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ABSTRACT The different stakeholders involved in urban freight transport, their behaviours, and interactions
are attracting the attention of researchers and practitioners in logistics and freight transport, pushed by
the need to develop methods and models for assessing ex ante actions/measures to improve the logistics
process performance. Besides, the large amounts of data currently available open up new opportunities,
as well as the possibility of using them to review past operations and provide suggestions and guidelines for
future decision-making. In this context, to improve city sustainability and liveability, the cooperation and
coordination among transport and logistics operators have been some of the measures for optimizing freight
operations, with a subsequent reduction in vehicles and traffic impacts. Therefore, opportunities arise to
point out the stakeholders’ decentralised collaboration and the dynamic information driving urban logistics
operations. In this context, this paper presents a microsimulation model framework to support the operational
decision-making of an urban supply chain that makes the most of such cooperation and coordination and
appropriately responds to the dynamic changes of demand and supply. The model was first tested using data
collected in the urban area of Medellin, Colombia and we obtained satisfactory results that show the benefits
of implementing such modelling framework to support decision making policies.

INDEX TERMS Micro-simulation, collaboration, cooperation, urban freight transport, city logistics,
cooperation, agent-based.

I. INTRODUCTION
Urban Freight Transport (UFT) is an important field in city
logistics because of the impacts it generates, such as traffic
congestion due to freight loading or unloading on the streets
and pollutant emissions [1]. Additionally, some city logistics
measures promoted by local public administrations seek to
improve traffic flow at historic and business centres [2]. For
this reason, logistics operators should review their operations
to comply with such regulations [3], [4].

According to Russo and Comi [5] and Marcucci et al.,[6],
cooperation and coordination among operators are some of
the most common measures to improve the sustainability and
liveability of cities and reduce operating costs. In addition,
such measures can exploit Information and Communica-
tions Technologies (ICTs) and Intelligent Transportation Sys-
tem (ITS) applications [7]. These tools may both improve the
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effectiveness (in terms of high service levels) and efficiency
(in terms of cost reduction) of logistics flows and reduce
negative externalities while enhancing the enforcement effi-
ciency and broadening the scope of enforcement.

The evolution of information technology and telematics
over the past years has opened up opportunities for urban
freight operators to optimise their costs [8], [9]. Therefore,
the first objective of this paper is to identify, from the exten-
sive literature on freight delivering collaboration and infor-
mation management process, the main criteria for classifying
them. This identification will focus on their collaborative
mechanism, collaboration basis, modelling tool, objective,
and system size, aspects that could explicitly support the
definition of delivery strategies within the context of collab-
orative operations (Section 2).

Since policy making involves making choices regarding
a system in order to change its outcomes in a desired way,
the selection of a set of measures to be implemented should
be based on a planning-scenario implementation process able
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to simulate the main effects of an exogenously specified
scenario (i.e., ex-ante assessment - ‘‘what if’’ approach).
In this way, the obtainable effects can be evaluated prior to
implementation and their results verified afterwards. Thus,
the desirability to have methods and models for ex-ante
assessment—which utilize the needs and delivery behaviours
of the different stakeholders—gives rise to the second objec-
tive of this paper: to develop a modelling framework that
can be used in the ex-ante assessment of innovative delivery
scenarios to estimate impacts and system performance, and,
hence, compare future scenarios based on a set of given target
values (Section 3).

Such a modelling framework should also identify the
dynamics of demand because, as reported by Comi [10],
the rapid growth of urban freight transportation due to
changes in the supply chain (e.g., just-in-time, home deliver-
ies, and e-shopping) has resulted in an ever-increasing num-
ber of deliveries and light goods vehicles in urban areas.
In addition, it has led to a fluctuation of transport demand,
thus generating major impacts on urban sustainability and
liveability [11]–[13].

Surprisingly, this modelling task has received little atten-
tion, and there would seem to be no modelling frameworks
that combine dynamic changes on the demand and supply
sides and with more than three different types of changes.
The traditional approach to simulate this type of problems
has been based on the adaptation of static models [14].
However, advances in computing capacity and developments
in the ICT field, such as the Global Positioning System
(GPS) or the Geographic Information System (GIS), have
encouraged research into UFT in dynamic decision-making
environments [15]–[17].

As a result of the evaluation of different types of city
logistics measures, collaborative measures are expected to
produce significant benefits, particularly for retailers and
transport and logistics operators [3], [4], [18], [19]. Such
benefits are thus assessed by means of a microsimulation of a
real test case, as will be shown in Section 4 and discussed
in Section 5. The demand and the supply are dynamically
simulated in order to ensure that the changes that may occur
during/after each pick-up and delivery operation are consid-
ered. Therefore, based on the results, the third objective of the
paper is to investigate the changes of delivery system perfor-
mances based on collaboration in information management
of delivery operations and to evaluate the performances and
advantages of the proposed modelling framework.

The remainder of this paper is structured as follows.
Section 2 presents a basic literature review on collabora-
tive measures in UFT and describes the problem dynamic
information management. Section 3 provides the conceptual
framework of the proposed model. Section 4 details the
application of this model in a logistic network in Medel-
lín, Colombia where an Urban Consolidation Centre (UCC)
is also introduced. Section 5 discusses the main results.
Section 6 reviews the main findings and outlines the further
development of this research.

II. LITERATURE REVIEW
A. COLLABORATIVE MEASURES IN URBAN
FREIGHT TRANSPORT
As mentioned above, among a large number of initiatives
implemented to optimise UFT operations, collaborative mea-
sures are considered by stakeholders to be one of the best
performing. Collaboration, defined as an initiative for inde-
pendent companies to join forces in terms of information
exchange, planning, execution of objectives, and even strate-
gic alliances [20], [21] has proven to be a valid strategy for
every stakeholder to gain in competitiveness. It uses infor-
mation sharing to create knowledge about the market and
business operations [22] and allows companies to deal with
highly competitive environments [23]. In the field of UFT,
several studies have presented some of these initiatives with
different stakeholders and types of collaboration.

In accordance with the objectives of this paper, we classi-
fied the main studies into collaborative measures based on the
followingmajor criteria (as reported in Table 1): collaborative
mechanism (e.g., information sharing for negotiation, trans-
portation agreement, inventory management, or use of an
urban consolidation centre), collaboration basis (e.g., quan-
tity to deliver or reliability), modelling tool (e.g., sim-
ulation or optimisation), objective/scope of collaboration
(e.g., reduce internal or external costs), and system sizing
(e.g., city or set of enterprises).

From the analysis of such criteria, it is observed that many
of them do not explicitly consider the dynamism of demand
and supply: they are not used (or cannot be used) to forecast
the effects of collaboration in a real context. These models
were developed to simulate some aspects of the UFT and do
not start from demand. Hence, it is difficult to establish a
link between these models (developed mainly for stakeholder
integration) and the demand and supply models (developed
for freight mobility) and to analyse the complexity of UFT
without considering all the components that make up an
urban system. Therefore, studies should investigate the uni-
fied structure in which freight transport demand and supply
and collaborative information sharing interact (as they do in
practical situations). In fact, collaboration and UFT are usu-
ally modelled separately. Few models explicitly represent the
interplay between goods movements and information flow
and its effect on the transportation system. Ignoring these
interactions may be appropriate when commodity flows take
place on their own dedicated system. However, they clearly
cannot be ignored in many urban real situations for instance
traffic congestion is an effect caused by both markets and
which decision-makers presumably take into consideration
before making a UFT decision.

Consequently, collaboration among the stakeholders in
UFT processes allows them to communicate and react to
different changes that occur in the dynamic operational
context [35], [36]. The importance of this strategy lies
in the fact that it helps to achieve operational efficiency
through value creation in the UFT process considering local
regulations [37], maintain or reduce distribution costs, and
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TABLE 1. Collaborative measures in urban freight transport.

.

respond to many of the changes that affect the process. Trust
and adequate coordination mechanisms are important to sup-
port collaborative processes among stakeholders. In addition,
they make it possible to evaluate their economic, social,
and environmental benefits, as well as the barriers to their
implementation, such as the lack of strategic information
exchange between stakeholders [38]. Therefore, this sug-
gests again the need to have modelling tools that explicitly
simulate the interactions between stakeholders; nevertheless,
currently there are some strategies that improve collaborative
processes, including the use of information technologies [39],
[40], and collaborative delivery systems [41]–[43].

B. DYNAMIC INFORMATION MANAGEMENT IN
URBAN FREIGHT TRANSPORT
UFT, as the last mile link in the supply chain, exhibits
behaviours that change over time. Some of the dynamic
factors (e.g. travel times, new customers, time windows)
are produced by interactions between customers - suppli-
ers, or by information flows between actors. Moreover,
the dynamic conditions of each actor involved in the supply
chain, as well as the way they share information for the
benefit of all, must be modelled. Akyuz and Gursoy [35]
consider that sharing information and reducing the asymme-
try between supply-chain partners are key for a successful
real-time information-based collaboration. Important infor-
mation shared among stakeholders includes data on demand,
inventory, and product traceability [44].

The types of dynamic information and the tools that have
been developed to simulate it are examined below. In addi-
tion, the modelling frameworks that have been designed
to manage information are discussed. Finally, the benefits
resulting from collaboration and dynamic information shar-
ing are pointed out.

1) DYNAMIC INFORMATION IN URBAN
FREIGHT TRANSPORT
The constant changes in the operational conditions in UFT
must be modelled to properly represent and analyse the daily
process of urban freight pick-up and delivery. Communi-
cating these changes should be associated with information
management and collaborative processes in order to improve
the performance of logistics systems. One of the main mecha-
nisms that facilitates such collaboration is proper information
management system and its related technologies [35], [45].
Some of the changes that must be shared as dynamic infor-
mation and which arise in the operational context of UFT
processes, include:

i) customer demand for both new orders and cancellation
of existing ones [46]–[48];

ii) customers’ location, which may change and impact
the allocation of the facility that will serve a certain
customer [49];

iii) movement of vehicles in the city and their interaction
with traffic, difficulty in finding parking lots, limited
delivery times, and temporary restrictions on access to
urban areas [50];

iv) number of products and vehicles in the distribution
network, and levels and types of networks [51];

v) accessibility to customers located in city centres with
changing conditions [52];

vi) increased travel times due to traffic congestion, possi-
ble accidents, and so on [53], [54]; and

vii) variations in freight operations times (e.g. loading and
unloading) at customers’ locations [55], [56] due to
the number of vehicles waiting in line to be served or
simply because of delays in vehicles servicing.

In studies into UFT, these changes (usually one or two)
have been analysed. For example, [56]–[59] only identified
changes in the number of known customers and the arrival
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of new orders. Reference [60] considered, besides the arrival
of new orders, the variation in travel times. In addition,
Kuo et al. [55] included the variation in service (delivery and
travel) times.

There are relatively few studies that model more than two
dynamic variables. For instance, [61] analysed, as dynamic
variables, the lists of travel times between customers, esti-
mated travel costs, current number of products being trans-
ported, and current location of vehicles. The use of multiple
dynamic variables in a model can better represent an urban
real-life scenario and themanagement of operational logistics
decisions [62].

2) MICROSIMULATION FOR THE INFORMATION
MANAGEMENT
Microsimulation can be used to model data communications
among different stakeholders. Despite its great potential for
the analysis and solution of dynamic problems, this tool
has been rarely used in the logistics processes in UFT [63].
Microsimulation models can detail the process elements at
a the microlevel [64] by representing the behaviours of each
microunit of analysis, the micro-changes in the dynamic vari-
ables of the environment, and the different road connections
between each customer, supplier, and UCC, along with the
travel times associated with them. Moreover, microsimula-
tion may be employed to model the interactions between the
various stakeholders in UFT collaborative processes and even
more in dynamic environments. However, no studies in the
literature have yet reported the use of this tool in the design
of models. Its application focuses on evaluating matters such
as the development of demand models, the parking of cargo
vehicles, the environmental impacts of UFT, the use of GIS
and modelling processes, and the integration between freight
movement and passengers.

Microsimulation can be useful for information manage-
ment, as it serves to communicate the different changes
on-line in order to update the entire system and respond to
them effectively and efficiently. By means of microsimula-
tion, the different individual behaviours of each stakeholder
and the urban context can be represented. Every small change
in each entity behaviour (i.e., micro-change) can be noti-
fied in real time to assess the possibility of responding to them
in the best possible manner. For instance, customers commu-
nicate their demand requests and changes in service times,
suppliers do the same with product supply and service times,
and external authorities or entities inform about changes in
travel times on the different road connections between these
stakeholders.

3) COLLABORATION FOR DYNAMIC INFORMATION
MANAGEMENT
Collaboration in information management is currently an
important issue due to the large volumes of data generated
by each stakeholder in the distribution network [65]–[67].
Furthermore, the current collaborative initiatives are insuf-
ficient or designed considering centralised processes for the

analysis of events and decision making that will affect every
stakeholder in the system. The use of decentralised strate-
gies with information sharing has been infrequent. Therefore,
decentralised collaboration for information management in
UFT (which takes into account the different information each
stakeholder manages and the behaviours to react to it) can
contribute to the literature into supply chain management,
logistics, decision support, and UFT.

Additionally, the multiple dynamic variables that represent
the communication of information regarding changes coming
from the stakeholders and the urban context, as well as their
effect on the performance and achievement of objectives,
must be analysed. These operational changes are diverse
and constitute multiple dynamic variables. According to
the literature, these changes are associated with customers’
orders (demand) or times for providing the distribution ser-
vice (supply). Based on this, we classified them into changes
in demand and changes in time (supply), as shown in Table 2.
When there are changes in demand, the initial routes must
be assessed and modified to serve the new request. When
changes in time occur, vehicle routes and the time they have
to visit the remaining customers are affected; hence, routes
must be recalculated.

TABLE 2. Dynamic variables in urban freight transport.

Changes in these variables involve any stakeholder, who
has the autonomy to notify the new information and update
the state of the system; therefore, the process of managing
information related to the operational context is considered
decentralised. However, the entire freight distribution process
must find the best response to every change.

Even though microsimulation is a tool with great potential
to analyse and solve dynamic problems, it has been little
used in logistics processes associated with UFT [63]. In this
paper, we use microsimulation to integrate the collaborative
and decentralised management of external information (large
volumes of data generated by customers and the urban con-
text) with multiple communication channels collaboratively
shared among the different stakeholders, which generates
operational changes to which the distribution model must
respond. Furthermore, we use autonomous information from
each actor involved in the pick-up and delivery operations in
freight distribution, as well as the urban context, to design
a collaborative model that employs information sharing to
react to every single change in the operational context. Some
studies in the literature have employed agent-based mod-
elling to represent the behaviours of the stakeholders. Nev-
ertheless, our model uses agent-based microsimulation to
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collaborate for individual and collective dynamic information
management. Therefore, the development of a collaboration
model based on microsimulation for the management of
dynamic information in UFT is a contribution to this field of
knowledge.

III. PROPOSED FRAMEWORK FOR DYNAMIC
INFORMATION MANAGEMENT
This section describes the proposed modelling framework.
The purpose here is to identify the main components of UFT,
aiming to link the choices of customers (i.e., receivers and
retailers) and suppliers (i.e., wholesalers, distributors, and
restockers) in a dynamic environment. First, we provide some
definitions and notations, and then, we detail the structure of
the proposed modelling framework.

A. DEFINITION AND NOTATION
Freight transport in urban and metropolitan areas includes
both pick-up and delivery in retail, parcel, and courier
services; waste transport; transport of equipment for the
construction industry; and a broad range of other types of
transport services. In this study, freight distribution within
an urban/metropolitan area is based on delivery tours that
depart from an UCC assuming a pull-type movement [68].
The following two stakeholders (among others) are directly
or indirectly involved in UFT (last mile distribution):
• Retailers, who aim to optimise their restocking process,
integrate freight receiving operations into their selling
activity, optimise their part of reverse logistics to reduce
estate costs, and minimise (or eliminate) inventory cost.

• Transport and logistics operators (transport enterprises),
who seek to optimise their operations (e.g., loading,
routing, and scheduling), the travel time in terms of last
mile delivery as well as at-customer deliveries, and their
part of reverse logistics.

The geographical area, which contains the freight distri-
bution system to be analysed, may be expressed by means
of a graph, G = (N, L), where N is the set of internal and
external nodes; and L, the set of pairs of nodes belonging toN,
called ‘links’ or ‘arcs’. Certain variables perceived by users
(e.g., travel times and monetary cost) can be associated with
each of these entities (i.e., links and nodes). These variables
are referred to as level-of-service or performance attributes
that change throughout the day due to, for instance, different
levels of traffic congestion.

A freight distribution plan is defined based on the choices
made by receivers (customers) and transport and logistics
operators. In addition, it depends on the performance of
the road network where delivery vehicles, along with their
constraints (e.g., maximum load), move.

Consequently, as mentioned above, the considered UFT
flows result from customers’ (retailers) needs. The charac-
teristics of the restocking process (i.e., freight flows from
suppliers to customers) are strictly related to the type of retail
businesses to be restocked in terms of delivery size, delivery
frequency, freight vehicle type, and operations times, among

other factors. For example, delivery size and freight vehicle
dimension tend to increase with the size of retail businesses,
while the delivery frequency tends to decrease, with a major
influence on the total distance travelled by freight vehicles.
Therefore, restockers’ choices regarding delivery (such as
tours to be performed and vehicle paths) affect the restock-
ing characteristics and the total distance travelled by freight
vehicles.

Furthermore, the service offered by suppliers may depend
on the accessibility of their areas and those where customers
are located. Thus, if accessibility changes (for instance, due
to management measures and traffic congestion), the suppli-
ers’ operation process may also change. Then, if the char-
acteristics of customers and/or the accessibility of their area
changes, the UFT characteristics may do so as well.

B. PROPOSED MICROSIMULATION FRAMEWORK
As stated above, the proposed modelling framework was
specifically developed to analyse UFT and consider the possi-
ble relationships between receivers, suppliers, vehicle needs,
and road network status, which hereinafter will be referred to
as ‘stakeholders.

This modelling framework simulates a freight distribu-
tion system and focuses on interactions between suppliers
(e.g., restockers and wholesalers) and receivers (e.g., cus-
tomers and retailers), taking into account that the receivers’
requests (demand), as well as the operation characteris-
tics, can change over time due to, for instance, road con-
gestion. Hence, this modelling framework combines data
coming from different datasets: road network data (which
serves to obtain the supply features), customers’ character-
istics (socio-economic data, requirements in terms of deliv-
eries, and location), and suppliers’ restocking characteristics
(socio-economic data, vehicle fleet, features of the ser-
vice offered, and location). In addition, the simulation out-
puts (i.e., initial and final vehicle routes, minimum number
of vehicles required, cost of routes, service level to new
customer requests, and time variation in routes) are also
presented.

In particular, the proposed microsimulation model (Fig. 1)
aims to dynamically simulate the changes that may occur dur-
ing UFT operations (i.e., pick-up and delivery at customers’
location) due to customers’ requests and the road network
status (i.e., performance of the network, such as travel times
and delivery times which are random variables). Thus, cur-
rent choices could be simulated and future choices forecast
based on certain network attributes that can be modified by
implementing the schedule distribution. The model has two
layers, one layer for data initialisation and a second level
for microsimulation of decentralised collaboration for the
management of dynamic information. The first layer consol-
idates information from different sources of the operational
context such as city road network and the static data (initial
customers’ demand and location) from customer and sup-
plier. The second layer is used to microsimulate the dynamic
context in the UFT operation by creating the O-D matrix,
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FIGURE 1. Architecture of the proposed microsimulation model.

the configuration of the different changes in the variables
by the event generation and decentralised collaboration,
the response to these changes by using metaheuristics for the
routing process and finally stablishing the distribution plan
of each vehicle.

Fig. 1 presents the proposed microsimulation model. The
decentralized collaboration process of the management infor-
mation emulates the sharing information in real-time, based
on the generation of dynamic variables that depend on the
behaviour of each involved actor. The roles and choice
behaviours of the stakeholders (i.e., receivers and senders)
and their interaction, as well as the context configuration
(e.g., road network status forecast through event generation),
help to identify the UFT environment and how information is
managed in a decentralised manner.

Subsequently, the microsimulation process defines the
micro-changes (i.e., changes in each variable coming from
the different stakeholders, such as new order and travel time
between arcs) in customers’ requests, suppliers’ services, and
the road network, as well as the time of the day when they
occur. If a micro-change takes place before the last vehicle
leaves to the UCC, the routing process is updated in order to
consider the majority of these micro-changes with the same
number of vehicles.

The input database (Fig. 2) includes information on the
following three identified environments:
• Customers (retailers): number and location, demand in
terms of quantities, type of products required, time win-
dows, and average loading and unloading times required
to serve them.

• Suppliers (restockers): number and location, product
offerings, loading service times, and load capacity of
vehicle fleet.

• Road network: time-dependent travel times.

FIGURE 2. Dynamic information modules of the event generator.

Events are generated through the two-module generator,
as shown in Fig. 2, which represents the dynamic information
of the UFT. The first module simulates the events associated
with the demand considering three actions:

1) changes in the orders requested by customers (new
orders or cancellations),

2) changes in ordered quantities, and
3) changes in time windows for receiving services by

suppliers
The second module of the event simulation deals with

times:
1) service times at suppliers for loading the vehicles and

at customers for providing services and
2) travel times on road network.
We used the agent-based microsimulation platform

JAS-mine R© [69] for the collaborative decentralization of
the information management process in the UFT. In order
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FIGURE 3. Microsimulation behaviour engine.

to implement the model in JAS-mine R©, it was necessary to
set up two entities: Model and Actor entities (Fig. 3).

The Model entity generates the list of scheduled events
following the discrete simulation paradigm and creates the
list of Actor entities (i.e. customers, suppliers, arcs from road
network and vehicles). The events (micro-changes) can be
programmed and executed only once ‘‘Schedule Once’’ or
repeatedly ‘‘Schedule Repeat’’ considering the starting time
of each event, the order of events, and the time interval
between them.

The Actor entities represent, based on data, the actors
of the model (customers, suppliers, vehicles, and arcs) and
their different behaviours. These entities have historical data
that determine the probability of occurrence of the multiple
independent micro-changes and impact the execution of the
daily operations of goods distribution.

To define the decentralised collaboration process for infor-
mation management, it is necessary to three features to the
model, 1) actors’ behaviours, 2) event identification and com-
munications and 3) operation time control. These features
allow us to open multiple information channels for the UFT
actors, in order to share the different micro-changes related
to the operational context and generate massive management
of the logistics information that is constantly updated and
communicated. Fig. 4 represents the flow of microsimulation
of the decentralised collaboration process for management
information.

1) Actor behaviour: The roles, behaviours, and interac-
tions among the actors are defined to present different
micro-changes in the input variables at some point
over the operation horizon. These changes can occur
on customers (referring to orders and service times),
suppliers (service times), arcs (travel times between
nodes), the UCC (route generation), and vehicles (route
execution).

2) Event identifications and communications: Micro-
changes are only known at the moment they occur.
Therefore, they can be treated as online responses,
and the generated output can be information about
the change in terms of six variables: new orders
with quantity and type of requested products, quantity

change, cancelled orders, time window, service time,
and travel time. These micro-changes can occur in a
single actor or in multiple actors at the same time. This
process is finally responsible for informing the UCC
and the vehicles about variations to which the model
must react.

3) Operation time control: Microsimulation behaviour
engine allows us to keep the same time scale for all
the actors and determine the moments at which com-
munication processes are carried out. This time control
also keeps track of events and the start and end of
distribution operations according to the time windows
of the UCC.

IV. APPLICATION TO A REAL TEST CASE
A. STUDY AREA AND MODELLING SET UP
The microsimulation of the decentralised collaboration pro-
cess for the management of dynamic information for UFT
uses a logistics network structure for the distribution chan-
nel with a UCC as an intermediary between suppliers
and customers, which frequently used in the retail secto
(Rushton et al., (2011); Sadjady (2011); Antún (2013). The
network is composed of suppliers that manufacture differ-
ent products and, additionally, a logistics operator or Urban
Consolidation Centre (UCC) that consolidate the orders that
customers place to suppliers and their final shipments to
meet demand. Therefore, the actors included in this network
are suppliers, the logistics operator (UCC), vehicles, and
customers.

There are three different types of initial data from multiple
suppliers, multiple customers, and Medellín road network.
Each supplier produces a specific product and each customer
requests a set of products in an order. Each segment of the
road network connecting two actors exhibits properties such
as length, travel time, and time-dependent changing probabil-
ity. We used Open Street Maps for the segment distances, and
the travel speed of the vehicles was set at 30 km/h, according
to Área-Metropolitana (2018), which may change according
to the time of day in the simulation.

The model makes queries to generate the matrix of dis-
tances between the actors in the process. The model uses
this matrix to define the initial distribution plan through
Greedy Randomized Search Procedure (GRASP) heuris-
tic, which enables us to establish the number of vehicles
that are needed. Once the initial routes are established,
the microsimulation begins with the decentralised event gen-
eration process, and, each time an event occurs, the actor
communicates the event to all the other actors to respond
to the different changes through a Solomon’s routing inser-
tion heuristic [74] combined with a 2-opt enhancement
operator.

To perform the microsimulation, the following information
is required:
• Individual demand data of each customer: geographic
location, quantity and type of required products, time
windows, and vehicle service times.

VOLUME 8, 2020 182859



C. G. Gómez-Marín et al.: Microsimulation-Based Collaboration Model for UFT

FIGURE 4. Microsimulation of the decentralised collaboration process for information management.

• Individual supply data of each supplier: geographical
location, quantity and type of product manufactured, and
loading time.

• Logistic operator data: geographical location, daily
operating time, consolidated origin–destination distance
of the routes used in the freight pick-up and delivery, and
transportation cost per kilometre travelled.

To test the model, we used the data of 100 initial customers
that must be visited in one day of operation in Medellín,
Colombia. Additionally, there can be new orders of other
100 customers in the database. These customers place orders
to 7 different suppliers. The UCC plays a fundamental role
in the implementation of the decentralised collaboration pro-
cess, coordinating the reception of information from all the
actors on the different events that occur during the operation
and the transmission of specific information to the agents
involved. Fig. 5 shows the georeferencing of customers, sup-
pliers, and the UCC. The road network is used to generate
the connection between these actors. The dataset of the case
study was taken from [75].

We analysed the results of 20 microsimulations of the
decentralised collaboration process for information manage-
ment among the actors in the UFT. Every actor presented
behaviours in response to each micro-change with an inde-
pendent probability distribution. The arrival time of the new
orders throughout the simulation followed a normal distri-
bution with a mean of 120 minutes (i.e., t/4, where t is

600 minutes, the duration of the operation day) and a stan-
dard deviation of 50 minutes. The travel times exhibited an
empirical time-dependent distribution. The operation time of
a day was divided into 5 segments with a higher probability of
travel time at peak hours. Each link had the same probability
for its travel time in the same segment of the day. The model
entity evaluated the changes in new orders and travel times
every minute of the simulation.

We assumed that the other events had a uniform distribu-
tion for each customer and followed a Poisson distribution
with a lambda equal to 0.15 events per minute, which gen-
erated a low level of dynamism with an average of 5 events
per simulation of this type of event. These micro-changes are
part of the behaviour of each actor entity.

For the arrival of new orders, we established an average
of 13 new orders per simulation; and, for travel time changes,
an average of 12 changes per simulation. The probability
of each event could be adjusted to set different dynamism
degrees. The parameters and variables of the simulation are
shown in Table 3.

B. RESULTS AND DISCUSSION
We simulated the model using the Java R© JAS-mine plat-
form. It allowed us to program insertion heuristics to react to
changes in the simulation. The algorithms were run on a com-
puter with 4Gb of RAM and a 2.4-Ghz Intel Core2 duo i5 pro-
cessor. Table 4 summarizes the results with the maximum and
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FIGURE 5. Geolocation of actors.

TABLE 3. Simulation parameters.

the minimum number of events as well as the average values
of the 20 runs.

Due to the randomness in the model, there were some
variations in the total number of changes in all the simulation
runs (maximum number of events=54; minimum number of
events=30). These changes were distributed differently in
each model variable. The most frequent events are new orders

and travel time changes, followed by service time changes.
These events affect the percentage of accepted events and the
operational costs. An important finding is that the average
load factor presented low levels, with an average of 43.08%
among the six vehicles used to make the distribution. The
results show that a greater number of events produces lower
service levels.

A comparison between the initial distribution plan and the
simulation runs that implemented the maximum and mini-
mum number of events shows that the number of cancellation
requests affects the total cost of the routes because some
initially planned customers were not visited. It can also be
seen that, with the use of the decentralised collaboration
process for information management, new requests can be
fulfilled, which was not possible at the initial stage. Likewise,
an increase in the average load factor of the vehicles was
identified due to the acceptance of new orders by the vehicles
located at the UCC before the request was received. Changes
in travel and service times revealed that it was necessary to
have historical information about such behaviour for a better
characterization in the microsimulation.

Fig. 6a presents the initial operation time and the accumu-
lated travel times between customers in each route. When the
line is parallel to the x-axis, the vehicles do not move because
they are waiting or unloading. Similarly, Fig. 6b details the
performance of the vehicles when they are unloading a cus-
tomer’s order or waiting for operation, and, in this case, when
the lines have zero slope is because the vehicles are moving.

Figs. 6a and 6b show the vehicles leaving the UCC at
various times over the simulation because the different time
windows produced long initial waiting times, in some cases
up to 200 minutes. This time is used to react to new orders if
they had enough freight. The use of safety stock in every vehi-
cle could help to increase the percentage of event acceptance
by reacting to more new order events and customer quantity
changes.

Fig.7 represents how vehicles visit customers during the
day. It compares the number of visited customers and those
to be visited. The latter varies when a new or cancellation
request occurs, and its fluctuations can be perceived when
changes appear in these variables. Similarly, it shows the total
number of customers visited during the day of operation, and
the simulation minute when the last customer was visited.
In this specific figure, the vehicles visited 105 customers at
the end of the day.

C. RELATIONSHIP OF VARIABLES WITH THE
MODEL OBJECTIVES
The number of variables considered in the microsimulation
model generated different impacts on the distribution cost and
the percentage of events at the end of the day. For this reason,
it was necessary to find the relationships between the different
types of variables and the two objectives of the model.

In this section, we use a graphic and correlation analy-
sis of these relationships based on the simulation results.
Fig. 8 (a) is a chart of the relationship between the total
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TABLE 4. Summary of simulation results.

FIGURE 6. Accumulated time per vehicle. (a) Travel time. (b) Waiting time.

number of events and the service level achieved in each
simulation.

It is not possible to establish a linear relationship between
them because some peaks in the graphs do not match. It may
be because this relationship depends on the type of event,
or the impact of each variable on the objective is different. For
this reason, it was simulation. It is not possible to establish
a linear relationship between them because some peaks in
the graphs do not match. It may be because this relationship
depends on the type of event, or the impact of each variable
on the objective is different. For this reason, it was essential
to connect each variable with the service level since no model
so far had integrated this number of variables into the perfor-
mance of the distribution processes.

Fig. 8(b) does not show a clear relationship between the
total number of events and the total distribution cost. This is
because, when the number of events is the highest, the total

FIGURE 7. Visited vs non-visited customers.

distribution cost is the lowest; but, when the distribution cost
is the highest, the number of events is not the lowest. Instead,
it shows that, when the number of events is the lowest,
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FIGURE 8. Relationship between total number of events and (a) Percentage of events acceptance. (b) Total cost.

FIGURE 9. Relationship between service level and types of events.

the cost is similar to the average among all the runs. As this
relationship does not exhibit a clear trend, it is critical to
identify the behaviour of the different types of variables with
respect to the total distribution cost and percentage of event
acceptance. The same occurs in Fig. 8(b) with the number
of events and the service level. Figs. 9 and 10 relate the six
variables and the two objectives of the model.

Figs. 9 and 10 plot the number of changes that occurred in
each variable considered in this study versus total distribution
costs and service level, respectively, in order to identify any
linear relationship between them. As can be seen, there is
no linear relationship between the variables and the response
indicators. One reason for this may be that the relationships
between the variables are not linear, especially considering
that each change can impact the process performance.

Table 5 shows the correlation between the different pairs
of dependent and independent variables. According to the
Pearson correlation coefficient, it can be deduced that for

TABLE 5. Pearson correlation coefficient.

almost all variables there is no linear correlation except for
a negative correlation between the cancellation request and
the total cost of the route of final routes. This is because
a cancellation reduces the travel distance for a vehicle and
impact directly the cost of the route.
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FIGURE 10. Relationship between total distribution cost level and types of events.

FIGURE 11. Mean of the load factor for all the used vehicles.

The average load factor is an important indicator for
the UFT as a measurement of the efficiency of the use
of resources (vehicles) in the distribution process. Hence,
the microsimulation of the decentralised collaboration pro-
cess for the information management also calculated the
average load factor of the six vehicles that visit the different
customers in each run: 43% of the vehicle’s capacity, as it
can be observed in Fig. 11. This low efficiency in resource
management may, as stated above, allow us to use vehicle
safety inventory to respond to some new and change of quan-
tities request, thereby increasing the service level to different
customer requests.

The proposed microsimulation-based collaborative model
can assess reactions to a broad range of changes in demand
and road network. The model involves the autonomous infor-
mation management for all the actors and their on-line
communications of the dynamic changes. This characteristic
allows the model to support decision making on the UFT and
adequately react to changes. Using a UCC can reduce the
number of routes and vehicles performing the deliveries and
increase the vehicles’ load factor. The results from the model
support the design of policies to react to demand and road

network changes as well as the use of the vehicle fleet in order
to reduce the cost of the distribution process and increasing
the service level.

One of the main benefits regarding the obtained results is
that the modelling framework can support policy makers in
defining new scenarios for improving city sustainability and
liveability. In fact, as test case showed, it adapts very well
to public policies such as, delivery hours, road restrictions,
UCC support, in particular with those associated with vehicle
capacity and load levels, peak-hours issues, access restric-
tions to certain areas and roads in the city, loading and unload-
ing times. It allows to obtain quick and timely responses
on the modifications occurring after policy implementations
from logistics operators.

With this modelling framework, it is possible to achieve
greater collaboration among the different actors and improve
the global goal associated with urban logistics processes.
It could assess and lead public policies for UFT supported
by intelligent systems easier to implement operationally.

Additionally, by the microsimulation model used to sup-
port demand and supply management processes, it is easier
to predict the origin-destination matrixes, to estimate the use
of the roads and to assess management public policies with
the impacts produced by the UFT.

V. CONCLUSION
With the microsimulation model of decentralised collabora-
tion for information management in the urban distribution
of goods, it was possible to represent the autonomy of each
actor but also its collaboration by sharing its own information
with the supply chain stakeholders in order to improve the
flexibility and timely reaction to different changes in the
operational context. Furthermore, we modelled six different
variables for the allocation and routing logistic operations:
arrival of new customers, cancellation of orders, changes in
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the quantity of product to the initial orders, time window
changes, travel times, and service times. This model is a
contribution to the state of the art of city logistics because
no study in the literature has involved these many variables
representative of the operational logistic processes; some
articles have addressed two or three variables, thus falling
short of representing dynamic changes in UFT.

With the model developed here, the communication of the
information of each actor in the process could be simulated
to react in an efficient way to different changes in the opera-
tional context. The model can represent the dynamism in the
pick-up and delivery of freight transport processes in urban
environments and find feasible solutions to these changes.
The application of this model to the case study shows that
can react to an average of 68% of the new events, this is a sat-
isfactory result that show the benefits of implementing such
modelling framework to support decision making policies.

A future research field is the implementation of tools (such
as evolutionary heuristics or local search) to optimize or
improve the model’s responses to the various changes that
occur in real life. In this sense, multivariable decision-making
to react to on-line dynamic changes should be investigated.

Similarly, the decentralised collaborative process for
information management would allow to keep updated
information on changes in the urban context. Other future
investigation line could be focused on modelling tools that
lets integrate, this collaboration with the coordination of
the resources of all the actors to react efficiently to these
changes while combining cost minimization and service
level maximization objectives, such as multi-agent systems.
An additional line of research is the integration of the
microsimulation of the decentralised collaboration process
with vehicle traffic microsimulation to analyse, in depth, the
changes in the mobility that it produces and that, at the same
time, affect the urban distribution of goods.
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