,
implemented through a simulationmodel representing a port
logistic chain that includes transport 	ows, an intermodal
logistics terminal, and a port terminal.

2. Literature Review

Several transport 	ow optimization problems can be solved
using exact methods, such as Assad [14], for instance, route
displacement minimization and minimization of number
of used routes. However, despite the capability of exact
methods to �nd a solution, these techniques are not the
most used for solvingNP-hard problems, since the processing
time increases with the complexity of mentioned problems
[15]. Apart from exact methods, other techniques available
for solving transport 	ow optimization problems can be
classi�ed as [16] heuristic and metaheuristic methods. In a
study by Bonasser and Gualda [17], several techniques are
presented.

When there is a problem that takes into account only the
length of the route to be used by a vehicle, this problem can
be classi�ed as a vehicle routing problem (VRP). In Bonasser
and Gualda [17], the following variants of the vehicle routing
problem are presented: heterogeneous 	eet and sizing and
allocation of 	eet (	eet size and mix VRP). Furthermore,
this study shows subvariants of the heterogeneous 	eet and
also techniques used to solve each variant of the VRP. Oth-
erwise, Ra� [15] classi�es routing problem into the following
types: single depot, multiple-vehicle, node routing problem;
multiple depot, multiple-vehicle, node routing problem; and
single depot, multiple-vehicle, node routing problem with
stochastic demand. Regarding the complexity of a rout-
ing problem, this is enhanced through the inclusion of

the following constraints [15]: speci�cation of a time period
in which a vehicle must be in service before it returns to
its point of origin; speci�cation of tasks that can only be
performed by certain types of resources; and speci�cation of
multiple garageswhere the vehiclesmay be stored. In addition
to the concept of vehicle routing problems, it is necessary to
di�erentiate it from the concept of scheduling problems. �e
last ismainly characterized by the routingmechanism of each
vehicle that is established in the transport schedule and only
takes into account time and space.

Concerning the existing queueing models, depending on
the perspective utilized, those can receive di�erent classi-
�cations. �us, from the user point of view, the existing
queues are classi�ed as follows [18]: generative models—they
provide the user with an optimal solution that satis�es the
objective function; and evaluative models—although they
do not provide an optimal solution that satis�es the user
objective function, those models help in the evaluation of a
set of decisions by providing performance metrics. Queueing
networksmodels are classi�ed as evaluativemethods. Besides
this form of classi�cation, it is possible to classify queueing
methods by the accuracy of obtained results [18]: (i) models
that provide exact results—thesemodels are di
cult to obtain
and only available for queueing networkmodels of small size;
(ii)models that provide approximate results. So, in this type of
model, there is a tradeo� between complexity and accuracy.
Still, if one wishes to e
ciently analyse a network queue
model with �nite overall processing time, this approach is
the most appropriate [18]. Other recent studies involving
queuingmodels are described in Abdelkader and Al-Wohaibi
[19] and Dragović et al. [20]. �e �rst study proposed a new
performance measure in a single server Markovian queuing
system. �e second one refers to a model that combines
�nite waiting areas, batch arrival queues, and identical and
independent cargo-handling capacities.

�e following dispatching methods were listed in a study
by Wu and Chen [21]: dispatching rules; heuristics; data
mining based approaches; agent technologies; and simula-
tion. Moreover, the aforementioned work demonstrated that
several studies have been conducted in an attempt to solve
the problem of scheduling. Regarding the approaches used
in these studies, Wu and Chen [21] highlight the following:
(i) selection of the most appropriate dispatching rule among
those that are available; (ii) inclusion of adjustable parameters
that can optimize the dispatching rule; and (iii) best estimate
of the schedule through the results of a limited number of
simulations. As for the approach (ii), it is emphasized that this
can only be used with factors that are de�ned previously and
remain static [21]. Regarding dispatching rules, these can be
considered a practical method for scheduling [22]. Di�erent
classi�cations of dispatching rules can be described [23]:
static—the priority of waiting jobs does not change over time;
dynamic—the priority of waiting jobs changes over time;
local—decisions are taken only from the jobs that are waiting
for service; and global—decisions are made with the use
of additional information about jobs or other workstations
machines.

In a study by Panwalker and Iskander [23], the ordering
rules and their respective characteristics were also presented.
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Figure 1: Approach to a simulation-based planning and control of port logistic system.

�e rules listed in this study are classi�ed as below: simple
rules priority—based on information related to a single job;
combination of simple rules of priority—two simple priority
pieces of information are used when de�ning the priority;
weighted priority rules—similar to the above classi�cation,
but with the use of weights; heuristic scheduling rules; and
other rules, such as the use of speci�c rules for particular
production sets. In the study of Azimi et al. [24], di�erent
kinds of dispatching rules were detailed. Although this study
focused on amultiple-load AGV System, the concepts related
to dispatching rules also apply to the transport scheduling
problem. �e study also di�erentiated categories of the route
selection problem regarding the presence of stochastic events.

Due to the increasing complexity of transport 	ow prob-
lems as it integrates a larger number of elements in the model
and the increase in the computing power, the use of simu-
lation to solve this kind of problem has become an attractive
option. In this case, simulations are usually employed when

[25] a model presents variables that are not deterministic and
when the problem requires both time and space integration.
Models are the translation of operational requirements and
constraints to the understanding of the process by the com-
puter [26]. �e representation quality of a model regarding
the analysed logistics process in	uences directly the results
provided by the model. Once the model of a logistics process
is complete, the simulation is typically applied to one of
the following purposes [25]: as a tool for identifying and
evaluating the improvement of the operating performance
or as a tool to gain a better understanding of the costs and
performance potential of logistics operations. In this sense,
customized simulations can be used to support reengineering
decisions [27]. According to Swaminathan et al. [27], sim-
ulation is the only viable platform for detailed analysis
of alternative solutions because the complex interactions
between the entities of a supply chain do not allow the use of
analytical solutions. Furthermore, nonprescriptive insights
generated from qualitative analyzes, such as benchmarking,
do not allow other conclusions that are not related to

the current trends. Swaminathan et al. [27] also point out
that the major problems of simulation are associated with
the time and e�ort required to develop speci�c models with
su
cient �delity to the actual supply chain of interest and
the limited reuse of the simulation models.

3. Simulation-Based Planning and Control of
Transport Flows

�e approach is embedded in a procedure, which is based on
the application of stochastic queueing models for improving
dispatching rules and synchronizing transport 	ows in port
logistic systems. �e aim of this research is to propose and to
test a procedure which allows for an agile planning and con-
trol of port logistics. �e procedure couples an agent-based
simulation and a queueing theory model. From the literature
review, the proposed procedure considers the following:

(i) maximization of the quantity of goods delivered as the
objective function;

(ii) a solution of the following vehicle routing prob-
lem: single depot, multiple-vehicle, and node rout-
ing problem; moreover, the problem addressed in
this proposal presents a high degree of complexity,
because it is constrained by a time window in which a
vehicle must be in service before it returns to its point
of origin [15];

(iii) use of queueing theory models as evaluative models
as well as to provide approximate results [18];

(iv) use of dispatching rules which are classi�ed as static at
the bottleneck and global at the intermodal terminal
[23];

(v) use of simulation as a tool to identify and evaluate the
performance improvement operations [25].

�e conceptual view which motivated the proposed
approach for the simulation-based planning and control of
port logistic systems is presented in Figure 1. For a generic
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export logistics chain, the concept embraces the following
stages: (1) a representation of the real scenario, occurring
in real time, subject to the input parameters and generating
the output data (real performance) at each time interval;
(2) a simulation model, subject to the input parameters and
generating the output data (simulated performance), running
in simulated time, to be executed numerous times, so that
the results can be evaluated by an external control element;
(3) a control element that evaluates the obtained simulated
performance and, according to a predetermined control logic,
allows for the e�ective implementation in the real scenario.

�e research conducted in this paper comprises stages 2
(simulation model) and 3 (control element) for a simpli�ed
port logistic chain embracing an intermodal terminal, a
transport operation, and the arrival at a port terminal, as
represented in Figure 2.

As for the control element, this part has been accom-
plished through the use of prede�ned parameters. �us,
with the exception of the number of customers waiting for
service on the bottleneck, the control assumed that all other
parameter settings of the model remained constant.�is case
will be performed using a model that includes a scenario of
an export logistics chain in which the cargo of an intermodal
terminal should be dispatched at the lowest possible cost to a
port terminal.

�e simulation model represents the actual operation of
a port logistic system comprising an intermodal terminal,
a transport operation, and the arrival at a port terminal.
Figure 3 illustrates the structure of the model.

�e decision to dispatch the cargo is carried out early in
the day and involves only the choice of the route to be held
by transport vehicles. Besides that, the dispatching decisions
vary in accordance to the following factors: quantity of goods
in inventories of the intermodal terminal; tra
c congestion of
each road; and end time scheduled for the carriage of goods
by the transport vehicle.

Furthermore, in an e�ort to address the above problem as
a nondeterministic, this problem will not only have random
components but also display queuing along the routes due to
the low carrying capacity compared with the tra
c demand.
With this purpose, this study will evaluate the impact of
the transport scheduling when the responsible agent takes
decisions based on the information provided by a control
element.�e control canmonitor the tra
c on the routes that
can be used by transport vehicles.�e information thatwill be
used as input to the control is the quantity of goods that are in
the intermodal terminal; the estimated transport transit time
on the routes due to the presence of tra
c congestion; and
the amount of time remaining for the cargo transportation by

Table 1: Notation of transport transit time components.

Constant parameters

��
Travel time required to return the vehicle
to the intermodal terminal from the port
(hours)

�� Time to load the cargo at the vehicle
(hours)

�� Time to unload the cargo at the vehicle
(hours)

Variables

�VT Travel time to the port terminal (hours)

�� Processing time at the bottleneck (hours)

the available transport vehicles. To calculate the transport
transit time, the following equation will be used:

�� = (�� + ��� + �� + �� + ��) . (1)

Table 1 presents the description of the parameters of the
above formula.

In an e�ort to calculate the estimated processing time
(��) of the vehicles at the bottlenecks of the routes where
tra
c congestion occurs, the problem was modelled as the
type M/M/C: (∞, FIFO). In this modelling, � is the number
of tracks of a given route. �us, to support the transportation
schedule of the day, the estimated transport transit time (��)
on the routes was calculated from an estimate of the average
waiting time of the vehicles in the system when a certain
amount of vehicles in the queue was observed. For instance,
this information could be obtained by monitoring cameras at
the critical bottleneck of each route (Figure 3).

With the purpose of clarifying the understanding of the
procedure used to calculate the estimated processing time
(��) of the vehicles at the bottlenecks, the steps used by the
control element are described below:

(1) data-collection regarding the amount of vehicles at
the bottleneck of each route;

(2) the control element’s identi�cation of the class that
includes, in its amplitude, the information collected in
step 1, through the use of a table previously generated;

(3) association of the situation observed in step 1 to a
queue problem which presents a service rate (�) pre-
viously raised and an arrival rate (�) corresponding to
the class identi�ed in step 2;

(4) utilization of the average waiting time (	) from the
queue problem associated in step 3 as the estimative
of the processing time (��) of the vehicles at the
bottleneck.

Regarding the table used in step 2 of the aforementioned
procedure, it was created using a computational algorithm. In
this case, a range of data was de�ned for each bottleneck that
would be used for the control decision. A�er that, this range
of data was divided into 4 classes of equal amplitude. Using 4
classes of equal amplitude allows for the construction of the
simulation model. It is important to remark that the use of
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aux = 0
While aux = 0

Ro1 = ��/�

 = 1 − ro1

	 = 1 − 

For � = 1, . . . , |��|

 = 
 ∗ ro1

	 = 1 − 


End For
If ((
	 > 
�) or (�� ≥ �)), aux = 1

If (�� < �), best = ��
Else

best = ��
�� = �� + step

End While
If (best < �), Return best
Else, Return �� not found

Algorithm 1

a greater amount of data classes increases the sensitivity of
the control element.

In the sequence, for each class, several iterationswere per-
formed, in order to identify the queue model that possesses
the following characteristics: service rate (�) corresponding
to the bottleneck in analysis and probability of �nding a
number of customers at the top of the central element of the
class greater than 50%.A�er that, the information concerning
the arrival rate (�) and average waiting time (	) of the
identi�ed queuemodel was recorded in the respective classes.
�is computational algorithm is presented in Algorithm 1.

Algorithm 1 starts with the following input data:

(i) service rate of the modelled bottleneck (�),
(ii) lowest average waiting time in the system (	min);

(iii) thenumber of customers that, above this, has a prob-
ability of occurrence greater than 
� (��);

(iv) minimumprobability of �ndingmore than�� clients
(
�);

(v) step size used by the algorithm to �nd the arrival rate
(step).

Algorithm 1 calculates the initial value of the arrival rate
of customers in the queue (��) that will later be incremented,
throughout the execution of the algorithm. In doing so, while
the probability of occurrence of more than �� customers in
the queue is less than 
�, the value of the variable �� will
be increased by the step value. However, if the value of ��
becomes greater than or equal to �, the value of the variable
�� will no longer receive any increment. �is way, in order
to make �� receive the least amount of increment, a variable
of control (aux) was included in the algorithm. �us, while
this control variable remains at zero, the algorithm through
the while loop calculates the probability of �nding more than
one customer in the queue when it presents an arrival rate
�� and a service rate �. �e result of this calculation is stored
in the variable 
	. Next, the algorithm uses the For loop to
calculate the probability of �nding more than�� customers
in the queue.�is calculation involves an update on the value
of the variable 
	.

At the end of the For loop, the algorithm makes a
comparison of the value of 
	 found with the value of 
�, as
well as the value of �� with the value of the service rate of the
modeled bottleneck (�). In this case, the control variable aux
is updated with the value 1 if it satis�es one of the following
conditions: the value of the probability of �nding more than
�� customers in the queue (
	) is greater than
� and the ��
is greater than or equal to �, in which the algorithm cannot
determine an arrival rate that meets the input requirements
without amodi�cation on the value of�or step. Furthermore,
if the value of 
	 is greater than the value of 
� and �� is less
than �, the algorithm stores the value of the variable �� on
the variable best. If the required conditions to an update of
the variable aux to 1 were not met, the algorithm stores the
value of the variable �� on the variable best and increments
the �� value in a step value. At the end of the While loop, the
algorithm returns the value of �� found in the last iteration
of this loop if that variable was lower than �. Otherwise, the
algorithm reports that it failed to �nd a �� that meets the
entry restrictions.

Finally, the goal is to evaluate transport scheduling
performed by an intermodal terminal agent seeking the
lowest transport cost. �erefore, agent’s objective function is
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Table 2: Notation of the objective function.

Index

	 Days (1, . . . , 10)
Constant parameters

�
 Storage cost in the intermodal (mu/hour)

ct� Cost of the transportation (mu/hour)

ct�

Additional cost of transportation added
a�er 9 p.m. at the cost of the
transportation (mu/hours)

�
 Cost of not transported goods

Variables

�
 Total time in which the products were at
intermodal (hours)

�� Total time in which the products were in
transit (hours)

�� Total travel time of vehicles that were still
in use a�er 9 p.m. (hours)

� Quantity of goods that were not
transported

the minimization of all costs perceived by that agent. �e
respective cost formula is presented in

min� =
10
∑
�=1
(�
 ∗ ��
 + ct� ∗ ��� + ct�

∗��� + �
 ∗ �) .
(2)

Table 2 presents parameters description.
�e objective function will be used in the analysis of each

simulation scenario, enabling the performance assessment of
the proposed procedure. It is noteworthy that the decision of
the control element will be based on estimates of the tra
c
arrival rate (�) at the bottleneck. Moreover, as this decision is
made based on information gathered by an observer who is
far from the decisionmaker, di�erences are expected between
the results obtained and those predicted processing time at
the bottleneck.

�e computational algorithm used by the control element
is presented in Algorithm 2. Algorithm 2 receives as input the
results obtained by the use of Formula 1 for each one of the
routes to the port.�us, Algorithm 2 starts with the following
input data:

(i) expected transport transit time for route A;

(ii) expected transport transit time for route B.

Algorithm 2 checks which route has the lowest transport
transit time (��). �is veri�cation by the control element
is required every time a transport vehicle is available at the
intermodal terminal and cargo needs to be transported to
the port terminal. In the sequence, the algorithm checks
if the transport of the goods can be performed before 9
p.m. (21:00 h). If possible, the transportation will be assigned
to the vehicle. Otherwise, there will be no more transport
assigned for that vehicle on that day. Besides that, once a cargo
transport is assigned to a vehicle, it will be carried out.

Input: �Ta, �Tb

If (TTa < TTb)
If (Clock < (21 − �Ta)), Return Route A
Else, Return No route

Else
If (Clock < (21 − �Tb)), Return Route B
Else, Return No route

Algorithm 2

�e control element makes its decisions based on an
expectation of transport transit time (��) due to the uncer-
tainty regarding the processing time (
�) at the bottleneck.
�e 
� used is based on an estimate of the average waiting
time (	) if this problem was modelled as a queue of type
M/M/C: (∞, FIFO). Still, since the decisions of the control
element are based on expectation that may change by the
time the transport vehicle reaches the bottleneck, it is possible
that some transportation vehicles continue in operation a�er
9 p.m. In this case, it is noteworthy that while the 	 used
by the control element depends on the tra
c observed in
the bottleneck when the transport vehicle is still in the
intermodal terminal, the ideal	 depends on the arrival rate
(�) in the bottleneck when the transport vehicle reaches it.

4. Test Case of Port Logistic Systems

�is research comprised the modelling of agents involved in
the chain through the use of process modelling techniques.
A�er that, the impact of decisions of an agent in the rest of the
chainwas analysed, using a simulationmodel.�e simulation
model was implemented using Simio LLC so�ware [28].
Initially, the model was calibrated so that, depending on the
tra
c 	ow, a queue could be formed in any of the routes
used to transport the cargo from the intermodal terminal to
the port terminal. Moreover, an additional calibration was
performed in the tra
c 	ow to eliminate the possibility of a
modelled route becoming predominantly better than others
due only to their travel time (���). In addition, the following
operational constraints were established in the model: the
transport vehicle should return to its place of departure
before the end of the day; the carrying capacity of each vehicle
is limited to only 1 unit; refusal of transport services occurs if
the total journey is set to �nish a�er 9 p.m.; and an additional
cost is set when the transport vehicle cannot �nish its journey
before 9 p.m. due to the elapsed time in the queue.

Figure 4 illustrates the simulation model that was imple-
mented in Simio LLC to evaluate the impact of decisions of
an agent in the rest of the export logistics chain.

Concerning the modelling, not only of the delivery of
goods to the port but also of the end of the tra
c congestion
a�er the bottleneck of each route, two sinks were included
at the end of the routes: one tra
c sink and one port sink.
While the tra
c sink absorbs all vehicles originating tra
c
on each route, the port sink absorbs all goods shipped at the
intermodal terminal.
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Figure 4: Simulation model implemented in Simio LLC.
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In order to enable the comparison of results, the amount
of products available to be shipped at the intermodal terminal
inventories will be set to the value of 9 units at the beginning
of each day. Besides that, 3 vehicles were also used, each one
with the capacity to transport one cargo at a time.

With regard to the tra
c congestion representation in
the model, this was accomplished with the inclusion of other
vehicles in each of the routes used by the cargo transportation.
In this case, the arrival rate of these vehicles at the bottlenecks
of each route can assume values varying in accordance to a
frequency distribution. Figures 5 and 6 present, respectively,
the frequency distribution of the possible values of the tra
c
arrival rate (�) that were used to induce tra
c congestion at
routes A and B.

�e values regarding the tra
c arrival rate (�) at the
bottleneck were used in order to allow the processing time
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Figure 6: Frequency distribution of the tra
c arrival rate (�) at
route B.

(
�) of the vehicle on the bottleneck to match the average
waiting time (	) calculated numerically.

�e decisions to be taken by the control element will be
performedwith the use not only of information regarding the
number of vehicles at the bottlenecks of each route but also
of information stored in its database. Tables 3 and 4 show,
respectively, the information stored in the control element
database that is used to assess the situation observed at the
bottlenecks of routes A and B.

Regarding the values presented at the column “average
waiting time” of Tables 3 and 4, they were previously calcu-
lated. �ese values were obtained not only by modelling the
bottleneck problem as a queue of typeM/M/1: (∞, FIFO) but
also by considering knowledge of the arrival rate and service
rate. It is pointed out that the control element decides which
route should be used without being certain about the amount
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Table 3: Control element database used to evaluate the tra
c conditions of route A.

Route A

Lower limit of
customers

Upper limit of
customers

Number of customers
whose probability of

�nding this amount in
the queue is greater than

50%

Number of vehicles
per hour (�)

Average waiting time in
the system in hours (	)

0 79 40 98,7951807228916 0,8300

80 159 120 98,8951807228916 1,9809

160 239 200 99,3951807228915 3,2806

240 319 280 99,5951807228915 4,8824

Table 4: Control element database used to evaluate the tra
c conditions of route B.

Route B

Lower limit of
customers

Upper limit of
customers

Number of customers
whose probability of

�nding this amount in the
queue is greater than 50%

Number of vehicles
per hour (�)

Average waiting time in
the system in hours (	)

0 6 3 25,3000000000001 0,2128

7 13 10 28,2000000000001 0,5556

14 20 17 28,9000000000001 0,9091

21 27 24 29,2000000000001 1,2500

of vehicles which will be waiting at the time the transport
vehicle reaches the bottleneck.

�is uncertainty arises from the following reasons: (i)
there is a time di�erence between the time when the control
element takes its decision and the time when the transport
vehicle arrives at the bottleneck, since this decision occurs
when the vehicle is still in the intermodal terminal and (ii)
the tra
c arrival rate (�) of each route follows an exponential
distribution.

Given the above reasons, the decision on the route that
should be used is based on an estimation about the number
of vehicles per hour (�) on each route. Furthermore, in order
to create a comparison among the proposed scenarios, the
corresponding values of the variables that follow a frequency
distribution were selected from random numbers. Table 5
illustrates the values that were randomly selected for these
variables in each day contemplated in the simulation period.
In this table, the random values obtained for the selection of
the tra
c arrival rate of routes A and B are shown in columns
“A.N. 	ow of vehicles,” where A.N. means aleatory number.

Regarding the return of the vehicle to the intermodal
terminal, it was assumed that the vehicle would perform
this route without any delay caused by tra
c. Furthermore,
as a consequence of modelling tra
c arrival rate (�) at the
bottlenecks as an exponential distribution, the model needed
to be run 100 times, for each day, so that the stochastic
results converged. As for the other parameters required for
the implementation of the model, their values did not vary in
the days contemplated in the simulation period.�e values of
these parameters are shown in Table 6.

Concerning the cost factors of the proposed model, it
is pointed out that the costs relating to ct� and ct� are

associated with variables �1, �2, �3, �4, and �5. In reference to
the costs related to the unloading cargo at the port terminal,
they are considered to be zero in this model.

5. Results and Discussion

In addition to the simulation model developed in Simio LLC
for the impact analysis of the transport scheduling performed
by an agent using the proposed procedure, comparisons of the
results for the following scenarios were conducted.

(i) 1st Scenario: transport schedule considers that all
transport is carried out through the arch which
presents a shorter route, but high tra
c.

(ii) 2nd Scenario: transport schedule considers that all
transport is carried out through the arch which
presents a longer route, but low tra
c.

(iii) 3rd Scenario: transport schedule is adjusted through-
out the day according to an expectation of the time
spent by the available vehicles to perform a given
transportation.

5.1. 1st Scenario: Transport Schedule—All Vehicles Use Route
A. In this scenario, the transport schedule is performed such
that all transport to the port is made at route A (route
that has the shortest path but high tra
c). Moreover, the
transport schedule did not take into account an evaluation
of the expected transport transit time, in other words, did
not evaluate the processing time at the bottleneck. �us, the
information taken into account in the transport schedule is
referring to (i) number of vehicles available; (ii) amount of
each type of product to be transported; (iii) the remainder of
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Table 5: Selected values for each random variable comprised in the period of simulation.

Days
A.N. 	ow of vehicles:

route A

Tra
c arrival rate (�) at
route A

(no. of vehicles/hour)

A.N. 	ow of vehicles:
route B

Tra
c arrival rate (�) at
route B

(no. of vehicles/hour)

1 0,72 99,3951807228915 0,56 28,9000000000001

2 0,94 99,5951807228915 0,33 28,2000000000001

3 0,91 99,5951807228915 0,69 28,9000000000001

4 0,25 98,8951807228916 0,79 28,9000000000001

5 0,1 98,7951807228916 0,31 28,2000000000001

6 0,66 99,3951807228915 0,93 29,2000000000001

7 0,59 99,3951807228915 0,07 25,3000000000001

8 0,53 98,8951807228916 0,94 29,2000000000001

9 0,58 99,3951807228915 0,42 28,9000000000001

10 0,94 99,5951807228915 0,96 29,2000000000001

Table 6: Value of the constant parameters.

Parameter Value Description

�1 0,9167 Travel time of arc 1 from route A (hours)

�2 0,9167 Travel time of arc 2 from route A (hours)

�3 1,25 Travel time of arc 3 from route B (hours)

�4 1,25 Travel time of arc 4 from route B (hours)

�5 1,833
Travel time of the vehicle return path
(hours)

�
 1,875 Storage cost in the intermodal (mu/hour)

ct� 11,25 Cost of the transportation (mu/hour)

ct� 16,25
Additional cost of transportation added
a�er 9 p.m. at the cost of the
transportation (mu/hour)

�
 250,00 Cost of goods that were not transported

�� 100
Service rate (no. of vehicles/hour) of the
bottleneck of the route A

�� 30
Service rate (no. of vehicles/hour) of the
bottleneck of the route B

Λ� 3
Loading/unloading time of transport
vehicles (minutes)

the transport vehicle; and (iv) time needed for the transport
vehicle which can carry out the collection and delivery of
the product. Furthermore, in every day of the simulation
period, the amount of goods available in the intermodal
terminal, 9 in total, can be sent to the port by 3 vehicles
at the time. �erefore, from this consideration and also
from the considerations above, the transportation schedule
for this scenario presents no di
culties. Using the above
transportation schedule as input to the simulation model
implemented in Simio LLC, the results were obtained in
Table 7.

5.2. 2nd Scenario: Transport Schedule—All Vehicles Use Route
B. Similar to the 1st simulation described, a new simulation
was implemented, but the transport was performed only
through route B (route that has the longest route, but little
tra
c) during the transport of goods from the intermodal

terminal to the port terminal. Using the above transport
schedule as input to the simulation model implemented in
Simio LLC, the results were obtained in Table 8.

5.3. 3rd Scenario: Transport Schedule—Adjusted throughout
the Day according to an Expectation of the Time Spent by the
Available Vehicles to Perform a Given Transportation. In this
scenario, a change was made in the process that generates the
transport schedule. At other scenarios, the transport schedule
was used as input to the simulation model in Simio LLC.
However, in this scenario, the transportation schedule was
also generated at Simio LLC.

�e transport schedule at this scenario was generated,
during the simulation, while the need for transport and
the vehicle availability were presented. Besides that, this
transportation schedule did also take into account the tra
c
conditions that were observed at each bottleneck.

Furthermore, a restriction in the model was included so
that only freights with the expected completion time before
9 p.m. were scheduled. �us, during the simulation period of
10 days, in the simulation model implemented in Simio LLC,
the results were obtained in Table 9.

5.4. Analysis. It was observed, in all scenarios, that transport
was performed a�er 9 p.m. In spite of that, it was also
possible to visualise di�erent costs for each scenario. In the
1st Scenario, due to shorter travel time in the days when the
tra
c at route Awas not intense, the transport transit time on
this route became signi�cantly lower when compared to the
transport transit time on route B. Regarding the amount of
goods that were not transported and the total travel time a�er
9 p.m., this scenario presented the worst results, due to those
days of high tra
c at route A. Concerning the sum of average
costs a�er simulation replications of this scenario, it displays
the highest values when compared to other scenarios.

In the 2nd Scenario, the dispatch of all goods was carried
with the use of route B. In this case, with the exception of the
total time in which the products were in transit, all other cost
factors were lower when compared to the results of the 1st
Scenario. �us, despite the fact that the travel time of route
B is longer than the respective time of route A, it is pointed
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Table 7: Results when all transports are made with the use of route A.

Average results from 1st Scenario a�er simulation replications Sum of average
Costs a�er
simulation
replications

Total time in which
the products were

in transit (h)

Number of vehicles
in use a�er 9 p.m.

Total travel time
a�er 9 p.m.

Total time in which
the products were
found stored (h)

Amount of
products that were
not transported

Average results
a�er simulation
replications

295,74 17 88,25 515,17 5,87 —

Average costs a�er
simulation
replications

3768,39 — 1434,11 965,94 1466,4 6200,73

Table 8: Results when all transports are conducted through route B.

Average results from 2nd Scenario a�er simulation replications Sum of Average
Costs a�er
simulation
replications

Total time in which
the products were

in transit (h)

Number of vehicles
in use a�er 9 p.m.

Total travel time
a�er 9 p.m.

Total time in which
the products were
found stored (h)

Amount of
products that were
not transported

Average results
a�er simulation
replications

306,12 17 66,38 502,07 2,84 —

Average costs a�er
simulation
replications

3775,8 — 1078,7 941,38 710,2 5427,38

Table 9: Results when the decision making process uses the proposed control.

Average results from 3rd Scenario a�er simulation replications Sum of average
Costs a�er
simulation
replications

Total time in which
the products were

in transit (h)

Number of vehicles
in use a�er 9 p.m.

Total travel time
a�er 9 p.m.

Total time in which
the products were
found stored (h)

Amount of
products that were
not transported

Average results
a�er simulation
replications

249,84 12 65,89 461,44 1,32 —

Average costs a�er
simulation
replications

3140,15 — 1070,64 865,19 331,05 4336,39

out that the di�erence between the results of the 1st and 2nd
Scenarios is due to the low processing time (��) for transport
vehicles at the bottleneck of route B. Compared to the sum of
average costs a�er simulation replications of the 1st Scenario,
the 2nd Scenario presented a lower value.

In the 3rd Scenario, the decision on the route that was
used to carry out the shipping of the goods was made with
the aid of the proposed control element. In this case, it was
observed that all cost factors were lower compared to the
other two scenarios.�e sumof average costs a�er simulation
replications of this scenario, in comparison to the cost of all
other scenarios, presented the lowest value.

6. Conclusion

A greater consistency of goods carried was identi�ed when
the transport scheduling decision takes into account the
expectation about the time calculated by applying queues
stochastic models, which would be spent in queues. Further-
more, it was also possible to observe a reduction in storage

time and the time of goods in transit a�er the change in the
decision process.�e improvement performed at the decision
process could be implemented in real-world port logistic
systems through the application of a customised version of
the proposed model.

Regarding reductions in storage time and the time of
goods in transit a�er the change in the decision process,
although this study did not demonstrate these bene�ts, they
are related to the reduction in the level of safety stock held
along the port logistic system. �us, this work demonstrated
the possibility of achieving a better performance of a port
logistic system without necessarily making a change in its
structure or infrastructure, only by improving the synchro-
nization of transport 	ows through the application of a
queueing model for supporting scheduling decision making.

Nevertheless, some limitations have to be pointed out.
�e model assumes the occurrence of only one queue along
the transport route. When there is more than one bottleneck
on the same route, the resulting 	ow of goods is determined
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by the bottleneck with the lowest capacity. During a transport
journey, it is possible that the vehicle passes through several
tra
c congestions. In this case, the elapsed time in the tra
c
congestion is associated with the service capacity limit of
di�erent segments along a route. �e control element takes
into account an expectation about the time that would be
spent in queues. If there is more than one queue on a route,
it would be necessary to monitor and inform the size of these
queues to the control element.
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