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Abstract 1 
 2 
It is widely recognized that micro-simulation and agent-based approaches can successfully be 3 
applied in transport policy analysis. However, logistic decisions and the complex relationships 4 
among freight actors make this a challenging task. In this paper, we present a multi-agent 5 
freight transport model in which logistics decisions are separated into different roles: the 6 
shippers, which decide about shipment frequency, the transport service providers, which create 7 
transport chains, and carriers, which plan tours and schedule vehicles. All agent types can 8 
consolidate freight on their respective level and realize economies of scale. The lowest tier of 9 
the model, which contains individual freight vehicles, is integrated into the MATSim traffic 10 
simulation to create an integrated model for freight and passenger traffic. Changes in passenger 11 
demand, disturbances in the traffic system or policy measures can be picked up by freight 12 
drivers and propagated upwards to influence decisions on the levels of vehicle scheduling and 13 
transport chain building, and further on the level of shippers. As proof of concept, we setup a 14 
hypothetical and theoretical case study where freight actors serving a set of customers. By 15 
doing so, we show (i) that the roles and interactions as defined by the framework can be used 16 
to map real-world problems, and (ii) that we are able to control the dynamics of the simulation 17 
system.  18 
 19 

20 
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Introduction 1 
 2 
It is widely recognized that micro-simulation and agent-based approaches can successfully be 3 
applied in transport policy analysis. However, the development of freight micro-models is still 4 
way behind the development of passenger transport models. Recently, however, several 5 
promising freight micro-models have been developed. The achievements can be clustered into 6 
two groups of models: The first model category focuses on freight flows. In successive 7 
modelling steps these freight flows are transmuted into shipments, and further into vehicle 8 
tours (see, for instance, the models described by (1), (2), (3),(4) and (5)). The models 9 
belonging to the second category - the tour-based models - focus on the execution of complex 10 
tours in space (see, for instance (6) and (7)).  11 
 12 
For the moment, however, most freight models only focus on certain aspects of the model 13 
object. They do not map all relevant logistics decision makers and decisions, respectively. 14 
Important logistics decisions such as shipment size/frequency, warehouse location and vehicle 15 
routing are disregarded. Thus, there is still a lack of micro models in order to assess incentive-16 
oriented policy measures and regulations as well as new logistics schemes. To build such a 17 
model, a detailed representation of logistics decisions and activities is necessitated. Since 18 
freight activities require the use of physical transport networks where not only freight operators 19 
but also passengers compete for capacity, an integrated multi-agent simulation of both 20 
commercial and passenger transport is indispensable. 21 
 22 
This paper attempts to fill at least part of the gap towards a policy sensitive model by 23 
presenting a computational framework for an integrated multi-agent logistics and commercial 24 
transport model. It focuses on the detailed representation of the agents in the freight transport 25 
system. We identify the shipper and the transport service provider to be key decision makers, 26 
and model them as software agents participating in the multi-agent passenger simulation 27 
MATSim (see (8)). The present paper extends the work of (9) by incorporating a whole new 28 
and decisive agent type into our multi-agent system: the Shipper Agent. 29 
 30 
The paper is organised as follows: After these introductory remarks, section 2 sets up the 31 
background for our work compiling findings from literature on transport research. Then, we 32 
briefly present MATSim, the multi agent passenger simulation. Section 3 deals with our 33 
representation of the shipper and the transport service provider. We model the shipper and 34 
transport service provider as four distinct agents: The Shipper Agent, the Transport Service 35 
Provider Agent, the Carrier Agent and the Driver Agent. In section 4 a scenario is constructed 36 
in which a fictitious freight operator serves a set of customers. We demonstrate that freight 37 
traffic can be simulated under different traffic conditions and policy measures. A conclusion 38 
and an outlook finalise the paper.  39 

40 
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Background 1 
 2 
 3 
Literature overview on micro freight models 4 
 5 
In literature, we basically identify two types of micro freight models: commodity flow based 6 
and tour based models. The commodity flow based models are typically used to model 7 
commercial transport at an inter-regional level, whereas tour based models are applied to 8 
model commercial transport in agglomeration and big cities.  9 
 10 
De Jong and Ben-Akiva (4) develop a logistics module for a national commodity flow based 11 
model. In a sequence of operations, commodity flows between regions are transformed into 12 
vehicle-flows. During this process the model focuses on two major logistics decisions: 13 
Frequency and shipment size decision as well as transport chain choice containing mode and 14 
vehicle type choice. Wisetjindawat et al. (10) develop a micro simulation for modelling urban 15 
freight movements. They extend the traditional four-step approach by including logistics 16 
decisions such as shipment size and frequency choice, carrier, vehicle type and route choice.  17 
 18 
Several recent publications represent individual actors as multiple agents. Some of the 19 
advantages are the ability of focusing on certain behaviour explicitly. In agent based models 20 
market coordination, learning capabilities and restricted agents’ perception of the environment 21 
can be mapped.  Liedtke (3), for example, develops such a model for Germany. He explicitly 22 
models the decision of two main agent-types: The shipper and the carrier. Shippers can decide 23 
about shipment size and carrier choice. Carriers construct truck tours with a vehicle routing 24 
heuristic. Both iteratively interact with each other in a market environment and make 25 
experiences from past iterations. Roorda et al. (5) set up a conceptual framework for agent-26 
based modelling of logistics services. They identify a number of agents, their respective 27 
behaviour and important facilities in the freight system. The agents coordinate by means of 28 
contracts. The contracts are a result of market interactions. Shippers make shipment size and 29 
frequency decisions. Shipper-Carrier relationships are set up by logistics contracts. Given those 30 
logistics contracts the carrier conducts the following logistics decisions to fulfil them: mode 31 
choice, transport chain choice, vehicle type and route choice. Ramstedt (1) designs a multi-32 
agent based simulation of transport chains and identifies the transport chain coordinator (TCC), 33 
the transport buyer (TB) as well as the transport planner (TP) to be key decision makers on the 34 
supply side of transport market. The TCC is the interface between product demand, production 35 
and transportation choice and matching product suppliers with transport service providers. The 36 
TB manages the transport chain and its corresponding legs. The TP is the carrier actually 37 
owning a vehicle fleet and conducting the physical movement. Thus, transport chain choice 38 
and carrier choice are explicitly modelled.  39 
 40 
Wrapping this up, a number of researchers currently include shippers and transport service 41 
providers as autonomous actors in their commodity-flow based freight-model. The models map 42 
consolidation processes on different levels. In transport logistics, there is consolidation on the 43 
level of warehouses, on the level of transport chains, and on the level of vehicle tours. Or to put 44 
in other words, economies of scale can be realised both in logistics facilities and within 45 
vehicles. These two levels cannot be seen as independent.  46 
 47 
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Urban commercial transport differs from long-distance freight transport in a number of ways 1 
(see (6)). Firstly, certain transport modes are mostly irrelevant for urban goods movements, 2 
e.g. rail and marine. Secondly, urban commercial transport is not solely related to goods 3 
movement, but also includes movements of persons and services. Micro-modelling of urban 4 
commercial transport is mostly done by means of tour-based models. Hunt and Stefan (6) 5 
develop such a model for Calgary. They construct tours with a tour expansion process. In this 6 
process, they successively assign tour attributes to each tour, i.e. vehicle type, vehicle purpose 7 
and starting time. Given those attributes they iteratively let the tour grow by assigning next 8 
stop purpose, next stop location and next stop duration. Joubert et al. (7) apply a tour-based 9 
approach to simulate commercial vehicles in South Africa. They define a tour as a sequence of 10 
commercial activities and derive those activities from GPS-logs. Based on that, they deduce 11 
conditional probabilities to construct commercial activity chains in time and space.  12 
 13 
However, the majority of urban freight transport research disregards upstream logistics 14 
decisions. They focus on vehicle tours and neglect commodity flows. In contrast, most of the 15 
commodity-flow based models represent vehicle tours only in a very simplified manner, i.e. 16 
vehicles are not tracked; one consequence of this is that they are not required to ever return to 17 
some kind of home location  18 
 19 
As the interface between commodity-flow and tour based approaches, we identify the 20 
Transport Service Provider. However, modelling decisions related to commodity flows and 21 
tours require different perspectives on the transport system. Or to put it in other words, 22 
commodity flows are routed through hyper-networks where network links represent means of 23 
sending goods from one location to another. Vehicle tours, however, are routed through 24 
physical networks. With regard to the latter, MATSim has become a mature simulation 25 
framework simulating passengers as agents in physical networks. And since passenger and 26 
freight vehicles use the same road network concurrently, MATSim appears to be an ideal 27 
framework to simulate freight agents in physical networks as well. 28 
 29 
 30 

31 
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MATSim: Passenger Simulation 1 
 2 
The travel demand model implemented in MATSim consists of a set of agents representing 3 
individual users of the traffic system. Every agent is equipped with a plan, which describes 4 
locations, times and types of all the activities the agent will conduct, with legs connecting each 5 
physical activity location to the next. Legs can be travelled using different transport modes 6 
and, depending on the transport mode, along different routes through the transport system. A 7 
choice for all of these options is encoded in the plan. 8 
 9 
All agents simultaneously execute their plans in a concurrent simulation of the transport 10 
system. The simulation picks up congestion effects, missed public transit connections, delayed 11 
arrivals at activity locations, and other effects of multiple agents concurrently using the traffic 12 
system. The result of the simulation is fed back to the agent as experience, and it is used to 13 
score the plan using a utility function, which can be personalized for each individual, for 14 
example by depending on their age or income. 15 
 16 
At the beginning of the next iteration, some agents obtain a new plan by creating a modified 17 
copy of one of their existing plans. This is done by several modules, which correspond to the 18 
choice dimensions available to the agent. One module chooses a new route, while another 19 
switches the transport mode, and yet another chooses new times for activities. This step in the 20 
process is called re-planning. Agents select one of their plans according to a random utility 21 
model. 22 
 23 
The planning and re-planning model employed here is obviously tailored to passengers. Up to 24 
now, real-world scenarios set up with MATSim have modelled the freight traffic share of the 25 
demand by using a set of plans with two activities labelled freight-origin and freight-26 
destination, connected with a single leg, and with no variability in any choice dimension 27 
except route choice. Freight traffic has essentially served as a background load of the traffic 28 
system, without much adaptive behaviour. One of the aims of this paper is to improve on this 29 
situation by modelling freight vehicles as non-autonomous agents employed by and serving the 30 
interests of transport service providers, which we add to the model. The missing choice 31 
dimensions of freight vehicle drivers are then realised as logistics decisions made by transport 32 
service providers.  33 
 34 
 35 

36 
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Agents and Decisions  1 
 2 
The shipper and the transport service provider are the key decision makers in a freight transport 3 
system. We introduce software agents for shippers and transport service providers and 4 
determine the types of decisions available to them, which are most relevant for our transport 5 
model. These decisions lead to a plan, which consists of planned actions in time and space. The 6 
decision-making is based on knowledge about the transport system, capabilities, which are 7 
static individual attributes of the agent, and contracts defining business relationships to other 8 
agents. The agents, their decisions, knowledge, contracts and plans are described in the next 9 
sections. 10 
 11 
The shipper is responsible for finished products to be sent either as intermediate products to 12 
manufacturing plants, or as final products to wholesalers and consumers. In our model, it is 13 
represented by a Shipper Agent. The transport service provider is responsible for transporting 14 
freight from the senders to the recipients. To reduce complexity and to take into account its 15 
different roles, we decided to model the transport service provider as two distinct agents: the 16 
Transport Service Provider (TSP-)Agent and the Carrier Agent.  17 
 18 
Shipper Agent  19 
 20 
The contracts of the Shipper Agent represent business commitments to serve firms and 21 
consumers with the underlying product. The contract determines type, value and quantity as 22 
well as the respective origin and destination of the product. Usually, this corresponds to the 23 
demand in a certain time span, for instance a week, month or year. It is thus considered here a 24 
commodity flow.  25 
 26 
The capabilities of the Shipper Agent include the warehouses which it has at its disposal in 27 
order to consolidate commodities in time. In our current implementation, the shipper is allowed 28 
to use a warehouse at the origin and the destination location of a commodity flow. Warehouses 29 
are usually subject to long-term decisions of the shipper. For the moment, they are thus 30 
assumed to be static attributes.  31 
 32 
Given its capabilities and knowledge about the transport supply, the Shipper Agent plans the 33 
fulfilment of its contracts. Therefore, for each commodity flow, it decides about how many 34 
shipments are required to send the whole quantity of the commodity flow to the respective 35 
destination. This is usually referred to as shipment size and frequency choice, and it implies 36 
scheduling of these shipments in time as well, i.e. earliest/latest pickup and delivery times. 37 
Additionally, but not independent of the latter decisions, the Shipper Agent chooses a transport 38 
service provider to carry out the transportation.  39 
 40 
For example, a very simple plan is to ship the whole quantity of the commodity flow at once, 41 
which results in one shipment, whose size is equal to the size of the corresponding commodity 42 
flow. Such a plan might result in comparably low transportation costs. On the other hand and 43 
depending in particular on the value of the product, it might induce high inventory costs (if we 44 
assume a constant demand by the receiver). Hence, shippers are likely to plan their shipments 45 
such that total cost are minimised. In literature, these total costs are referred to as total logistics 46 
costs; and among a variety of other cost variables, transportation and inventory costs are 47 
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influential cost components. Describing these components in the concise words of Sheffi (11), 1 
“inventory costs (can be thought of) the costs associated with moving freight through time, 2 
while transportation costs are the charges for moving the freight through space”. Whereas 3 
marginal inventory costs are especially affected by attributes of the Shipper Agent and the 4 
value of the underlying commodity, marginal transportation costs are very much influenced by 5 
the transport supply. Here, transport supply is represented by the set of transport service 6 
providers. 7 
 8 
 9 
Transport Service Provider Agent (TSP Agent) 10 
 11 
The contracts of the TSP Agent are manifestations of business obligations to shippers. The 12 
contract determines type and quantity of goods to be shipped, their respective origin and 13 
destination, as well as the price the shipper has to pay for the service. A “transport service” or 14 
“shipment” constitutes an elemental movement of a good from a sender to its recipient.  15 
 16 
Each TSP Agent is attributed with capabilities. Currently, these are transhipment centres this 17 
TSP can use. 18 
 19 
Based on its knowledge, e.g. its own experience and its knowledge about carrier offers, the 20 
TSP Agent can plan the fulfilment of its contracts. For each shipment, the TSP agent creates a 21 
transport chain and chooses a carrier for operating each leg. 22 
 23 
A transport chain is the sequence of logistics activities and carriers a shipment takes on the 24 
way from the sender to the recipient. In our basic model, the TSP Agent can schedule two 25 
types of logistics activities: Pick-Up and Delivery activities. A leg is what happens between a 26 
pick-up and a delivery activity. The simplest transport chain is the direct chain from the sender 27 
to the receiver. More sophisticated transport chains emerge when a TSP operates with a hub-28 
and-spoke network. A transhipment activity is then represented as a Delivery followed by a 29 
Pick-Up at the same location. 30 
 31 
Each leg of a transport chain is an elementary movement and shipment. For each of these 32 
shipments, the transport services of different carriers can be contracted. For example, for the 33 
initial and the last leg, a local road carrier could be chosen, whereas a transnational railway 34 
company could operate the main leg. Such a transport chain is called an intermodal transport 35 
chain.  36 
 37 
To summarise, the TSP Agent is modelled as the organizer of the transport chain. Its plan is 38 
still shipment related rather than vehicle related. We view scheduling and routing of vehicles as 39 
tasks of a different role, the role of the Carrier Agent. 40 
 41 
 42 
Carrier Agent 43 
 44 
Carrier Agents have contracts, which, just like the contracts of TSP Agents, determine type and 45 
quantity of goods to be carried. A carrier contract contains the respective origin and destination 46 
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as well as pick-up and delivery time windows. The contracts describe business relations. For 1 
our purposes, the customer party in these contracts will be a TSP Agent. 2 
 3 
Carriers obtain contracts from TSP Agents by making offers for their services. A TSP can 4 
obtain an offer from a carrier by stating origin, destination and shipment size, and the carrier 5 
will respond with a price. The TSP then picks an offer and assigns the contract to its preferred 6 
carrier. For simplicity, we decided against implementing a more sophisticated market model 7 
where a carrier can turn down a contract. Carriers accept every contract for which they have 8 
made an offer.   9 
 10 
Since the Carrier agent is designed to model a transport operator, its capabilities include the 11 
locations of its depots and information about its vehicle stock. 12 
 13 
The most relevant decisions of a Carrier Agent are: 14 

 15 
- Mode choice (including the choice of different types of vehicles) and 16 
- Vehicle routing and scheduling 17 

 18 
The plan of a Carrier Agent thus contains a set of vehicles, each equipped with the schedule of 19 
a tour. The schedule contains planned pick-up, delivery or arrival times at customer locations 20 
and a route, which is the actual path through the physical network. In our basic model, all 21 
vehicle schedules begin and end at a depot. 22 
 23 
In the physical layer of MATSim, the basic unit of simulation is a vehicle with its driver. 24 
Accordingly, at the interface between the freight operators’ mental layer and the MATSim 25 
mobility simulation, the set of routed vehicles of each Carrier is injected into the traffic 26 
demand as individual Freight Driver agents. These agents use their tour schedules in the same 27 
way as passenger agents use their activity plan. 28 
 29 
We modelled Transport Service Providers and Carriers as different roles (and different agent 30 
types) in order to create a framework where the coordination between these roles can be as 31 
complex as a full-blown transport service market or as simple as arbitrary assignment. It is still 32 
possible to represent the case where the two roles are held by a single entity, simply by having 33 
one or more carrier agents deal exclusively with one TSP agent, and giving them complete 34 
knowledge about each other. Such a composite agent could be used to model a multi-modal 35 
transport service provider, which executes a complete transport chain with its own resources.  36 
 37 
 38 
Simulation 39 
 40 
A simulation run can be broken down into the following steps: 41 
 42 

1.) Initialise the world. 43 
2.) Construct the initial plans of various agents. 44 
3.) Execute the mobility simulation. 45 
4.) Calculate scores. 46 
5.) Let the agents improve their plans. 47 
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 1 
Steps 3 to 5 are repeated until a relaxed state is reached.  2 
 3 
In Step 1, we initialise our model environment. This amounts to creating the physical networks 4 
and the population of shippers with its warehouses; the population of transport service 5 
providers with the locations of their transhipment centres; and of the carriers with the locations 6 
of their depots and their vehicle fleets.  7 
 8 
In Step 2, an initial plan is created for each agent. Shipper Agents determine shipment size and 9 
frequency based on offers requested from TSP Agents, resulting in a set of contracted 10 
shipments. TSP Agents, in turn, create transport chains to fulfil their set of shipment contracts. 11 
Each leg of every transport chain is contracted to a carrier. The carriers then create a schedule 12 
for each of their vehicles, including a complete route through the transport network, with pick-13 
up and delivery activities corresponding to their transport contracts. All agents can base their 14 
decision strategies on initial information about the transport system, taking into account the 15 
restrictions imposed by their limited capabilities. Routes, for example, are chosen on the basis 16 
of travel times on an empty road network.  17 
 18 
These initial freight traffic plans are then injected into the mobility simulation of MATSim, 19 
where they are represented as vehicle agents moving through the traffic system along with 20 
passenger vehicles. In Step 3, all these agents concurrently execute their plans and experience 21 
the constraints of the physical network. While executing their plans, the agents report their 22 
shipment-related activities back to the carrier.  23 
 24 
In Step 4, agents evaluate the success of their plan. The MATSim passenger model uses a 25 
utility function tailored to evaluate the outcome of a travel plan for a person on a typical 26 
workday. In contrast, the freight traffic agents introduced here have to use a custom utility 27 
function that captures their economic success. Carriers calculate their cost as a sum of vehicle-28 
dependent distance and time costs incurred by their scheduled vehicles and some individual 29 
fixed costs. The transport service providers calculate their cost as the sum of the fees they pay 30 
to carriers, plus opportunity costs incurred by missed time windows. Shippers calculate total 31 
logistics cost, by determining, for instance, transportation and inventory cost. Whereas 32 
transportation cost are calculated by summing up fees from transport service providers, 33 
inventory cost are determined by evaluating shipper’s average inventory stock.  34 
 35 
In Step 5, agents create new plans to try to improve their performance in the next iteration. For 36 
instance, carriers could change their vehicle schedules and routes based on link travel times of 37 
the last iteration. Or they could switch shipments between vehicles, or even add or remove an 38 
entire vehicle. This is also the point where carriers update their tariff table. The Transport 39 
Service Providers in turn can re-plan the layout of the transport chains and the assignment of 40 
commissions to Carriers, after obtaining new offers which the carriers make using their 41 
updated pricing scheme. Given the pricing scheme of the Transport Service Provider, Shippers 42 
can try to reduce total logistics cost by replacing inventory through transportation. They can 43 
increase shipment frequency, for example. Or, they can switch to another transport service 44 
provider offering better services. It is important to note here that agent’s re-planning can be as 45 
simple as single local changes or as complex as sophisticated optimization algorithms. 46 
However, changing the strategy of one agent might imply a modification of contracts of 47 
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another agent. Therefore, one important issue at this point is how agents incorporate changes in 1 
their set of contracts into their plans. If they use a scheme where the plan is computed in one 2 
step as a function of the set of contracts constrained by their capabilities, this is not an issue. 3 
But if a genetic algorithm approach is taken, where applying small local modifications to a 4 
previous plan generates the new plan, a way of adapting the new plan to the possibly changed 5 
set of contracts must be provided.  6 
 7 
During repeated executions of their plans, passengers as well as Carriers, Transport Service 8 
Providers and Shippers collect experience from the transport system. The carriers pick up 9 
congestion and other disturbances in the traffic system when they incur a higher cost through 10 
longer vehicle usage, or by penalizing missed pick-up and delivery times. The cost incurred by 11 
carriers is incorporated into their pricing scheme and in turn picked up by the transport service 12 
providers, who can react by switching their contracts to different carriers or modifying their 13 
transport chain. 14 
 15 
  16 
 17 
Proof of Concept 18 
 19 
We implemented the multi-agent model presented here, integrated it with MATSim and set up 20 
a scenario for a case study. It is important to mention that at this point we are focussing on the 21 
dynamics and on the functional features of our model environment rather than on sophisticated 22 
behavioural models and real world applications. In order to study the behavior of our 23 
framework, we simulate agents under different transport conditions. 24 
 25 
Scenario 26 
 27 
Our scenario is based on two time periods and a simple 8x8 checkerboard with a spike. The 28 
checkerboard represents a simplified urban area. It is an undirected graph where all nodes and 29 
links have equal characteristics. Each link has a length of 1 kilometre and a design speed of 50 30 
km/h. The spike represents the connection from our city to a distant industrial location. It is 80 31 
kilometres long and has a design speed of 100 km/h. 32 
 33 
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 1 
Figure 1: Scenario 2 

 3 
The freight agents are modelled as follows: 4 
 5 
Shipper Agent 6 
We model four Shipper Agents, each producing commodities at the industry location. Its 7 
contracts are listed in Table 1. Each contract defines a commodity flow originating on the right 8 
hand side of the spike, and ending at the corresponding consumer on the left hand side of the 9 
urban area (see Figure 1). For instance, Shipper Agent 1 has committed to consumer 5 to send 10 
10 units with a value 

€ 

v  of 3,500€ per unit. Each shipper is provided with a warehouse at the 11 
consumer’s location. For simplicity, we assume this warehouse to be the only possibility to 12 
consolidate commodities in time, even though production processes might require commodities 13 
to be stored at the respective production location as well. 14 
 15 

Table 1: Shipper Agents and its commodity flows 16 
Shipper From To Size Value 
Shipper 1 (High Value) Industry 1 10 3,500 
  3 10 3,500 
  5 10 3,500 
  7 10 3,500 
Shipper 2 (Low Value) Industry 1 10 500 
  3 10 500 
  5 10 500 
  7 10 500 
Shipper 3 (Mixed Value) Industry 5 10 1,200 
  6 10 1,000 
  7 10 2,030 
  8 10 1,500 
Shipper 4 (Mixed Value) Industry 1 10 1,170 
  2 10 2,510 
  3 10 1,600 
  4 10 2,220 
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With regard to the behaviour, Shipper Agents can choose to either send the quantity 

€ 

Q of 10 1 
units at once, or to send it as two shipments, i.e. five units in the first and five units in the 2 
second period. This frequency decision results in shipments with a size of 

€ 

q and is made upon 3 
a trade-off between inventory and transportation costs. The average inventory costs 

€ 

CI  for the 4 
two periods are here defined by 5 
 6 

€ 

CI =
q
2
* i*v . 7 

 8 

The term 

€ 

q
2

 represents the average inventory stock by assuming constant consumer’s demand. 9 

The notation 

€ 

i  corresponds to the inventory cost rate that typically depends on the value 

€ 

v  of 10 
the underlying commodity. In our example, this rate is referred to our two periods and is 11 
assumed to be 0.01 for all agents. 12 
  13 
Transportation costs 

€ 

CT  influence total logistics costs as follows: 14 
 15 

€ 

CT =
Q
q
*cT (q)  16 

 17 
Where 

! 

Q is the quantity of the commodity flow, and the term 

! 

cT (q)  represents the cost per 18 
shipment requested from the Transport Service Provider Agent. 19 
 20 
Consequently, total logistics costs are defined – in our example - as: 21 
 22 

€ 

C = CT +CI  23 
 24 
Shipper Agents choose frequency and transport service providers such that these costs are 25 
minimized. Or to put it in other words, when Shipper Agents are allowed to plan, they ask the 26 
set of Transport Service Provider Agents for transport tariffs for each possible shipment size 27 
(here 

! 

q =10 and 

! 

q = 5), and select the configuration where total logistics costs are lowest. 28 
However, the Shipper Agent is only allowed to choose one TSP Agents for all its contracts.  29 
 30 
Transport Service Provider Agent 31 
We chose to model two TSP Agents. The first TSP Agent does not have any logistics facilities 32 
at its disposal, i.e. it can only offer direct transport services. The second TSP Agent operates a 33 
logistics network that consists of one transhipment centre. It is located where the interurban 34 
road leaves the city. Additionally, both TSP Agents know all modelled Carrier Agents and can 35 
request services from all of them. 36 
The behaviour of the TSP Agent consists of building transport chains, commissioning carriers 37 
and setting up a tariff table.  38 
Transport chains are built according to a simple rule that is related to the available 39 
transhipment centres. If the TSP Agent has such a facility, all shipments are routed and 40 
transhipped via this transhipment centre, resulting in transport chains with two legs. If not, it 41 
offers direct transport services. For each leg, the TSP Agent selects an appropriate Carrier to 42 
operate the leg. In this experiment, this is done following a random model, which is further 43 
described below.  44 
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During the course of the simulation, the TSP Agent collects information about all available 1 
Carrier Agents and in the process creates its own tariff table. These tariffs are used to respond 2 
to Shipper requests. If the TSP Agent does not have any experience with the requested kind of 3 
shipment, it asks carriers for proposals. If it has, it quotes the price from its individual tariff 4 
table (however, as iterations go by, the TSP Agent still ask carriers regularly for proposals in 5 
order to consistently map transportation costs).  6 
In our example, the tariffs are purely cost oriented. We assume that TSP Agents cannot 7 
influence the market price. Therefore, for a single leg transport chain from the industrial area to 8 
the location of a consumer, the transport tariff corresponds to the fee charged by the contracted 9 
carrier. However, the tariff of a shipment which is transported via a transport chain with 10 
multiple legs is calculated as the sum of fees of the commissioned carriers, plus an extra 11 
transhipment cost of 2€ per transhipment and unit. When scoring its plan, the TSP Agents 12 
update their individual tariff table with the costs experienced in the last iteration. 13 
 14 
 15 
Carrier Agent 16 
There are four carriers in our experiment. Two of them are located in the middle of the 17 
northern edge of our checkerboard (Carrier 1 and 4), whereas the other two are located in the 18 
middle of the southern edge (Carrier 2 and 3). Each carrier is equipped with exactly one 19 
vehicle. We model three types of vehicles: heavy (30 units), medium (20 units) and light 20 
vehicles (10 units). Carrier 1 and 2 are equipped with light vehicles. Carrier 3 can operate a 21 
medium sized vehicle. And, Carrier 4 deploys a heavy vehicle.  22 
The behaviour of the carriers consists of vehicle routing and setting up a tariff table. Vehicle 23 
routing is modelled with an optimization approach based on the Ruin and Recreate principle 24 
(see (12)). Here, we apply a setup in order to solve the capacitated vehicle routing problem 25 
with pickup and deliveries.  26 
The price setting strategy is cost oriented. If the carrier already has some experience with 27 
similar shipments, it takes the price from its personal tariff table. If not, the associated cost is 28 
calculated based on its average marginal costs, i.e. the average marginal contribution to total 29 
tour costs. When scoring its plan, the carrier updates its tariff table with the average marginal 30 
costs of each executed shipment.   31 
 32 
It is important to mention again that both Shipper and TSP Agents request and select offers 33 
from their business partners. If we designed offer selection such that always the offer with the 34 
lowest price would be selected, the simulation would quickly converge to a steady state, 35 
without giving agents any possibility to learn from the transport environment. For instance, a 36 
Carrier Agent operating a heavy vehicle might not experience its own consolidation 37 
advantages. The simulation result would always be significantly influenced by the first contract 38 
assignment. Therefore, we choose to design offer selection with a random model where the 39 
probability 

! 

prob(i)  of choosing offer 

! 

i  depends on its price 

! 

pi  as well as on all other requested 40 
prices in the following way: 41 
 42 

€ 

prob(i) =
exp(−β* pi)
exp(−β* p j )

j
∑

 43 

 44 
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At 

! 

"=0, offer selection is random on a uniform distribution over all offers. For increasing 1 
values of

! 

", offer selection approaches ‘best’ offer selection. Therefore, in our selection model 2 
the value of 

! 

" will increase in the course of the simulation (proportionally to the current 3 
iteration in relation to the total number of iterations). It starts with an initial value of 0.005 and 4 
ends with a value of 0.1.   5 
 6 
 7 
Simulation 8 
 9 
The parameters used for our simulation can be found in the bulleted list below. For simplicity, 10 
we assume transport distance to be the main cost driver. Each model run consists of 50 11 
iterations. Since, we applied random components, we conducted 10 model runs with different 12 
seed-values for the random number generator.  13 
 14 
Cost-Type 15 
 16 

• cost per km: 1 [€] 17 
• cost per transhipped unit: 2 [€] 18 
• city toll per day: 100 [€] 19 
• motorway toll per km: 0.2 [€] 20 

 21 
Simulation 22 
 23 

• #iteration: 50 24 
• #model runs: 10 25 

 26 
The basic steps of our simulation – that are described in the methodology chapter - can be 27 
summarised as follows: 28 
 29 
Step 1: Initialising the world described above. 30 
 31 
Step 2: All agents’ plans are initially set up by cost calculations based on unused capacities. In 32 
other words, plans are generated based on the marginal costs of the first shipment.  33 
 34 
Step 3: Mobility simulation. 35 
 36 
Step 4: Scoring, i.e. cost calculations and and updating tariff tables. 37 
 38 
Step 5: Re-planning. Exactly one Shipper Agent is randomly selected to re-plan. If the new 39 
plan exposes to be more advantageous than the old one (in terms total logistic costs), it is 40 
selected for execution in the next iteration. However, this probably changes the contracts of the 41 
involved agents and triggers TSP and Carrier Agents to re-plan their affected chains and routes. 42 
Independently of the latter, TSP Agents are allowed re-plan round about 20 percent of its 43 
transport chains, where they do not re-route shipments here rather than commission carriers. 44 
The latter changes affect the contracts of Carrier Agents who in turn respond by re-planning 45 
their vehicle routes. 46 
 47 
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Step 3 to Step 5 are repeated 50 times. 1 
 2 
Cases 3 
 4 

• Case 1: Reference. 5 
• Case 2: Introduction of a new vehicle type. The ‘heavy’ carrier can now load 60 units. 6 
• Case 3: Heavy vehicles in cities are prohibited.  7 
• Case 4: Introduction of a city toll that amounts to 100€/day for medium vehicles, plus a 8 

toll for long distance transport amounting to 0.2 €/km. 9 
 10 
All cases are built upon its preceding cases. For instance, when we introduce the toll, heavy 11 
vehicles are still prohibited, and the capacity of the heavy vehicle is still 60 units.  12 
 13 
Results 14 
 15 
As mentioned above, for each case, we conducted 10 model runs where one run consists of 50 16 
iterations. We average the results of these model runs yielding to the average distance 17 
travelled, the average volumes assigned to the TSP Agents as well as the average logistics 18 
costs of the shippers (see Table 2).  19 
 20 
 21 
 22 

23 
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Table 2: Simulation results 1 
Average transport distance (in meters) 
Case Carrier 1 Carrier 2 Carrier 3 Carrier 4 Total 
Case 1 36,840 37,440 131,740 1,077,140 1,283,160 
Case 2 18,420 0 94,300 752,580 865,300 
Case 3 151,820 113,800 125,420 648,360 1,039,400 
Case 4 194,820 235,660 34,800 664,580 1,129,860 
      
Average volumes assigned to Transport Service Providers (in units) 
Case TSP (with TSC) TSP (without TSC) Total 
Case 1 0 160 160 
Case 2 0 160 160 
Case 3 160 0 160 
Case 4 160 0 160 
    
Average logistics costs (in €) 
Case Shipper 1 Shipper 2 Shipper 3 Shipper 4 Total 
Case 1 689 340 511 516 2,056 
Case 2 556 229 351 381 1,518 
Case 3 687 358 481 534 2,059 
Case 4 741 393 511 573 2,217 
 2 
In Case 1 – our reference scenario – all carriers travelled in total 1,283 kilometres. The highest 3 
share of total kilometres exhibits Carrier 4, which has a capacity of 30 units. Carrier 1 and 2, 4 
those with the small vehicles travel in average less than 40 kilometres. Both cannot compete 5 
with the carriers employing bigger vehicles (in terms of costs). When it comes to the contract 6 
assignment to TSP Agents, operating a single leg transport chain is the most favourable 7 
solution here. The total logistics costs of all shippers amount to 2,056 €, where shipper 1 - the 8 
one with the high value commodities - exhibits the highest amount of total logistics costs. 9 
Consequently, he decides to send the quantity of its commodity flows as two shipments in 10 
almost all model runs. In contrast, Shipper 2 sends the whole quantity at once, since transport 11 
costs of a second shipment would be higher than the savings in inventory cost.  12 
 13 
In Case 2, we introduce a new vehicle with a capacity of 60 units, and we equip Carrier 4 with 14 
this vehicle. Carrier 4 can now use its large vehicle capacity to organize a round tour from the 15 
industry area to the customers, and thus has an enormous consolidation advantage. Total 16 
kilomtres travelled fall by up to 33 percent. Consequently, the TSP Agent offering only direct 17 
transport chains, can offer the lowest price, and is thus exclusively chosen by the Shipper 18 
Agents. Their total logistics costs can be reduced by 25 percent.  19 
 20 
In Case 3, we implement a prohibition of heavy vehicles in cities. Here, it implies that Carrier 21 
4 cannot operate in the urban city, thus the efficient round-tour in Case 2 is not feasible 22 
anymore. For simplicity, we still allow Carrier 4 to use urban roads to enter and exit the city 23 
area. The average solution found here is to operate a logistics network with the logistics centre 24 
at the entry point to the city. The TSP agent then gives the main leg (from the industry to 25 
logistics centre) to Carrier 4. Carrier 4 can then use its consolidation advantages in the long 26 
distance. Right from the logistics centre Carrier 1 to 3 take over the shipments. They then 27 
organize round tours from the logistics centre to final consumers. Total logistics costs rise as 28 
the result of the changes in the transport system, and amounts to 2,059 €. 29 
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 1 
In Case 4, we introduce a city toll for medium vehicles. The toll amounts to 100 € per day and 2 
vehicle and fall due for payment when entering the urban area. Additionally, we introduce a 3 
toll being charged for vehicles using the inter-urban road. This toll amounts to 0.2 € per 4 
kilometre. As can be seen, total vehicle kilometres increase by 10 percent and contracts are 5 
shifted from Carrier 3 to the carriers with the light vehicles. Total logistics costs increase by 10 6 
percent either, which means transportation costs are the main driver here, and cannot be 7 
compensated by frequency decisions. 8 
 9 
Computational Performance 10 
 11 
Due to its simplicity, the case study above does not allow us to derive a meaningful 12 
performance measure for a real-world scenario. However, it can be assessed by the overall 13 
performance of MATSim passenger scenarios where several million agents are simulated at 14 
reasonable expenses. The simulation scales linearly with the number of agent or activities (see 15 
(8)). Thus, if we equip freight agents with simple rule based behavior, the running times of (8) 16 
can be used as reasonable benchmark. However, applying complex market interactions and 17 
more sophisticated behavioral algorithms, additional time expenses are very much dependent 18 
on the problem size each individual agent face, on the complexity class and on the suitability of 19 
parallel execution of the applied algorithms (and of course on the underlying machine). For 20 
example, if a carrier agent is able to solve the classical capacitated vehicle routing problem 21 
(CVRP) with 50 customers, it takes one second on an iMac, Intel Core i3 with 3.2 GHz (with 22 
the algorithm used in the case study above). Let us assume a model run consists of 100 23 
iterations. The modeled population comprises 10,000 carriers. In each iteration, ten percent of 24 
the agents are allowed to re-plan their vehicle schedules. Then, the additional time required 25 
approximately amounts to 100*10,000*0.1*1 seconds (=28 hours). However, the time 26 
expenses can considerably be reduced by the number CPUs (by almost a factor of #CPUs) and 27 
by a more intelligent schedule for solving the CVRP over the course of a model run (by a 28 
factor of five to ten).  29 
 30 
 31 
Conclusion 32 
 33 
In this paper, we presented a multi-agent freight transport model in which logistics decisions 34 
are separated into different roles: shippers, which decide about shipment frequency, transport 35 
service providers, which create transport chains, and carriers, which plan tours and schedule 36 
vehicles. All agent types can consolidate on their respective level and realize economies of 37 
scale. The lowest tier of the model, which contains individual freight vehicles, was integrated 38 
into the MATSim traffic simulation to create an integrated model for freight and passenger 39 
traffic. Changes in passenger demand, disturbances in the traffic system or policy measures can 40 
be picked up by freight drivers and propagated upwards to influence decisions on the levels of 41 
vehicle scheduling and transport chain building, and further on the level of shippers. 42 
 43 
The focus of the work has been on identifying and implementing the agent types and the 44 
information and decisions available to them, rather than on behavior. But the case study 45 
demonstrates that the computational framework can be used with behavior models of various 46 
complexities, from simple rule base logistics network planning to using sophisticated tour 47 
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planning algorithms. The simulation experiments show also that agents can reasonably adapt to 1 
changes in the transport system. We think that this multi-tiered framework can serve as a 2 
bridge between existing models that specialize on either transport chain building or vehicle 3 
routing. 4 
 5 
Setting up a full-blown real world scenario is very ambitious (but rewarding (see (5))), 6 
especially since the data requirements are high and freight data availability is generally low. 7 
However, even gradual extensions to real world applications can be beneficial. Our modular 8 
design makes it possible to isolate agent types and its respective behavior. For example, we are 9 
working at a Berlin scenario where a mature passenger scenario already exists. By using carrier 10 
agents exclusively, and by equipping them with time-dependent vehicle routing behavior, we 11 
are able to examine various policy measures in city logistics from both the company and the 12 
policy perspective. Interesting issues to examine are, for example, the impacts of time 13 
restrictions for heavy vehicles in inner-city areas, the impact of congestion on carrier vehicle 14 
schedules or the performance of different location of distribution centers.   15 
Yet another interesting real-world application with yet another scope has arisen from the 16 
impact assessment of a new national intermodal logistics network in Germany. Here, we are 17 
especially interested in analyzing the specific economical and environmental impacts of 18 
potential shifts from solely road transport chains to intermodal chains. We plan to design 19 
freight agents’ with behavior observed in the real world. And even data availability does not 20 
allow us to calibrate the entire behavior; we can at least assume a bandwidth of logical and 21 
rational behavior. We think that this gives multi-agent simulations a great flexibility over 22 
classical approaches. Agents’ behavior can be represented by econometric models. But where 23 
data availability is insufficient for the moment, behavior can also be carefully enriched with 24 
rules and optimization algorithms. 25 
 26 
 27 
 28 

29 
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