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Abstract. When applying transport policies or business strategies toa trans-
portation system, different effects, such as environmental and economic effects,
typically appear. Simulation can be used to predict such effects for a given pol-
icy or strategy, and we argue that to fully capture such effects there is a need to
model the underlying decisions and actions in the transportchain. The aim of this
paper is to identify and discuss some important transport chain responsibilities
and roles that need to be captured in a simulation model in order to study these
types of effects. The roles concern basic functionality related to using and provid-
ing services, and the responsibilities include decisions and actions that concern
ordering of products and transports, and planning of how to use resources and
infrastructure. We contribute with a framework, which on anabstract level de-
scribes responsibilities, roles and interactions that areimportant to consider in
an agent-based transport chain simulation model. We argue that our framework
can be used as assistance when developing an agent-based transport simulation
model. To illustrate how the framework can be realized, we briefly describe an
agent-based simulation tool called TAPAS.

1 Introduction

Freight transportation causes different types of effects,for instance, positive economic
effects due to the movement of goods between different locations. However, it also
causes negative effects, such as emissions and congestion.To influence the conse-
quences of transportation, transport policies or infrastructure investments are often used
by public authorities to reach governmental goals, such as emission targets and sus-
tainable economical development. Moreover, companies wish that their operations are
performed as efficiently as possible to increase profit and therefore they take different
types of measures. For instance, the location of a production facility may be changed
to shorten the transport distance, or to decrease the production costs. Other examples
of business strategies can be to change the production ordering strategy, e.g., to pro-
duce according to make-to-order instead of make-to-stock.In order to prevent the occu-
rance of undesirable effects, it is important to predict theconsequences of such types of
policies, strategies or infrastructure investments before they are implemented. To make
such predictions it is important to understand how transportation actually is influenced
by transport policies, infrastructure investments or business strategies and that can be



achieved by using simulation [1]. We argue that to be able to capture the effects in a sim-
ulation model, the individual actors of a transport chain, their heterogeneity as well as
the decision making process need to be captured. This can be achieved by agent-based
modeling as in the simulation model described by Davidsson et al. [1].

We define a transport chain as the activities and organizations that are involved in
producing and moving products from a producer depot to a customer depot in a trans-
portation network. Our scope of transport chains is wider ascompared to other transport
chain models where the focus typically lies on transport choices and transport planning
[2]. We argue that it is important to also capture the productdemand, production-related
as well as inventory-related decisions to be able to determine changes in the transport
demand, for instance, due to changed logistical structures. We use the term transport
chain instead of supply chain since we put the emphasis on studying transportation re-
lated effects. Moreover, there is a great flexibility in how to perform activities such as
transportation and production. Crucial activities such astransportation can appear in
different types of organizations depending on the characteristics of the transport chain.
For example, transportation can be decided upon and carriedout by the product sup-
plier, by the buyer of products or by a third party transport service provider which, for
instance, is contracted by the producer.

The main purpose of this paper is to identify which transportchain responsibili-
ties, roles and interactions are important to capture in a simulation model to enable
prediction of the effects of transport policies, infrastructure investments, and business
strategies. Another purpose is to identify how the responsibilities can be incorporated in
a simulation model and to discuss the modeling challenges that arise. It is also relevant
to identify which roles (we define a role as a set of responsibilities) that are appropriate
to model.

In Section 2 we start by deducing which effects and transportchain properties are
important to capture in order to model the effects of transport policies, infrastructure
investments, and business strategies, and hence which responsibilities, roles and inter-
actions need to be represented in an agent-based transport chain simulation model. The
identified responsibilities are described in more detail inSection 3, and to exemplify
and illustrate the framework, an agent-based simulation model (TAPAS), is briefly de-
scribed in Section 4. In Section 5 we discuss the usability and validity of the framework
and we conclude the paper with some directions for future work.

2 A framework of transport chain responsibilities, roles and
interactions

In this section we discuss which effects are important to study, and hence which trans-
port chain properties, responsibilities and roles are important to include in a simulation
model. Other descriptions regarding the cause and effect relations in transportation have
been made previously [3][4]. The reasoning in these studiesis similar to our perception,
i.e., that the effects from transport policies and other measures can be deduced from pre-
vious decisions and transport indicators. However, our scope is a bit wider than these
descriptions. The outcome of this section is a framework, which on an abstract level,



defines the transport chain responsibilities, roles, and interactions that are important to
consider in a simulation model.

2.1 Effects

The purposes of governmental transport policies and infrastructure investments are to
reach goals such as reducing the negative effects of transportation and internalizing the
external costs, i.e., incorporating the costs for the society as a consequence of the nega-
tive environmental effects and other negative effects of transportation (see for instance
[5]). However, public authorities usually also want to havea sustainable business cli-
mate to maintain economic growth, which is why for instance,public authorities wish
that internal costs are kept at reasonable levels. For business strategy decisions, how-
ever, the primary goal is typically to improve the competitive position towards other
companies. There are different types of effects from transport policies, infrastructure
investments, and business strategies which we want to capture in a model.Environmen-
tal effects, which include emissions, congestion, noise, accidents, and land use, have
different types of impact on the environment, such as climate effects and eutrophica-
tion. Other effects areeconomic effects such as costs for the actors in a transport chain,
i.e., internal costs (e.g., fuel cost) and incomes to the public authorities from taxes and
fees. Transportation can give added value to companies or consumers, and income to
companies when transport services are bought is therefore another type of economic
effect. Another example of an economic effect, as mentionedabove, is external costs.

Finally, we want to capturelogistical effects which are related to the utilization of
resource and infrastructure. Logistical effects include how well the resources (vehi-
cles, producer depots, and storages) are utilized in terms of time, space, weight, etc.,
as well as how well infrastructure such as terminals and linkinfrastructure is used. As
an example, public authorities who have invested in new railway infrastructure wish to
estimate how well the new infrastructure actually is used. Moreover, logistical effects
include quality aspects of the performed transportation, such as punctuality and product
quality. An example of a logistical effect is transport efficiency, i.e., the ratio between
transport work (ton kilometers) and traffic work (vehicle kilometers).

Yet another effect, which we however do not consider in our analysis, issocial
effects which are related to the situation for human beings. For example, in order to
allow for a well functioning transport infrastructure in sparsely populated areas, i.e.,
achieving a good accessibility, transports are in some countries being subsidized by
governmental authorities.

2.2 Properties

An effect can appear in various ways in the transport chain, and this influences what
properties should be included in a simulation model. Properties which are necessary in
order to capture the different types of effects should be included, however, the granu-
larity of the modeled properties may differ significantly between applications.

The choice of which resources and infrastructure to use is affected by different
transport policies, such as the levels of transport relatedtaxes and fees. For example, the
introduction of a kilometer tax for heavy trucks may result in a modal shift, from road to



rail, and a road toll may affect which route(s) will be used for transportation. Therefore,
it is necessary to explicitly modelresources, including vehicles, production facilities
and storages as well asinfrastructure which can be terminals (e.g., ports, transshipment
locations, and distribution centers) and link infrastructure (e.g., roads and rails).

The effects from the usage of resources depend on characteristics such as traffic
mode, fuel type, weight, and emission factors for vehicles as well as raw material de-
mand. The usage of transport resources also influence the environmental effects and
external costs of transportation. For example, in order to capture the external costs for
transportation, vehicle characteristics such as road wearfactors also need to be mod-
eled.

An efficient usage of resources requires carefulplanning, which is why the plan-
ning of resources need to be captured in the model. Also planning at the terminals (e.g.,
handling of storages and vehicles need to be considered. Since the transport costs are
affected by the transport policies, the order size (which quantity to order) may be af-
fected, as well as the departure time of the vehicle. Therefore, the planning concerns
how much (quantity) and when to transport, produce, replenish or transship and with
which resources and infrastructure. The time when it is possible to transport is influ-
enced by whether or not the planning has to consider timetables. To be able to capture
complex planning, such as negotiation between several transport chain actors, theinter-
action between decision makers should be modeled.

Besides the aspects discussed above, there is also a need to include theproduct de-
mand for certain product types in customer depots. A product demand specifies quan-
tities and time periods when products are needed. To meet this demand there is a need
to obtain the products, e.g., by production, refinement, mining, etc. from one or sev-
eral producer depots or simply to take the products from a storage.Transport demand
refers to the need to transport the products from the producer depot(s), or storage, to the
customer depot. A transport demand includes a time when the products need to be deliv-
ered at the customer depot when transported from a specific producer depot or storage.
The transport demand is affected by the transport policies,for instance, by the choice
of departure times and the demand for different transport types (modes) when different
types of taxes are applied. Also, there is an obvious connection between product de-
mand and the demand for transports, since the transport demand is directly caused by
the demand for products. In reality, the product demand willbe affected by the transport
cost, since the transport cost adds to the cost of the products. Therefore, the purchasing
power of the end customers will decrease if transportation gets more expensive. How-
ever, we mean that it is appropriate to use a constant productdemand in order to use
it as a reference point in simulation experiments. In other words, the product demand
should be kept fixed and the transport demand can be seen as an output from the model
as a consequence of, for instance, the product demand.

2.3 Responsibilities and roles

In this section we motivate and present a framework, which onan abstract level, defines
the responsibilities, roles, and interactions that need tobe considered in an agent-based
transport chain simulation model. To capture the demand forproducts and transporta-
tion, which resources and infrastructure to use, and how to use the resources on the



infrastructure, we argue that there is a need to capture the underlying decisions, and
hence responsibilities. From the main types of properties described in Section 2.2, we
have identified two main types of responsibilities;ordering decisions relate to the de-
mand for products and transportation, andplanning decisions concerns the usage of
infrastructure and resources related to production and transportation. Another type of
responsibility iscoordination, which mainly is important for the ability to capture re-
lations between responsibilities. Coordination may occurinside as well as between re-
sponsibilities, and without coordination, it would be difficult for the actors to fulfill their
responsibilities. Below, the different types of responsibilities that we have identified are
presented together with some examples of the types of decisions that are involved.

– Product ordering (From which product provider should products be ordered? What
types of products should be ordered, and which quantity? In what time window
should the products be delivered?)

– Transport ordering (From which transport service provider(s) should the transport
be ordered? What quantity should be transported and in what time window should
the products be picked-up and delivered?)

– Production planning (At which production depot should the products be produced?
When should the products be produced and in which quantity?)

– Inventory planning (At which inventory should the productsbe replenished? Which
quantity should be replenished and when?)

– Transportation planning (Which mode of transportation, vehicle type, load carrier
and route should be selected? What consignment size is appropriate and when
should the transport be performed? Which products should beload coordinated?
Should the products be transported according to timetablesor not?)

– Terminal planning (At which terminal should products be transhipped? Which quan-
tity should be transhipped and when?)

– Coordination (Which activities need to be coordinated? Howshould the different
activities be prioritized in-between them? Which productsare involved in the coor-
dination?)

However, organizing responsibilities in this way is not a straight-forward task since
activities in a transport chain are typically integrated and difficult to separate from each
other. For example, transport ordering and product ordering are often seen as an in-
tegrated unit. The responsibilities have to be detailed enough so that they can appear
in different types of organizations depending on the particular transport chain, but still
course-grained enough to allow for flexibility.

We present four key transport chain roles, which we claim canbe used to represent
all types of actors involved when production and transportation services are mediated.
We focus our framework on the decisions and actions dealing with ordering and se-
lection of services and how to mediate transportation and production services, and we
argue there is no need for any other roles for this scope.

– Transport User (TU) refers to a consumer, or a buyer, of transport services, i.e.,
someone who wants to transport cargo.

– Transport Provider (TP) is a provider of transport services.
– Product User (PU) is someone who buys products or product services.



– Product Provider (PP) refers to a provider, or a seller, of products.

These roles can be decomposed into more detailed/specialized subroles, but on an ab-
stract level, these are the only roles that need to be considered. Note that an actor is
allowed to play multiple roles, for instance, a freight forwarder plays two roles; the role
of a TU as well as that of a TP. It both provides transport services to a transport user,
and orders transport services from transport providers.

As mentioned above, coordination is important for the ability to capture relations
between responsibilities. In our framework, we focus on coordination that involves mul-
tiple roles, since coordination inside roles is easier to capture within the scope of the
behaviors and responsibilities that are captured in the roles. That is, in such cases coor-
dination is implicitly included in the responsibilities. For instance, inventory planning
can be coordinated with product ordering in the ordering process. Coordination may
appear in actors who are playing more than one user role in order to fulfill a task. These
roles may, e.g., be one PU and one TU if the purpose is to coordinate production and
transportation, or several TUs if the purpose is to coordinate transport services.

Interaction is both a means for dealing with coordination between roles as well as for
realizing responsibilities that do not include coordination. However, on an abstract level,
the need for interaction can be limited to concern how the four abstact roles introduced
above are allowed to communicate with each other. Basically, TUs are only allowed to
communicate with actors that play the TP role, and PUs are allowed to interact with
PPs. Interaction inside agents are not considered, and high-level protocols, defining the
actual flow of messages is also outside the scope of the framework. For an example of
how the framework may be realized, please see Figure 1.

2.4 Relations between responsibilities, roles, and agents

Transport chains can be organized in many different ways, which means that the activ-
ities and hence the responsibilities in different transport chains will appear differently.
An important phase during the analysis/design of a system, is to decide which respon-
sibilities, and on which levels, they should be representedin the different roles. As
mentioned above, a role is defined as a set of responsibilities, and an agent can be de-
fined as a set of roles together with a set of protocols that describe how it is supposed
or allowed to interact with other agents in the system.

A difficulty when defining and assigning responsibilities toroles is that responsibili-
ties typically are rather integrated, and as mentioned above, they are not always disjoint.
Sometimes responsibilities are closely related and difficult to separate from each other.
Obviously, these inconsistencies and difficulties to defineresponsibilities makes it dif-
ficult to assign responsibilities to roles. Typically, responsibilities can be assigned to
roles in many different ways, and to perfom a proper assignment, the analyst/designer
needs to perform a deep analysis of the actual system to be modeled. Therefore, one of
many available design methodologies (e.g., GAIA) may be used to analyze and design
the system. However, adopting the ideas presented in our framework may simplify the
analyzis and design phases, at least when dealing with agent-based transport chain sim-
ulation. The following guidelines may help the analyst/designer to model the system.



1. The organizational-level transport chain actors that are involved in the system (cor-
responding to organizations, as well as, to suborganizations within organizations),
should be identified and introduced at an early stage of the process. This relates to
identifying the scope of the model.

2. For each actor, it is important to specify which of the fouruser/provider roles they
are allowed to play. This helps identifying which actors aredealing with coordinat-
ing activities. The actors should be structured (linked together) based on how they
are allowed to interact with each other.

3. For each actor, the behaviors (including goals) need to beidentified, and the corre-
sponding responsibilities should be assigned to the roles.

Ideally, decision makers follow some kind of procedure to arrive at a solution for
obtaining and transporting the products. This is not alwaysthe case, even if decision
makers aim at working in such a way. In an agent model it is therefore convenient
to specify how the agents (decision makers) are allowed to communicate and to let
the agents communicate according to a defined high-level interaction protocol, which
realizes the low-level interactions in the framework. Thisis something that can be done
rather late in the analysis/design process.

3 Responsibilities in the decision making process

In this section we discuss the responsibilities outlined inSection 2.3. We have cho-
sen to discuss responsibilities on a detailed level since, in our framework, modeling
of responsibilities allows for more flexibility than modeling of roles and interactions.
The responsibilities primarily concern ordering and planning; however, the boundaries
between them are not always clear since they sometimes depend on each other. For
instance, product ordering and transport ordering are often made closely integrated,
which is why it in some transport chains can be difficult to separate them in the de-
cision making process. Moreover, responsibilities are notalwayes disjoint, since the
same type of activities may appear in different phases in theprocess. The types of deci-
sions included in the respective responsibilities are explained and examples of different
strategies which can be used to make the decisions are discussed. Both strategies to
make the decisions as efficiently as possible, as well as simple rules of thumbs which
often are used in practice, are discussed.

3.1 Product ordering

Product ordering takes place in order to fulfill a demand for products (components, raw
material, etc.) at a certain location. The demand for products often stems from a wish
to have certain inventory levels, in order to meet the end-consumer demand, for own
production, etc. The demand for products can often be estimated beforehand based on
forecasts. However, forecasts are often not very detailed,which is why, there can be a
high level of uncertainty regarding the actual demand. The quality of the demand fore-
casts influence how well the ordering and consequently, the product delivery will meet
the demand. The inventory levels fluctuate depending on incoming orders and typically



stochastic consumption. If there is a shortage of products,ordering might occur with
very short notice, which consequently can cause less efficient usage of the resources,
e.g., a faster but more expensive transport may have to be contracted.

If there is a long-term relation between the buyer and the supplier of products, fore-
casts or plans for which quantities will be requested over a period of time are often given
to the product supplier to facilitate the planning in order to meet the product demand.
A common order policy used in the industry is the(Q, r) model, which determines the
order point(r) and order quantity(Q). This implies thatQ units are ordered when the
inventory level falls belowr. Q is usually chosen according to the Economic Order
Quantity (EOQ) formula [6]. Typically, the order cost decreases and the inventory cost
increases with an increasing value ofQ, and in the EOQ model, the costs for ordering
and inventory are minimized.

Instead of making use of traditional customer ordering based on the inventory lev-
els at the customer, like the EOQ formula, Vendor Managed Inventory (VMI) can be
used [7]. In VMI, the product provider is given control over the customer inventory
and determines when replenishments should be made. This type of cooperation has the
potential to make the planning of transportation and production more efficient since the
information transparency between the actors enables more flexibility of the planning.
There are different ways of implementing VMI, for instance,VMI by direct access to
customer inventory levels, or VMI based on demand forecasts.

Closely related to the ordering policy is how the delivery time window is chosen.
The size of the time-window often depends on inventory capacities, including safety
stock levels, as well as how the products are going to be used after delivery.

The business relationships influence how ordering (as well as other responsibilities)
is made and to which business partners product orders are sent. Requests can be sent
to product suppliers which are very seldom contracted or to suppliers with which there
is a long-term relationship. In the latter case, the partners often have more insights in
their respective operations, and when there is a high level of trust between the partners,
VMI might be an alternative to make the operations more efficient. If a product sup-
plier is frequently contracted, there is normally a contract between the partners where
approximate demands are indicated.

When multiple alternatives for obtaining the products are available, the different
alternatives are typically evaluated by considering cost and how well the product re-
quirements are met. Sometimes a trade-off between cost and quality is required, when
choosing an alternative. Some customers may also evaluate other aspects such as the
environmental performance of the proposal [8], and sometimes there is a need for ne-
gotiation regarding the price, quality and time of the product delivery, etc.

3.2 Transport ordering

The process of ordering a transport is to some extent similarto the process of order-
ing products. When transportation of products is needed, a transport order specifying
information about the products including capacity requirements, start and end location,
as well as time-windows for pickup and delivery is created. Atransport order may con-
tain further specifications of how the transport should be performed, such as a required
temperature of the transported products.



The transport order is communicated either directly to one or more suppliers of
transport capacity or to a (possibly third party) transportbroker which handles the con-
tact with transport service providers. Typically, one or more transport alternatives are
available, and if several transport alternatives exist, the best one according to cost, de-
livery time, etc., is chosen. Sometimes the price and final conditions of the transport
have to be negotiated with one or more of the available suppliers before an agreement
can be made.

Choices related to transport ordering concerns selecting which of the available trans-
port alternatives that best meets the requirements for transporting the requested products
to the customer. Important choices that might be specified ina transport order includes
which traffic mode(s), vehicle type(s), transport provider(s), as well as which route to
make use of.

The evaluation of possible transport alternatives can be based on cost, quality, en-
vironmental performance, etc., depending on the type of transport chain, and the pref-
erences of the buyer of transport capacity. According to a survey by Lammgård [9],
the most important factors when transport service providers are contracted are the re-
liability of the transport service and the price. Other important factors that are pointed
out in the survey are price, trust, environmental aspects, goods damage, and time fre-
quency. Often a trade-off is made between those factors. When the evaluation is made,
it is for instance possible to weight the choice criteria to facilitate the selection of which
alternative that is considered to be best.

3.3 Production planning

This activity concerns planning of production (e.g., assembly and manufacturing) where
some kind of refinement of products occurs. The primary goal of production planning
is to use production capacity as efficiently as possible, while taking production costs,
production capacities/resources, and demand into account. Commonly used produc-
tion strategies are pull and push, where production is demand-driven in the former and
pre-determined (e.g., based on forecasts) in the latter. Pull strategies are often chosen to
decrease the inventory levels and to better capture demand variations, while push strate-
gies often use resources better since the planning takes place far ahead [10]. An impor-
tant challenge is to keep lead-times short, while still being able to offer customized
products [11]. Choosing an optimal batch size in push strategies can be somewhat sim-
ilar to the EOQ formula for deciding about the optimal order quantity (see Section 3.1).
However, here the trade-off is between production costs andinventory costs.

For a company which controls several factories and storages, production planning
also involves taking decisions about how to obtain products. The choice from where
to obtain the products may, for instance, be based on a strategy where the products
are produced unless there are already enough products in stock. Finally, when products
have been produced and are ready to be transported, they should be coordinated with
available transport resources, and if the production strategy is sensitive to disturbances,
the transport planning may also be influenced.



3.4 Inventory planning

Inventories can for instance be located in connection to producers and customers, or
at intermediate locations such as central storages of producing companies. Inventory
planning concerns planning (and controlling) the inventory so that enough products to
meet the product demand are kept in stock. Therefore, inventory planning and product
ordering are closely related to each other, as discussed in Section 3.1.

Different replenishment strategies can be used to maintainthe desired inventory lev-
els depending on the characteristics of the transport chain, the costs for transporting and
storing products, as well as the quality requirements (e.g., deterioration over time) of
the products. In some transport chains the main focus can be to minimize the inventory
costs, while in others the focus can be on efficient transportation or production.

3.5 Transport planning

Transport planning typically relates to a vehicle fleet for aspecific traffic mode and
a single transport service provider, and it aims at planningthe available transport re-
sources in an efficient way based on the requested transport services. The availability
of appropriate vehicles, loading units, personnel, etc., is taken into account during plan-
ning. Transport planning is mainly based on costs associated with transport resources,
such as costs for fuel, maintenance, and labor, while other requirements, for instance
concerning quality, are maintained. The planning of transport resources includes several
interrelated decisions, which in most cases are overlapping. The decisions mainly con-
cern determining the consignment size, the departure and arrival time of the transport,
load consolidation, backloading, as well as route planning. Time has a great influence
on the transport planning, for instance in terms of time requirements from customers,
time-based costs, delays, etc. [3]. The time for the transport is also influenced by the
choice of timetabled vs. demand-driven transportation. Ina longer run the transport
planner also decides whether timetables are going to be usedon certain transport seg-
ments, for instance if there are certain product flows which are rather stable.

Load coordination, such as load consolidation and backloading, is also part of trans-
port planning. Load coordination depends on the customer orders, the location of the
different customers, the available vehicles, etc., and is arather complex planning issue.
For instance, the problem of planning for load consolidation can be approached by sev-
eral strategies. Two policies frequently used in practice for the choice between transport
on own account or for-hire are compared in [12]. With the timepolicy, consignments
are transported at a certain time, regardless of the load utilization (this can be regarded
as a timetabled transport), and with the quantity policy, consignments are added until
a certain load utilization is reached. Since it is more difficult to predict the delivery
time for the quantity policy, this policy can be appropriateto use if the transportation is
on own account due to the more efficient vehicle utilization in terms of space, but less
punctuality [12]. Load planning also belongs to transport planning. The way the prod-
ucts are loaded influences how much time and effort is required to unload the products,
especially if the vehicle stops at several locations to unload products.

The more flexible the transport requests are, the easier it will be to plan the vehicle
usage efficiently so a high vehicle utilization can be obtained. Large time-windows



for delivery make the requirements looser and give more flexibility in the transport
planning. To plan the transports well, there is also a need for an appropriate vehicle
fleet which matches the transport demand, so in the long run there may be a need to
invest in transport resources with characteristics that better meet the transport demand.

The transport planning also includes which routes the vehicles should use. There
exists extensive literature on how to find optimal routes forvehicles when a certain
amount of goods should be transported, i.e., the vehicle routing problem. The choice of
traffic mode, vehicle type, and transport service provider for a route depends on certain
key criterias which are outlined in Section 3.2.

In some cases, e.g., in intermodal transportation, severaltransport service provi-
ders are involved in transporting the products. In such cases, the transport planner uses
information from the transport service providers, regarding how transports can be per-
formed. Therefore, the transport planning responsibilitymay include a coordinating
function where several transport plans should be matched together to form an overall
transport solution. The coordination is a very complex tasksince many aspects have to
be considered. For instance, sometimes intermediate consolidation and transshipment
depots and its characteristics such as loading and unloading times have to be considered
when the transport route is selected.

3.6 Terminal planning

Terminal planning concerns planning the activities at terminals such as sea ports and
shunting yards. The terminal planning may be complex, e.g.,due to planning of the ter-
minal resources, the limited terminal area, customer time requirements, and peak hours.
Due to the transport focus, we are mainly interested in reloading activities between dif-
ferent vehicles, but other terminal handling activities which influence the overall per-
formance of the transport chain also take place. The activities can for example concern
shunting at rail terminals and movement of products betweendifferent terminal areas.

3.7 Coordination

Coordination is a rather general type of responsibility which is important for the abil-
itity to capture relations between responsibilities. However, as mentioned in Section
2.3, coordination may also occur inside responsibilities.Recall that, we mainly con-
sider coordination as something that happens in actors playing more than one user role.
Coordination inside roles is on a different level than coordination between roles, and a
typical example is coordination between production ordering and inventory planning.
Examples of coordinating activities that have been discussed throughout Section 3 in-
clude coordination of transport services in order to form complex transport solutions
(see Section 3.5).

Another important activity concerns the coordination of production and transporta-
tion activities. The product supply (e.g., production) andtransportation need to be co-
ordinated, or matched, so that an overall solution that meets the demand for products at
a certain time and location and with a certain quality can be obtained. Typically there
are multiple transport alternatives, as well as several alternatives for how to obtain the
products. The different production and transportation alternatives can be combined in



various ways, which gives overall solutions (product and transportation) with different
quality (including time of delivery) and cost. This means that a trade-off sometimes has
to be made between cost and quality before an overall solution can be accepted. This
trade-off highly depends on the customer requirements, forinstance, regarding how firm
the time of delivery is and how much information is availableabout the actual needs.
In some cases the customer accepts deliveries slightly outside the time-window if the
overall price is cheaper, why this can be taken into account in the trade-off (e.g., by con-
sidering a time-differentiated penalty cost for deliveries outside the time-window). In
the trade-off, it is possible to give priority to either the transport or the product solution,
for instance, to let the transport solution be more efficient(i.e., less resource demand-
ing) than the product solution. For instance, if a large and powerful producer is included
in the transport chain, production-related decisions may be given higher priorities than
transport-related decisions.

The information transparency in the transport chain, as well as the ordering policy
influence which information can be used when making this trade-off. An example of
a strategy where the information transparency and integration between the actors are
high is VMI, as mentioned above. There are different reasonsfor why there sometimes
is a lack of information transparency, sometimes the reasonis that the partners do not
wish to share information, for instance, due to lack of trust, but sometimes the reason is
simply a lack of suitable IT solutions [13].

Coordination responsibilities can appear in a third party logistics service provider
contracted by the customer, in the producing company as a function within the company
or in the customer company.

4 An illustrative example

To illustrate how responsibilities can be respresented in an agent model, we briefly
discuss the Transportation And Production Agent-based Simulator (TAPAS), which is
an agent based model for micro-level simulation of transport chains, with a purpose
of predicting the effects of transport policies, infrastructure investments and business
strategies [1]. In this paper, TAPAS mainly serves as an illustrating example of how the
framework can be represented in a simulation model. Also, TAPAS has helped us to
partially validate the framework, as will be discussed further in Section 5. Obviously,
the development of TAPAS has included a deep analysis of how to model each of the
included responsibilities, however, this analysis is not inside the scope of this paper.
Please refer to our companion publications for more information regarding the simula-
tion model, the analysis, simulation experiments, etc [1][14].

TAPAS defines a set of actors (modeled as agents) which represents the different
roles and responsibilities; customers (C), transport chain coordinator (TCC), product
buyer (PB), transport buyer (TB), transport service providers (T), producers (P). In
TAPAS, the agents are assumed to follow a predefined interaction protocol aiming at
matching production and transportation in order to fulfill customer orders. The progress
of TAPAS is driven by consumption, and the interaction protocol is initiated when a cus-
tomer sends an order request, with a set of different order quantities, to the TCC. The
TCC then asks the PB to ask the producers for relevant productproposals, and for each



of the received proposals, it asks the TB for matching transport solutions for a set of
different predetermined routes (paths). The TB generates transport solutions by asking
the transport service providers for transport proposals for relevant parts of the routes,
which are compiled into overall transport solutions. For each of the requested quanti-
ties, the TCC then chooses the least cost combination of production and transportation,
which lives up to a certain quality level, and communicates them to the customer. Then
the customer chooses the quantity, which from a cost perspective is the most beneficial,
when minimizing the costs for storage and ordering. Finally, the choosen alternative is
booked with all the involved producers and transport service providers.

Fig. 1. Illustration of the TAPAS simulation model. In TAPAS, the transport chain coordinator is
a coordinator of products and transportation, and the TU coordinates transport services.

Hence, the main responsibilities for a customer is inventory planning and product
ordering. The TCC is responsible for product ordering, transport ordering (also handled
by the TB), as well as coordinating production and transportation. Furthermore, pro-
duction planning is handled by the producers, and transportation planning is made by
the TB, and to some extent by the transport service providers.

For an illustration of the TAPAS architecture and how it realizes our framework,
please refer to Figure 1. As shown in the figure, the TB and TCC are coordinators since
they include two user roles. However, the PB is not considered to be a coordinator since
its responsibility is to simply choose which products to buy.

5 Discussion

We have presented a framework, which on an abstract level, describes responsibili-
ties, roles and interactions that are important to considerin an agent-based transport
chain simulation model. We propose that our framework can beused as a guideline, or
a checklist, for which types of responsibilities to includein a transport chain simula-
tion model and to consider actors as either product or transport users or providers of



services. There may be occasions when, depending on the transport chain to be mod-
eled, it is appropriate to exclude responsibilities from a simulation model. For instance,
production-related responsibilities should only be modeled if production is relevant in
the modeled system. In such cases, the framework may help themodeler to base what
to inlude/exclude in the model on well-grounded decisions,rather than just a feeling for
what is appropriate. Furthermore, in this paper we present some concrete ideas for how
the different responsibilities can be modeled, hopefully giving some assistance during
the development of simulation models.

We have found that it is difficult to model agents that represent transport chains in a
generic way, since the behavior of an agent typically depends on its internal organiza-
tion, as well as how it interacts with other agents. Modelingthe system in a less generic
way has the advantage of reducing the complexity of the system. We propose that, to be
able to get meaningful results that are possible to validate, the complexity of the agent
model should be kept as low as possible, but still being complex enough to be useful
and meaningful to include in a simulation model.

It is important to consider threats against the validity of our framework, and what
measures we have taken to overcome them. We focus on the usability of the framework,
as well as on two major validity threats:

– Correctness relates to if the framework is logical and correct.
– Completeness refers to whether the framework include all relevant aspects that need

to be covered in a simulation model of transport chains.

There are three main types of measures that can be used to validate the framework:

(1) Confirmation by domain experts, practitioners, etc,
(2) comparison to existing models, and
(3) application to simulation models.

Partially, we have validated the usability of the frameworkby using it during the devel-
opment of the TAPAS simulation model. However, to further validate the usability, as
well as the correctness and completeness of the framework, it need to be accepted and
adopted by the agent and transportation community.

Since we argue that the framework can be validated by using itwhen modeling and
implementing a model of transport chain simulation, the validation of TAPAS is impor-
tant for the validity of the framework. TAPAS has mainly beenvalidated by interviews
with experts in policy issues and transport modeling, and practitioners in transportation
and logistics (1). Moreover, the sensitivity of different input parameters has been exam-
ined in simulation experiments [14], simulation experiments of different scenarios have
been performed with TAPAS (3) and the results have been compared to similar studies,
e.g., [15] (2). The comparison to similar studies both validates the studied scenario as
well as the simulation model. Moreover, existing models [3][4][16] of transport chain
actors and decisions have been compared to our framework of responsibilities (2). These
models are not directly comparable with our framework, but the cause-effects relations
that motivates them are well in line with our reasoning.

We conclude the paper by presenting some directions for future work. In the detailed
discussion of the framework in Section 3, we have focused on responsibilities, and



and suggestions for future work include going into more details regarding roles and
interactions. Moreover, moving the focus from transport chains towards more general
supply chains is another possibility for future work, as well as further validation of the
framework.
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