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Multi-Modal freight models are traditionally builtollowing the well known “four steps
model” in which generation, distribution, modal-g@nd assignment are seen as separated
modules. An alternative approach, now implementedome software, is to represent the
multi-modal network by means of a “mono-modal” oimewhich each particular transport
operation (loading or unloading operation, transhipnts ...) is represented by a dedicated
“virtual link”, that represents a specific operatian the transportation chain.

This approach, promoted by several authors, oftefierenced to as “super networks” or
“virtual networks”, is proven to give interestingesults, but has the drawback to generate
much larger networks than the pure geographic repn¢ation of the studied area. It has
also some kind of “hidden trap”, linked to transpalistances, that will be presented in this
paper and that can only be solved using approprésgignment techniques.

This paper presents some results obtained on elanglti-modal network, using different
equilibrium assignment algorithms, in order to tdsir ability to give an appropriate solu-
tion to the “distance trap”. It however conclud#sat the implementation of classical equi-
librium assignment techniques leads to solutiorsd #re barely different from the one ob-
tained by a simple all-or-nothing assignment, opgrthe way to alternative multi-flow solu-
tions.
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1. Introduction

Until a few years ago, transport models were egdntocused on passengers’ flows. More
recently, some freight specific network models h&een developed but, like passengers
models, they are essentially analysing networks\fad’link" point of view rather than from a
"node" point of view. Even if some of them deaktame extent with the different operations
performed at the nodes, i.e. loading /unloadingnghipment or simple transit, their output
still targets mainly transport flows on the netwsrk

As a result of a trend towards economic globalisatjust in time deliveries and road trans-
ports expansion, a great deal of attention is paigdadays to reorganising the networks and
intermodal transports, developing new technicaldting concepts in order to substitute
transport solutions with less negative externact to direct road transport. Thus, there is a
need for a better modelling of the functions asdlitmg nodes, i.e. terminals and tranship-
ment platforms, because the costs of the operatierfsrmed at these nodes are important in
the total cost of transport. Indeed, a geographiualtimodal transport network is not only
made of links like roads, railways or waterwayswdrich vehicles move but also of connect-
ing infrastructures like terminals or logistics titeams that exist at the nodes. To analyse
transport operations over the network, costs oglktsi must be attached to the links over
which goods are transported as well as to the aimgepoints where goods are handled.
However, most of these transport or handling infteesures can be used in different ways
and with different costs. For example, boats diedént sizes and operating costs can use the
same waterway; at a terminal a truck's load camareshipped on a train, bundled with some
others on a boat or simply unloaded as it readsegeistination. Normally, the costs of these
alternative operations are different. In order twde this, one of the solutions is to represent
each kind of operation in a node as a specific dihk “virtual network”, for which a relevant
cost is then computed.

Beyond this brief introduction, this paper will pemt an overview of the “virtual network”
methodology implemented in specific software asd'liidden trap”. It will then discuss the
most used assignment techniques and how they cappied to virtual networks. Finally,
the performances of these methods will be discussatltest and a large real-world network.

2. Virtual networks and software implementation

2.1 The building of a virtual network: an intuitive approach

A simple geographic network does not provide anqadte basis for detailed analyses of
transport operations as the same infrastructure oli node, can be used in different ways. To
solve this problem, the basic idea, initially prepd by Harker (1987) and Crainic et al.
(1990), is to create a virtual link with specifiosts for a particular use of an infrastructure.
The concept of “supernetworks” proposed by Shdffi85), that proposed “transfer” links

between modal networks also provides a somewhatasifnramework. The NODUS soft-

ware proposes a methodology and an algorithm thegttes in a systematic and automatic
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way a complete virtual network with all the virtdalks corresponding to the different opera-
tions, which are feasible on every real link or @@d a geographic network. This systematic
and automatic approach, built upon a special amatifhin of the virtual node labels, is proba-
bly the biggest benefit over other software toalshrsas STAN (Crainic et a(1990)), in
which most of the tasks that are possible at angnale are to be introduced “by hand”. The
software, which is completely geographically refexed in its latest version, and its underly-
ing methodology were already discussed in Jour(ft885) and Jourquin and Beuthe (1996).
More recent works (see for instance Tavasszy ()986lude some discussion about virtual
networks and the software that implements them.

The methodology can be presented first in an intuitvay by using the example of a simple
multi-modal network, as shown in figure 1. Thiswetk consists of 4 nodes (a, b, c, d) and 5
links (1 to 5). The “W” links represent waterwagysd the “R” links rail tracks. The numbers
after these letters correspond to the transpontatieans that can be used on the links. So,
“W1” represents a waterway that can only supporalstrarges and “W2” a waterway that
can be used by both small and large barges.

a 1 (W2 b 2 (W1) c

I\
-/

4 (R1,

Figure 1. Multimodal network

To go from node “a” to “d”, it could be that routerough links 1+3 and using large barges
and trains is less expensive than route 5, usiatusively small barges. Indeed, computing
costs and routes on this kind of networks is nohediate:

a) Different costs can be assigned on a single liggetiding on which transportation
means is used. In this example, the use of a $raadle on link 1 has a different cost
than the use of a large barge on the same link;

b) The same is true for the nodes: in the given exantpe simple transit of a small
barge from link 1 to link 2 can be done at no cbst, the transhipment from a large
barge onto a train that will go on link 3 represear important cost.

This problem can be usefully handled on the cooeding virtual network illustrated in Fig-
ure 2, provided that the relevant costs are atththveach of the virtual links. As can be seen,
the solution involves the creation of a set ofuattnodes and a set of virtual links connecting
these nodes. Each real link has been split in ag/miatual links as there are possible uses;
their end-nodes are connected by new virtual linksesponding to simple transit or tran-
shipment operations at the real nodes.
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In this way, this network with multiple means useaépresented by a unique but more com-
plex network on which each link corresponds to &ue operation with a specific cost.
Then, one cheapest path can be computed by meamsaddorithm such as the one proposed
by Dijkstra (1959). The resulting solution is araesolution, taking all the possible choices
into account.

It is now possible to demonstrate how virtual netsaare built on the basis of a rather sim-
ple, though somewhat complex notation, which presid convenient way to link cost func-
tions to virtual links. Tablel enumerates the eletsef the real network.

alwi biw1 b2wW1 c2W1

O N M)

aswi c4R1

dswl d4R1

Figure 2. Partial virtual network

Table 1. Real network

Link  Origin node Destination node Type of link
1 a b w2
2 b c w1
3 b d R1
4 d c R1
5 a d w1

In a first step, the virtual links correspondingthe real links, i.e. rail tracks, etc., must be
generated. These are defined in table 2 by thelfrnedes, the notation of which indicates
successively the real node, the real link, the naodkthe means they refer to.

Table 2. Travelling links

Real links End-nodes of virtual links

1 alwl biwi
alw?2 biw2
2 b2w1 c2W1
3 b3R1 d3R1
4 d4R1 c4R1
5 abWil d5w1
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In a second step, these virtual links must be cotedeby transit or transhipment virtual links.
To keep things as simple as possible, we just eratmén table 3 the virtual links related to
node “b”. They can be viewed in figure 2. In thistwork, the boldfaced links represent the
links of the real network, possibly split up in sead virtual links the dotted links represent
the simple transit virtual links, while the trangiment links are indicated by a thin continuous
line.

Table 3. Connecting virtual links to node b

Real node End-nodes of virtual links

B biw1l b2w1
biw2 b2w1
biw1l b3R1
biw2 b3R1
b2w1 b3R1

In general, the weight given on a link can verylwaty with the direction it is used: loading
and unloading operations for instance don’t haveessarily the same cost, and the cost of
going upstream on a river is normally higher thamg downstream. To solve this problem
related to the asymmetry of cost functions, all Wirtual nodes are doubled at generation
time by adding a + or a — sign to their code; by sme token, all links are split into two
oriented arrows connecting these new nodes, asralied in figure 3. Those “doubled” vir-
tual nodes and oriented links also permits to atoivanted movements”, like an unloading
followed by a loading operation to circumvent abidden transhipment operation.

Figure 3. Detailed virtual network at node
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Such a network can be completed by introducingyesatid exit nodes to the network. This
can be done by the creation of additional virtuadles associated to loading and unloading
operations at nodes where these operations arélgosEhose entry or exit points in the vir-
tual network are referenced by adding “000” tortt@ node number. They must also be con-
nected to other nodes by appropriate virtual linksese additional virtual nodes and links
appear in the upper part of figure 3.
In order to implement the above code conventioa viltual nodes are coded in the following
way: a plus or minus sign, 5 digits for the real@mumber, 5 digits for the real link number,
2 digits for the transport mode and 2 digits fa thansport means. Each label is thus repre-
sented by a signed 14 digits number. A virtual lggn thus be simply characterized by its
origin and destination virtual nodes.
After this overview of the basic methodology, itniscessary to explain the characteristics of
the cost functions and how they are connecteddovitttual network. As usual in transporta-
tion analysis (see, for example, Kresge and Rol{gfag1), or Wilson and Bennet (1985)),
the "generalised cost" concept is used, which altwintegrate all factors relevant for trans-
port decision making in terms of monetary unitsheTconcept can be defined in different
ways according to whether it is the point of viefathee shipper or the carrier which is taken,
and according to the used unit of reference, ams,ttons-km, vehicles, etc. The specific cost
functions which compose the generalised cost, alsl§yo must be coherent across modes and
means, but their functional forms can be freelysemo
The four types of virtual links require specificstdunctions, containing the following ele-
ments:
a) All the costs related to moving a vehicle, suctea®ur, fuel, insurance, maintenance
costs, or tariffs;
b) The inventory costs of the goods during transpraind other time related costs;
c) Handling and storage costs or tariffs, includingkaaing, loading and unloading and
services directly linked to transport.
d) All residual indirect costs like general adminisitra services which may be assigned
to transport on an average basis.

2.2 Computing shortest paths on networks

The contemporary transport systems are used intansive way and are often congested in
various degrees, particularly in urban areas. Jrarismodels have to determine how the
traffic is distributed over the transport networkvehich the structure and the capacity are
known. This is the assignment problem. The resflthe assignment, which depend on the
sophistication of the implemented method, include estimate of flows, travel duration
and/or corresponding costs, for each link of thievoek. Unless no capacity constraints are
taken into account (All-Or-Nothing assignment),aasignment consists in the distribution of
the traffic on a network considering the demandtfims as well as the capacity of the net-
work; the assignment methods distribute the traffier a network in order to obtain an equi-
librium solution. This type of problems can be salvby means of optimisation methods.
Other assignment techniques try to spread the dlogv several alternatives routes, trying to
take into account behavioural considerations.

This paper deals with the methods intended to mtidels of commodities on large inter-
urban, regional and international multimodal freigietworks, like those generated by the
virtual network methodology.
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With the exception of the new “origin-based assigntty developed by Bar-Gera and Boyce
(2003), which for a given origin considers all thestinations together and optimises the
routes serving theh all the equilibrium assignment methods are basedhe “All-or-
Nothing” (AoN) algorithm. The principle of this algthm is to compute the minimum
weight path between each pair of origin and destinaand to allocate the total demand to
be transported between these nodes onto this gyade The AoN assignment is itself based
on shortest path computations. The efficiency & tatest algorithm is crucial and it is im-
portant to choose the one that gives the fastesttsefor a given problem. The algorithm of
Dijkstra solves the problem of the shortest patimfian origin to all the possible destinations.
The one developed by Johnson finds all the shopatsts between all the pairs of nodes of
the graph, combining the algorithm of Bellman-Fardl Dijkstra. The implementation of the
algorithm in the computer software, using efficidata structures, also has an important ef-
fect on the performances.

For solving the shortest path problem Zhan and N@®®8) have tested 15 algorithms,
among which Bellman-Ford-Moore, Dijkstra, PapePatlottino on real road networks; they
conclude that the implementation of Pape is prob#i® most efficient but that it is worth-
while to consider Dijkstra’s implementations in eas subset only of the destinations from a
given node is to be computed. That is exactly geove have to cope with, as our origin-
destination (O-D) matrixes do not contain a denfaneéach possible O-D pair.

The efficiency of an algorithm can be measuredgusfire notion of time complexitywhich
can be defined as the number of steps neededwv® anlinstance of a problem, expressed as
a function of its size of.

If a shortest path algorithm solves, in the woeste; a problem with N nodes in a time c.N?,
where c is independent of the input size, the requcomputational effort is O(N2). This is
the case of Dijkstra’s algorithm whereas Johns@n@®(N?). These complexities are obtained
if the input data is stored in linear arrays. Thakmrithms can be improved (faster search
and insert operations) by using binary heaps adst# linear arrays. Using these heaps, the
complexities become respectively O(Mid and O(NMlogN). Fibonacci heaps are even
more efficient than binary heaps, decreasing tine tomplexity of the shortest paths algo-
rithms.

The detailed virtual network generated from thedpean network that we used has more
than 500.000 virtual links (M) and 140.000 virtuneddes (N), of which about 1500 (X) are
potential (un)loading nodes. As explained earltbis latest characteristic indicates that
Dijkstra’s algorithm is probably the most suitald@éce paths must be computed from only a
small number of potential origins. As shown in &#8| the algorithm of Dijkstra, with a heap
implementation, seems to be the most efficient wdggplied on a virtual network (which is a
low-density graph, since the number of links is mgmaller than the square of the number
of nodes).

However, despite the fact that, from a theoretEakpective, the Fibonacci heap implemen-
tation should perform better than a binary heagdamnplementation, it appears that the later
performs better on the problems that are dealt hétte. Indeed, the Fibonacci heap imple-
mentation gives smaller execution times only inrnest unfavourable cases. During the nu-
merous tests we have performed, these cases repordg about 15% of the test sets. On

! Unfortunately, this method is not yet enough docnieé to be easily implemented in our software
2 A complete presentation of the time complexity catagion of the algorithms can for instance be foimd
Cormen et al. (2001), chapter 24.
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average, we found out that the computing time foomplete O-D matrix using a Fibonacci
heap is about 50% slower than with a binary heds & due to the fact that the computer
cost of dealing with the Fibonacci heap appeaenaiv be higher than the search cost in sim-
pler heaps.

Table 4. Complexity of shortest-path algorithms

Data structure

Linear Binary heap Fibonacci heap
(worst case) (worst case) (amortised analysis)
Dijkstra’s algorithm 5
Executed X times O(XN?) O(XM log,N) O(XN logN+XM)
Johnson’s algorithm O(N?3) O(NM logN) O(N2 logN+NM)
Given:
N number of nodes
M number of links
X number of nodes that are a potential origin atidation

! An amortised analysis differs from an average eam®ysis because it guarantees an average perfoenfian
the worst cases.

Finally, in order to obtain still faster resultse Wwave introduced a stop criterion in Dijkstra’s
algorithm. Indeed, it stops as soon as the patladl the relevant destinations are computed
instead of doing the work for all possible desiimad. This improves the computing time by
more than 50% on real cases, because the comnsodiiesent to only a few destinations in
most cases. Moreover, these destinations are dlatively close to this origin.

2.3 A promising methodology with a hidden trap

The used cost functions for the different transpmerations can be relatively detailed and
complex, and for instance take into account thareatf the transported goods. This can lead
to the use of different transportation modes fdiedent commodities. Nevertheless, the ag-
gregation level of the origin-destinations matrixest can be produced for very large areas is
such that one cannot guess that, for a given cgtegfocommodities, everything is trans-
ported by the same transportation mode. Indeeddémeand at the European level for in-
stance is often only available at the NUTS1 or N®T&/el. Even when more sophisticated
techniques are used to obtain city to city relajonis a nonsense to consider that everything
that is sent from a given city to another usesstrae, unique, transport mode: a factory lo-
cated nearby a railway station will most probablgrenoften use railway transport than an-
other, located in the same city, but far from ttetien. Finally, even for a given point-to-
point relation between two factories, some intetogistic considerations make it sometimes
useful to use alternative transportation modes.

In the classical models, the modal choice is ag@ie a separate step. In other words, in such
an approach, all the quantities for a given modesaparately assigned on their respective
modal networks in order that each mode is usedort and long distances with no particular
limitations.

However, on “virtual networks”, an assignment ddesearch for a cheapest physical itiner-
ary, but for a cheapest path that includes all{ti@loading, transit and transhipment opera-
tions, so that the simple notion of transportativode loses a lot of its original meaning, cre-
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ating a new problem. This will now be illustrategiineans of a simple example. In table 5, a
small demand matrix is described, that containa @@t two transportation modes. The last

column is obviously not an input data but a simgenputation based on the two previous

columns. From this table, it is easy to concluas iy tons are transported by mode 1 and 16
by mode 2. The tons.km for the two modes are resde equal to 3850 and 5400.

Table 5. Input data for simple example

Mode Distance Tons Tons.km

1 10C 4 40C

1 150 7 1050
2 20C 6 120C
2 30C 4 120C
1 400 6 2400
2 500 6 3000

This example clearly illustrates that distance carbe considered as the only explanatory
variable and that there exists some unobservedrfathat explain the mode (and route)
choice for individual shipments. This is a classmaint that has often legitimated the use of
random utility models to describe actual flows onedwork. In passenger transport models,
the use of such a stochastic approach is usefaliseche behaviour of the human being dur-
ing his journeys can be influenced by a lot of, simes subjective, factors. This is particu-
larly true in urban networks. This is less the dasdong haul freight transport. However, in
large scale models, the details of the networlotssnfficient to identify the exact location of
each firm and the modal networks it is connected-toally, the nature of the demand ma-
trixes is so that, even in the best cases, infaomas only available from city to city and not
from a particular firm to another. All these facdtanake the demand table 1, in which the
different transport modes are used on differentadise classes, an often encountered and
plausible scenario.

Consider that the two transportation modes hawveafircost functions, so that cost = A +
B*distance. The values for A are 2 for mode 1 ahdds mode 2. The values for B are set to
0.5 and 0.3 respectively.

Figure 4 illustrates these two cost functions, @rchn clearly be seen that mode 1 will be
chosen for the three first elements of the demaailixy because they are related to distances
that are shorter then the break-even distance. Mogidl be used for the remaining entries of
the matrix. Thus, 17 tons will be assigned to madend 16 to mode 2, which are the ex-
pected figures. But only 2650 tons.km will be tyamsed by mode 1 and 6600 by mode 2.
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Figure 4. Original cost functions

The cost functions can obviously be recalibratedrater to try to obtain a better fit in terms
of tons.km. For instance, figure 5 illustrates t¢bst functions when the values of A and B are
respectively fixed to 52 and 0.35 for mode 2, thkigs for mode 1 remaining unchanged. In
this case, the four first lines of the demand matiill be assigned to mode 1, for a total of
3850 tons.km, which is perfectly right. But now, &ins will be transported by mode 1,
which is too much.

This simple example shows that, using a simpleGkHNothing assignment, it is impossible
to calibrate an assignment on both the transpapteshtities (tons) and the flows (tons.km)
when virtual networks are used to avoid separatdatchoice and assignment models. The
only way to solve this “distance trap” is to implem techniques that don't, for a given dis-
tance (and origin-destination pair), assign all deenand on the same path (and thus maybe
same mode) on a virtual network. The first techagane might thing to are the equilibrium
assignment algorithms, which spread the flow oeeegal alternative routes, according to the
flow on the used links. Their implementation witw be discussed. This is the main topic of
this paper.
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Figure 5. Modified cost functions

2.4 Cost functions and congested links

As just discussed, a simple implementation of tlNAalgorithm presents some limits be-
cause it is often observed that the flow of tramspetween two given nodes is distributed
over various alternative routes. Two main reas@msexplain this phenomenon: the capacity
constraints of the network and the fact that aldkers don’t have the same perception of the
costs of the different alternative routes. Botlsoee induce a spreading of the flow over sev-
eral routes. But do the equilibrium assignment némplies give an appropriate answer to the
“distance trap “ problem?

The equilibrium algorithms take into account theiatgon of the transportation costs accord-
ing to the assigned flow, considering that theritigtion of the traffic over the network is the
result of an interaction between the supply anddégmand for transport. They try to imple-
ment the second equilibrium condition of Wardrop52), who stated that:

Under equilibrium conditions traffic should be anged in congested networks in such a way
that the average (or the total) travel cost is mmiged.

It is important to note that the implementatiortladse methods on a virtual network makes it
possible to observe transfers of flow not only esw different routes, but also between vari-
ous transportation modes. Indeed, in oppositiothéoclassical four stages models (genera-
tion, distribution, modal-split and assignmentytual networks, which explicitly decompose
all the tasks in the transportation chain, comionzelal split and assignment in a single step.
Thus, an alternative route could very well be ugethlly or partially, by another mode
and/or means of transport than the ones that wesd an the initial route, without any ex-
plicit modal-split. This is probably the most imgamt contribution of the use of equilibrium
assignment methods on virtual networks and thisbeilillustrated in the next section.
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The discrete choice models often used in the dak&ur stages approach include an error
term describing non-explained variation, as welfaaglom coefficients explaining variations
of preferences. The supporters of these methods @itgue that these methods avoid that
two competing routes with almost the same costsldvba assigned all-or-nothing if there
are no capacity problems. This problem is at lpastially addressed in our model, because
the demand is split into 10 categories of commesliteach of them having its own set of cost
functions. Moreover, the speed-flow curve is ftett as long as the capacity of a link is not
reached, making it possible that the flow is spreaelr several routes, even if saturation is
never observed on any link. Finally, the introdoctof random coefficients in order to take
into account behavioural aspects (probability toas® a given route) is much more linked to
stochastic (equilibrium) traffic assignment modelkjch are not discussed in this paper.

The equilibrium assignment models require cost tione which are related to the flow on
the network. Such a relation can be generally esgae as: GC,({V}).

In principle, the cost on link “a” should be a ftina of the flow V on the total network and
not only on the link itself, because the flow ongi@en link is also influenced by the
neighbourhood. This is usually simplified by comsidg that G=C4(V ), i.e. that the cost on
link “a” is a function of the flow ¥ on it. A good cost function must be realistic, nion
decreasing, monotonous, continuous and differeletiabd should not generate infinite costs
if the flow is equal or higher than the capacitymer to always ensure a solution.

Many functions were proposed to describe thisimiaOrtizar and Willumsen (1990) give a

good overview of them. The most used are:
VI/K

a) Smock (1962) :C=C, €  where Cis the cost for a given flow V8 the cost

at free flow and K the capacity of the link.
b) Overgaard (1967) generalises the previous funciimaC, a

c) The Bureau of Public Roads (BPR, 1964), USA, prepdbke standard function which
is most oftenc = C,(1+a(v /K )

We used latest function with= 0.15 and3= 4. These values may deem to be doubtful be-
cause they assume that travel time increases miyiwith 15% and because the beta value
4 may only apply to multi-lane motorways. Howewee are interested here only in inter-
urban, regional and international traffic, whichinia uses highways (where available), and
for which the demand is only available on a yedm&sis, making it difficult to correctly
model what happens during the peak hours. Thisl@molvill be more discussed in section
3.2.

Finally, it is clear that passenger cars interaith wucks on the roads and that one cannot
consider that the total capacity of the roads cardévoted to trucking only. The way this
consideration is handled on a real network wilbdle presented in section 3.2.

Another important issue deserves more discussiog: lusing a speed-flow curve at a large
geographic scale may not be appropriate for fretigirtsport. Indeed, one could assume at a
more strategic level that the cost-functions cdudd‘reversed”, reflecting the fact that high
demand volumes could justify higher frequencies@na more effective use of the vehicles,
with less empty return trips and better fillingasitIf this is certainly true for trucking, this is
even more the case for barges and trains, whi@s sind/or compositions can be adapted in
the short term to the demand. To take these effettisaccount and implement such refine-
ments, the information provided by simple base yezight transport flow matrixes is not
enough, and additional information on shipment/@mmaent sizes is needed, which is rarely
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the case in real world strategic models on largétaees. The O-D matrixes we have used
didn’t contain any information about shipment siZdete that in the German national freight
transport model, financed by the German Federaispart Investment Plan 2003, and which
was developed by the BVU Beratergruppe Verkehr +wdth GmbH from Freiburg, the
shipment sizes are split over three classes (<=1BB25t, >= 25t), making it possible to, at
least partially, cope with the above discussedidenation. If such detailed data were avail-
able, a multi-class assignment could very-well edgrmed on virtual networks.

2.5 Flow equilibrium algorithms

Various assignment algorithms, which try to obtamequilibrated distribution of flows on
the network, can be found in the literature.

The implementation of these algorithms on virtuetworks is not immediate. Indeed, con-
gestion is observed on real links, not on virtugkd. However, in a virtual network, the same
real link is represented by various virtual linkgcording to the number of transportation
means (types of vehicles with different operatiosts) that are defined. It is thus necessary
to consolidate the flows obtained on the virtueké related to a same real link in order to
obtain the total flow on the real link.

A first technique, based on the method of the ssgige averages (MSA) was implemented.

During the initialisation step, for each real liakthe flowV, is set to null and its associated

cost C, is computed for a free flow situation. The procts=n enters in a loop that is re-
peated until a stop condition is satisfied. At @egi iterationn, and for each linla, the cost
C! is computed, that depends on the fl{fi* found on the link at iteration-1. A set of

auxiliary flows F.'is then obtained by means of an AoN assignmentdbasethe just re-
computed costs. The new flow is then obtained:

V= @- AW AE) 1)
where A" :1
n

The algorithm of Frank-Wolfe (FW) (Frank and Wolf€956) is very similar to the previous
one. It differs only by the way is computed: instead of being fixedldn, it is calculated to
optimise the displacement in the descent direcBda/'™. Hence, after each iteration, the
depth of the descent must be re-computed:

A0 miny. [c,v)av @)

where s \"< 1

The effects of the congestion can also be takem auicount by incremental assignment
(INC). At each iteration, only a restricted propantof the demand matrix is assigned on the
network. The incremental loading charges the nétwoadually. The total quantity to trans-

port is split by a factop;, such asz p, =1 and, during each iteration, an additional incre-

ment is loaded on the network. These factors earaltulated as:
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n-i+1
= = 3
P n*(n+1)/2 ®)

where i=1,2, ...,n and n is the number of iterations.

The p’s; are thus a decreasing arithmetic progression irchwtie difference between two
successive terms is——.
n*(n+1)/2

The main disadvantage of the incremental methakasonce a flow is assigned to a link, it

is not anymore possible to withdraw (a part ofpibrder to assign it to another link. Conse-
guently, this method will not necessary ensure tifiatalgorithm converges to an equilibrium

solution as in MSA and FW (Sheffi, 1985). Note tirabrder to accelerate the convergence
of the algorithm, the incremental method can als@associated with the Frank-Wolfe’s algo-

rithm to obtain the initial flows (Inc+FW). Howevethis method can be counterproductive,
especially if the network is not congested.

Another important element to implement is the cidt@ised to stop the iterative process. Ex-
cept for the incremental method, for which the nemtif iterations must be fixed a priori, the

stop-rule of Le Blanet al (1975) is used:

] V(n) _V(ﬂ—l)
Stop if gap = Max(| = Vna D <¢

(4)

because flows are better indicators of the diffeesrbetween successive iterations than costs
(Thomas, 1991). A value of =0.05 was used, which can be considered as bemghough

to ensure a solution close to the real equilibritiime gap formula that was implemented re-
fers to the maximum difference between the cursehition and the equilibrium solution in
terms of a mathematical objective function. Otlwenfulations are also possible: The relative
gap is the ratio between the absolute gap and uherd value of the objective function,
expressed as a percentage; the normalized gapnisuted as the absolute gap divided by the
number of trips. The two latest criteria weren’'plemented because their computation takes
too much time on the generated virtual networks.

Beside these classical equilibrium methods, BamG@002) shows that his Origin-Based
method is faster than the Frank-Wolfe method for farget relative gaps. The core question
is obviously the estimation of the optimal levelominvergence needed for a given problem
The work presented in this paper mainly concerng ldistance and international transport,
and the level of knowledge and information that thek drivers can have on the trans-
European network is more than probably not sufficte make the right route choice with a
probability close to one. In these circumstancefgia stop criteria with a very low value
doesn’t make la lot of sense, and the Frank-Waifplementation can certainly be consid-
ered as a good choice for the problems discussed he

All of the algorithms outlined in this paper (AoNcremental, MSA and Frank-Wolfe), are
implemented in a new release of the Nodus softwaraddition to these implementations,
this version (5.0) uses a file format that is cotifppa with the popular ESRI’'s Arcinfo geo-
graphic information system (GIS). It also uses BN Technologies' OpenMaY

% An interesting discussion about stopping critand rules can be found in Boyce et al. (2002).

European Journal of Transport and InfrastructuresBarch



Jourquin and Limbourg 21¢

(www.openmap.org) package, that is an Open SoumweBkan®’ (java.sun.com) based
programmer's toolkit, providing the means to allasers to see and manipulate various geo-
spatial information. Entirely rewritten in Java, ds is available for a wide range of com-
puter platforms.

The results presented in this paper were obtain#dav2Ghz Intel Pentium IV based com-
puter with 512 Mo RAM, Windows 2000 and Java 2le@se 1.4.1)

3. Some results on artificial and large networks

3.1 A case study on an artificial network

A first exercise was performed on an artificialdogetwork of 17 nodes and 36 links. In this
network, 7 nodes are used as potential originsoardi¥stinations. The incremental assign-
ment was implemented with four iterations, while tither algorithms converge accordingly
to the above described stopping rule. The netwalkgnadually be stressed in order to ob-
serve the behaviour of the different assignmeritrteies. In a first step, a small O-D matrix
was assigned onto the network. For this matrix, after an AoN assignment, no link ap-
peared to be congested.

For all the tested assignment techniques, we adddime same set of computed paths and the
same total flows on the links. The AoN assignmenbbviously the fastest assignment
method, because it stops after only one iterafitve. difference on the total costs on the net-
work* (see table 6, last column) for the different methis explained by the fact that, in the
iterative methods, the costs are always calculatethe flows obtained during the previous
iteration. The total costs obtained for the MSX Bnd Inc + FW methods are similar: in the
MSA method with two iterations) is fixed, by definition to 0,5, and the same vailsi®b-
tained forA in the two FW based methods because there ismgestion and the routes com-
puted by these methods are equal to those obtaindte AoN assignment.

Next, all the quantities of the same O-D matrixeveultiplied by four, in order to simulate a
problem in which the most important flow observedaplink after the first AoN assignment
represents 70% of the its capacity. In this tesecéhe results obtained by the different ca-
pacity constrained assignments are different froenresults of a simple AoN. This is illus-
trated by figure 6, in which the 100% cost levelresponds to an AoN assignment. A four
step incremental assignment associated with a Ftéolks algorithm (Inc+FW) gives the
fastest results as the convergence is obtaineck tascfast as with a simple FW. The cost
variation between the solution obtained by an Aaslignment and the one obtained at con-
vergence for the other methods is about 8%.

“This doesn’t mean that the total cost is usedays aiteria for the convergence. The used criteisooutlined
in section 2.5.
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Table 6. Results on non-congested sample network

Iterations Comp. Time (s) Total cost (%)
AoN 1 100*
+0
MSA +2.2
+0
+2.2
+0
+1.4
+1.8
+1.9
+0
+2.2

FW

Inc

NEFREARWONEFENEFEDNEPRE
OO O A~ DNONEDNDN

Inc+FW

[N
[

*102.2% after re-computing costs according to assidlows

For quantities ten times more important than thessgned during the first exercise (figure
7), a capacity overshooting on three links was nteskafter an AoN assignment. Here also,
the incremental + Frank Wolfe assignment arrivesenquickly at a solution than any other

method. The cost variation between the solutiomiobt by an AoN assignment and the one
obtained at convergence for the other methodsvsatmut 19.5%.

The goal of this simple example based on an aeifieetwork is to evaluate the behaviour of

the several equilibrium algorithms when the netwisrigradually stressed. It also has the
benefit to test and validate the computer impleietgon of these algorithms when applied to
virtual networks. Obviously, such a simple netwi@lot representative of real world situa-

tions, for which a more complex and large examplebg presented in the next section. This
example will not only be commented from a technpaiht of view. Indeed, the use of equi-

librium algorithms with O-D matrixes that containraual data for long distance transport has
to be discussed more deeply.

108,50% -
. 108,00% -
=z
o
< 107,50% -|
; —e— MSA
°§ 107,00% - = FW
- 106,50% - Inc+FW
8 —>—Inc
< 106,00% -
o
= 105,50% -

105,00% H : : : : :

0 10 20 30 40 50

Computing time (seconds)

Figure 6. Assignment results on lightly congesteificial network
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Figure 7. Assignment results on a congested a#lfitetwork

3.2 An application on a real network

The “virtual network” methodology was designed &velop multi-modal models, i.e. models
in which different transportation modes can be usedombined between the origins and
destinations of the O-D matrixes. Moreover, thelradblogy is intended to be used on large
geographic networks, covering several regions anhiries. In section 2.3, the “distance
trap” problem was presented, which lead to the lesien that, on virtual networks, the flow
has to be spread over several alternative pathslilitgum assignments do these kinds of
things. But do they solve the “distance trap” peoh?

This second exercise, based on the extensive Bargpean multi-modal network, as defined
by the European Conference of Ministers of Transgests the different assignment tech-
nigues, in which road, rail and waterborne transpan be used. The digitised network that
what used contains about 17.000 links and 1200@s)ddom which about 1500 are potential
origins and/or destinations.

The implementation of the capacity restrained nma#sghis not immediate, because the roads
are shared by private cars and trucks. To givesomable answer to this problem, the capac-
ity of the roads was fixed to a theoretical residiggpacity that is left over when the private
cars are already on the network. A more refinechogtould be imagined, in which the pri-
vate cars and the trucks are assigned at the sameeahd interact with each other. Such an
approach is for instance presented in Nieksteal. (1998), but is much more difficult to apply
in inter-urban, regional or international transpambblems because of the nature of the O-D
matrixes, since they contain annual amounts of goods @r-imban and inter-regional and
international relations. This is quite differenddr urban O-D matrixes set-up for peak hours,
because no information is available on the departund/or arrival time of the commodities.

®The used matrixes for this exercise are thoroudhigussed in Geerts and Jourquin (2001).
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Moreover, as distances are long, a single tripnafiecurs during different periods of the day,
including peak hours. Finally, most of these tfuse the highway network, which justifies
the use of the standard HCM parameters discusssekction 2.4. The model could however
be refined, using andf values for the BPR formula, which are specifieézh (type of) link

in the network.

In this exercise, the traffic during an averagekpeariod was estimated. To achieve this, the
saturation of the road network was estimated or#ses of the well known “30th peak hour”
criteriorf. No capacity restrictions were introduced for mailvaterborne transports, i.e., their
respective cost functions are not dependent oalteady assigned flows.

The O-D matrixes contain demands for 10 categafig®ods (NST-R 0-9), and specific cost
functions were developed for each of theses 1GefasThis exercise is thus a multi-class
assignment. Obviously, not only the flows for thHfedent transportation means usable on a
real link are consolidated, but also the flows oted for the different classes of the demand
matrix are summed before new cost values are cadgot the next iteration of the assign-
ment procedure.

Another critical point about static asymmetric mualass assignments must be raised here.
As explained by Toint and Wynter (1996), at congestincoherent results occur for some
existing formulations of multi-class assignmentsphrticular, they show that, under heavy
congested situations, the difference between tkedspof the classes of vehicles (cars and
trucks for instance) doesn't approach zero as éxgedhis problem is however avoided in
this exercise for two main reasons:

» Cars are not assigned along with trucks, but thestaare assigned on a network on
which only a residual capacity remains availabl&i¢lv is, however, also a limit of
our model);

* The remaining vehicles classes (trucks) circulatewaghly the same speed.

Once the residual capacities on the network andDHi® matrixes for an average peak hour
are known, the different assignment methods caesied. The results are shown in figure 8.
It is worthwhile to note that the found solutionasly slightly more expensive (+1%) than

the AoN initial solution. One could argue that isedio thea andp parameters used in the

speed-flow functions. However, several other fexctian explain this:

* The used O-D matrixes contain total quantities mam@nual basis, and it is difficult to
estimate what is transported at a given time adya d

* The implemented assignment algorithms are “staind the sense that the vehicles
are not tracked during their journey. This is abpee for the assignment on long dis-
tances, because often, several hours or even deysding peak and off-peak peri-
ods), pass between the starting and the arriva.tithe assignments don't take into
account the actual location of the vehicles atvarmgtime.

» Congestion is mostly observed in and around (laugb®n areas. The transportation
networks that are located in such areas only reptes small part of the total trans-
European network.

® Traffic observed at the 80rank, according to the classification of the okedrpeak hours during one year,
ordered by decreasing value. This method consist®iparing the flow of the 30th peak hour with theo-
retical capacity of the considered road sectioris Tinethod, simple in its design, has the followpagticular
advantage: the flow of the 8@eak hour represents a quasi constant share -evenahe place or time — of the
average daily flow. For the Belgian network fortaree, this value is known to be 13,6% of the diily.
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Figure 8. Assignment results on a real case

The assignment methods also have an impact on dinkeetrshare of the different transporta-
tion modes (see table 7). This is what we are lugpkdr in order to solve the “distance trap”.
Indeed, a cheaper path on a virtual network cay weidl be found using another transporta-
tion mode. Furthermore, there is a reduction ofttims-km transported by road due to capac-
ity restrictions in all cases. The change in madere is more important after an incremental
assignment because, once a flow assigned on atliskpot anymore possible to withdraw it
in order to re-assign it on another link. This @wsly constrains the search for an optimal
solution.

Table 7. Impact on the estimated modal split

Variation of modal split induced by equilibrium sdutions

Method Road (%) Rail (%) Water (%)
MSA -2,56 + 0,80 + 5,75
FW -3,23 +1,15 + 7,09
Inc+FW -3,34 + 1,16 + 7,16
Inc (n=4) -1,62 + 0,35 + 3,64

The model was further stressed, doubling the asdigjuantities, to see how the different
algorithms react on a significantly more loadedvwek. The results of this exercise are pre-
sented in figure 9 and table 8. This time, the tsmtuis about 4,5% more expensive than the
AoN total cost. But, again, the same arguments thase explained earlier can be used.
More generally, an important question can be ratse@: are equilibrium algorithms, even

when used on virtual networks, realistic enougbdaised in conjunction with O-D matrixes

that contain annual data for long distance freiginisport?
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Figure 9. Assignment results on a stressed rea cas

Table 8. Modal split on the stressed network

Variation of modal split induced by equilibrium sdutions

Method Road (%) Rail (%) Water (%)
MSA -4,21 + 3,77 + 8,60
FW -4,89 + 4,27 +9,79
INC+FW - 4,79 +4,01 +9,19
INC (n=4) -2,30 + 1,38 + 4,70

3.3 Limits and perspectives

The equilibrium methods were implemented in oradetry to ensure that the total flow to
assign between a given origin and destinationrnsaspover several routes (and thus modes if
virtual networks are used). Unfortunately, it appehat capacity restrictions alone are not an
explanatory factor that is strong enough to reheheixpected result, for all the reasons that
were just outlined. In other words, it becomescliat equilibrium assignment techniques
don't give an adequate solution to the “distane@’trand, therefore, other approaches must
be explored.

Our conclusion is that obtaining a set of credditernative routes, i.e. (nearby) non overlap-
ping routes, is only possible if multi-flow algdrits are used. Their implementation and use
on virtual networks is discussed and illustratedJaurquin (2006). These algorithms are
much more promising to solve the “distance trag’can be seen in figure 10. The first map
illustrates the result of an AoN assignment, arelgbcond the output of a multi-flow algo-
rithm designed for virtual networks. In the latebg two available modes (road and rail) are
used on almost every OD pair, even if no separaigatrsplit module is used.
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Figure 10. Sample assignments of an OD matrix

4. Conclusions

Transportation models are often based on the clldsiur stages approach, in which genera-
tion, distribution, modal-split and assignment seen as separated steps. Another approach,
promoted by different authors, is to create arradtive network, that not only represents the
geographic components of the network, but alsalifierent operations that are possible dur-
ing the transportation chain. These “super netwooks'virtual networks” open interesting
perspectives, because both the modal choice andsfignments steps of the classical ap-
proach are performed at the same time.

Unfortunately, these virtual networks contain adeid trap, as it is nearby impossible to cali-
brated the models on both the transported quasiitie the flows (expressed in tons.km).
This problem, which is referred to in this papertss “distance trap”, can only be solved if
the flow that must be sent from an origin pointstume destination is spread over several
routes and transportation modes.

This paper examines if the implementation of efquiim assignment algorithms is able to
provide an adequate answer to the distance tragemg as they spread the flows over sev-
eral alternative routes according to the flows loa different links of the network. The way
several classical algorithms were implemented otuai networks is explained, discussed
and illustrated on a small artificial and a largalmetwork.

It appears that the use of equilibrium assignmemtgdures don’t give satisfactory results on
large-scale networks such as the trans-Europeati-maodial freight network. Indeed, the
solutions found after convergence were very closthé one obtained after a single All-Or-
Nothing assignment. This is mostly linked to théuna of the problem that is solved. Indeed,
the assignment of annual amounts of goods on I@tgrites doesn’t give information on the
quantities transported at different periods of w, garticularly during the peak hours.

The results may also be influenced by the fact Weatcouldn't explicitly take into account
the effect of flexible frequencies and improvedicéicy for O-D pairs between which a
high demand exists, just because no informationavadable on shipment sizes. This could
be resolved if statistical distributions of shiprsizes were applied to our O-D matrixes.
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However, it seems clear that equilibrium assignnbectiniques, used on inter-urban, regional
or international freight networks are not able tmegh reflect the modal and route behav-
iours, and that other deterministic or stochastidtirilow algorithms must be implemented
and tested on virtual networks. Obtaining a setretlible alternative routes, i.e. (nearby) non
overlapping routes, is only possible if multi-flaagorithms are used. Their implementation
on virtual networks is discussed in Jourquin (2006)
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