
Advanced OR and AI Methods in Transportation 

A MULTIMODAL APPROACH FOR MANAGING 
TRANSPORTATION DESIGN PROBLEMS  

OF REAL SIZE NETWORKS 

Luca D’ACIERNO*, Mariano GALLO+, Bruno MONTELLA* 

Abstract. Most network design models proposed in the literature analyse only 
one transportation mode (road or transit systems) and are based on the 
assumption of rigid modal split. To overcome these limits, the authors propose 
models and algorithms for solving transportation design problems from a 
multimodal point of view. The paper also provides two applications of the 
multimodal approach in the case of fare design. 

1. Introduction 
Theoretically speaking, in any supply design model the transportation demand should be 
assumed elastic because supply changes generally influence at least mode choice. 
Sometimes, the errors connected with the assumption of rigid demand are negligible, while 
in other cases demand cannot be assumed as rigid, especially if the design objective is to 
change the modal split (Travel Demand Management) or when transportation systems share 
elements of the network (buses and cars with shared lanes). 

Nevertheless, in the literature monomodal design models, which analyse only one 
transportation system and consider everything else invariable, are fully discussed both for 
road and transit systems. However, these models are useful when projects chiefly affect the 
analysed system without major repercussions on other systems. 

As highlighted above, a multimodal approach, which analyses several modes 
simultaneously, is required when developing plurimodal projects (combined design) or 
monomodal projects with major effects on other modes (for example pricing). This 
approach has received little attention due to computational difficulties inherent in the 
problem. 
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One of the few works on multimodal network design is [5] where the author provides a 
model for optimising road pricing fares and transit frequencies and proposes an assignment 
model based on separate modal networks (road and transit) and fictitious links for 
simulating modal choice implicitly. 

Another work is [2] where the authors propose a bilevel optimisation model for 
determining road pricing and signal setting parameters. The main multimodal features are 
that demand is elastic at mode choice level (even if the route and mode choice models are 
deterministic) and link costs depend on the sum of flows that utilize the same link. 

Finally [6] proposes a (road and transit) fare optimisation model based on a simple 
bimodal system consisting of a transit line and a highway link where the path choice is 
univocal (there is only one path for each mode) and the mode choice model is a Logit 
Multinomial. However a general approach to pricing design is reported in [1]. 

By contrast, papers on multimodal trips are much more numerous (see for example [4] 
or [8]). These works are based on (multi-layer) network frameworks that allow the 
simulation of trips that use more than one mode (multimodal trips). 

In the next section the proposed multimodal approach and its application in fare design 
are described, while in section 3 conclusions and research prospects are summarized. 

2. The proposed approach 
In a previous work [7], the authors proposed a general framework of the multimodal supply 
design model that can be expressed concisely as: 
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where y is the design parameter vector to be optimised (as for instance transit or parking 
pricing fares), ŷ  is the optimal value of y, Sy is the feasibility set of y, Z is the objective 
function to be minimized, *

cf [ *
bf ] is the multimodal (equilibrium) flow vector of road 

[transit] system, Cc [Cb] is the generalised path cost matrix referred to road [transit] system; 
and finally, Λ is the multimodal assignment function that provides equilibrium flow vectors 

*
cf  and *

bf  as functions depending on design parameter vector y and the same equilibrium 
flow vectors *

cf  and *
bf . 

Relation (2) is a constraint of optimisation problem (1) that represents the multimodal 
equilibrium assignment on a real network. It constrains road and transit flows to be in 
multimodal equilibrium for each configuration of vector y. At equilibrium, the road and 
transit flows generate road and transit costs that produces a modal split and user path 
choices so that the same flows are reproduced. 

Therefore the abovementioned multimodal model can be formulated as a bilevel 
problem where the upper level is the optimisation problem (1) and the lower level is the 
fixed-point assignment problem (2). The approach proposed in this extended abstract 
utilizes the framework of the model proposed in [7], defining multimodal assignment 
model (2), analysing the parameters to be optimised y and specifying objective function Z. 
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In order to apply the proposed design model in an urban context it is necessary to 
assume that: 

• the modal split is elastic and therefore depends on network costs; 
• the road link costs depend on the number of (road and transit) vehicles on the link; 
• the transit link costs are constant in exclusive bus lanes and depend on the number 

of (road and transit) vehicles on the link in the case of shared lanes. 
These requirements have to be included in assignment model (2) and hence the authors 

propose to use the model and algorithms described in [3]. Applications of the proposed 
model are based on examining two multimodal supply design problems: transit fare 
optimisation and parking pricing optimisation. 

2.1. Transit fare optimisation 
The first application is an optimal fare evaluation method based on optimising model (1) 
with an objective function that allows us to estimate explicitly operational costs, traffic 
revenues, system user generalized costs and social, political and environmental external 
costs: 
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where tb is the transit fare vector to be optimised, ONC is the Operational Net Cost term, 
UGC is the User Generalized Cost term, and EC is the External Cost term. 

Moreover, the authors propose the following formulation for the External Cost term: 
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where i is the generic user category, i
TUVβ  is a parameter that expresses the Transit User 

Value for users of category i, that is the monetary value associated to a user that travels on 
transit (representing the reduction in externalities), and i

bd  is the total transit demand for 
users of category i. 

In this case, optimisation problem (1) can be expressed as: 
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where bt̂  is the optimal value of vector tb, and 
bt

S  is the feasibility set of tb. 
Therefore, the innovative approach to the transit fare problem, as well as the multimodal 

simulation and the assumptions on the elasticity of the transportation demand, is related to 
cost evaluation since term (4) of objective function (3) also takes account of the benefits for 
society related to “transfer” users from the private to the public transportation system.  

Model (5), subject to constraint (6), was applied on a real network, with a bisection 
algorithm, to find out i

TUVβ  values that, with the assumption of: 
i
TUVTUV ββ =     ∀ i 

it was estimated equal to 11.06 € / (user ⋅ h). Moreover, the above multimodal optimisation 
problem was implemented to define the optimal value for a new ticket type (as shown in 
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table 1). The case of TUVβ  value equal to 0 represents the utilisations of an objective 
function which neglects external costs. 
 

TUVβ  value New ticket value 
0.00 € /(user⋅h) 4.82 € 
11.06 € /(user⋅h) 4.29 € 

Table 1. Results of the transit fare optimisation. 

2.2. Parking pricing optimisation 
The second application concerns the optimisation of parking prices in urban networks. This 
is a major problem since in many European cities parking pricing is widely used as a travel 
demand management policy. Almost all the parking pricing strategies usually adopted are 
(destination) area-based (Destination Parking Pricing policy - DPP policy), i.e. parking 
charges vary with the (destination) zone; in general fares in the central zones are higher that 
those in the suburban zones. This means that the user pays only for a trip destination. 

This paper proposes a new parking fare strategy based on both trip origin and 
destination (Origin Destination Parking Pricing policy - ODPP policy). The main 
advantages of the proposed policy are: 

• in any optimisation model (with any objective function) the problem is less 
constrained (the DPP policy can be obtained constraining the ODPP policy so that 
the fares associated to the Origin-Destination pairs with the same destination are 
equal); hence, the results of the optimisation are no worse that those of the DPP 
policy; 

• parking fares can be calibrated so as to “penalize” only the users that have an 
efficient transit system on some Origin-Destination pairs; it is thus possible to 
“force” the modal split, limiting the decrease in accessibility; this “penalization” 
seems correct also from a political point of view, since only part of the costs of 
transit systems are covered by users (tickets), while most are subsidised by society. 

In this case, optimisation problem (1) can be expressed as: 
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where tc is the parking fares vector in the case of DPP policy (or matrix in the case of 
ODPP policy), 

c
t̂  is the optimal value of tc, 

ct
S  is the feasibility set of tc, and LAR is the 

term of Local Administration Revenue from parking pricing. 
Model (7), subject to constraint (8), was applied on a test network (shown in figure 1) to 

compare the two parking pricing strategies also in terms of accessibility. In this application 
the design variables were assumed discrete and therefore the authors propose a meta-
heuristic solution algorithm consisting of four phases based on an exhaustive mono-
dimensional optimisation and a neighbourhood search optimisation. Tables 2 and 3 show 
implementations of multimodal optimisation model (7). 
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Figure 1. The trial network. 

  TUVβ = 0.00 € / (user ⋅ h)  TUVβ = 11.06 € / (user ⋅ h)  
  1 2 3 4 5 1 2 3 4 5 

Undiff. Fare  0,75 0,75 0,75 0,75 0,75 0,75 0,75 0,75 0,75 0,75 
            

DPP policy  2,00 2,00 2,00 0,75 0,75 2,00 2,00 2,00 2,00 2,00 
            
 1 – 2,00 2,00 0,75 0,75 – 2,00 2,00 0,75 2,00 
 2 2,00 – 2,00 0,75 2,00 2,00 – 2,00 0,75 2,00 

ODPP policy 3 2,00 2,00 – 0,75 0,75 2,00 2,00 – 0,75 2,00 
 4 0,75 0,75 0,75 – 0,75 0,75 1,00 2,00 – 2,00 
 5 0,75 2,00 0,75 0,75 – 2,00 2,00 2,00 2,00 – 

Table 2. Optimal solutions by different strategies and different objective fucntions. 

 Without 
parking Everywhere TUVβ = 0.00 € / (user ⋅ h)  TUVβ = 11.06 € / (user ⋅ h)  

 fares 0,75 €/h ODPP policy DPP policy ODPP policy DPP policy 
Road users 8,426 8,366 7,807 7,788 7,754 7,742 
Transit users 934 994 1,553 1,572 1,606 1,618 
% transit users 9.98% 10.62% 16.59% 16.80% 17.16% 17.29% 
Road average 
travel time [min.] 63.14 62.95 61.89 61.95 61.91 61.93 
Transit average 
travel time [min.] 65.50 65.27 59.94 60.93 60.94 61.50 
System cost [€] 54,062 53,924 52,651 52,819 52,790 52,877 
Social cost [€] 43,735 42,927 35,478 35,432 35,025 34,980 
Accessibility 
[€ × 1,000] –697.7 –714.1 –722.2 –728.1 -730.4 -735.4 
Parking revenue 
[€] 0 23,340 38,483 48,859 49,750 56,756 
Average parking 
fare [€/h] 0 0.75 1.34 1.71 1.75 2.00 

Table 3. Comparison among solutions. 

1 2 3 

4 5 Road links 
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3. Conclusions and research prospects 
Initial results of multimodal approach applications for solving fare design problems show 
the validity and functionality of the models and algorithms proposed. Hence our main 
conclusions are that: 

• the multimodal approach is useful and sometimes essential for managing some 
transportation design problems; 

• it is necessary to include externality terms in objective functions to obtain realistic 
results; 

• parking pricing optimisation based on the ODPP strategy provides better results 
than the traditional strategy. 

Finally, research perspectives could be addressed to analyse other multimodal problems, 
combine both proposed problems with the road-pricing problem and propose more effective 
solution algorithms. 
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