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Abstract

Urban intermodality is an increasing phenomenon and nowadays modal choice
nodes, nodes within urban networks from which it is possible to reach other
nodes by using different transportation modalities, play a relevant role in the
analysis of passenger mobility. There is hence the need of evaluating the
performance of such nodes with the aim of making more convenient multimodal
paths.

In this work we focus on the problem of determining the attractive capacity of
modal choice nodes in urban networks; the goal is to identify those nodes that
could be attractive poles for modal exchanges and become location of new
services, such as parking places, bus stops and informative panels.

Starting from relevant Origin — Destination (O-D) paths that are derived from
the demand of mobility, we analyse the possible intermodal nodes by evaluating
the role that such nodes play within urban networks on the basis of some
structural attributes of the network itself. Inspired by the gravitational models,
that are more generally used in the competitive location problems, we determine
the attractive capacity of the well performing previously selected intermodal
nodes; the aim is to verify whether the good behaviour of the modal choice
nodes inside the transportation network is also perceived by users.

We report on some data related to the city of Genoa that for its topological
and geographical structure and the wide offer of the public transportation system
is well suited for intermodality.
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1 Introduction and problem definition

In the last decades the mobility within urban areas is changed and a more and
more increasing quota of users travel along paths that involve at least two
transportation modalities. We can hence say that urban passenger intermodality
is now becoming a consistent phenomenon that has to be analysed (Benacchio et
al. [2]).

The use of more than one transportation mode in urban network for reaching
a destination node D from a given origin node O results in a greater value of
some components of the generalized cost function and in a reduction of some
others. In particular, we have higher monetary and time costs due to the modality
change that is the so called transition costs, associated with a greater discomfort
paid by the users; on the other hand, some travelling costs can be reduced since
some economies of scales can be obtained when using different transportation
modalities. A crucial role in the evaluation of the optimal trade-off between
benefits and costs is plaid by the modal change nodes.

The main aim of this study is the analysis of intermodal nodes in urban
transportation networks, that nowadays are not only considered as places where
the change of modality occurs but also as possible locations for new attractive
poles and services, such as car parks, informative panels and so on.

The location of modal change nodes must be such that it has to balance the
need of reducing the intermodality costs, and hence has to be large enough for
making users able to provide them all the services they need, and at the same
time has to be easily reachable within the main O-D paths.

In this paper we identify the possible intermodal nodes by analysing their
communication capabilities with the other nodes of the network by considering
both the private and the public transportation modalities; in particular, we
evaluate the role that such nodes play within urban networks on the basis of their
connectivity and reachability values.

The selection of the path, either intermodal or monomodal, is performed
directly by the users on the basis of the foreseen travelling cost, that is given by
time, monetary cost and includes some subjective elements that are not easy to
be evaluated, such as social economic factors, propulsion at walking and
discomfort. The shortest O-D path consists hence of a path and a modal
combination from O to D such that users have the minimum generalized cost
associated with it. The final choice will be hence done on the basis of a
generalized cost function with respect to both alternatives that is mono or
multimodal path. Some research efforts have been already reported in the
literature, mainly focusing on the shortest multimodal path problem (see, e.g.,
Lozano and Storchi [6], Modesti and Sciomachen [7], Ziliaskopoulos and
Wardell [10]).

In the next section we present our intermodal network model and report on
some data related to the central area of the city of Genoa, Italy. In Section 3 we
evaluate the intermodal nodes with respect to our chosen structural attributes. In
Section 4 we compute the attractivity value for all nodes that well perform from
a communication point of view.
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2 The multimodal transportation model of the city of Genoa

Let us first present the referring urban transportation network model representing
all the possible transportation modalities and the interconnections among them.

In this paper we consider the following transportation modalities: a) private,
i.e. users in the private network are car drivers; b) public, i.e. users in the public
network go from one location to another by bus, subway, etc.; ¢) pedestrian, i.e.
users move into the pedestrian network by walking. Note, however, that the
pedestrian modality is here considered only as a communication link between the
first two modalities, as it will be explained later in more details.

As in Modesti and Sciomachen [7] we model an urban transportation network
by a digraph G = (V,E) that can be actually considered as the union of three
subgraphs, representing, respectively, the transportation modalities listed above.
More formally, G = (V,E) is such that G = Gp U Gp U Gy, where Gp = (Vp,Ep)
models the private network and Gp = (Vp,Ep) is the public network; Vp and Vp
are, respectively, the nodes reachable by car and by the mass transit transport.
Gy = (P,T) represents the pedestrian network, where P is the set of available
parking places (both on the street and on buildings), and 7 is the set of transition
arcs that represent the possibility of commuting between the private and the
public modalities. More formally, we consider any arc ¢ € T as consisting of two
commutation phases, namely the search for an available parking space and the
walking path from the car park to either the destination node or a bus stop;
consequently, we associate with each transition arc ¢t € T'a weight expressing the
sum of the time required for looking for a car park and that required to go by
walking, if necessary, from the car park to the bus stop together with a monetary
component representing the parking tariff.

Note that arc set 7, that takes into account also the discomfort of users, plays
a crucial role in the present analysis since it represents, together with the
monetary cost, the negative factor in the choice of users between the alternative
of continuing the path on the same modality, that is to reach node D by car, or
taking the mass transit network. Therefore, the capacity and the efficacy of such
arcs to be attractive enough to move people towards the intermodal network is
relevant in determining the goodness of the adopted urban transportation policies
for promoting the use of the local public transport.

Starting from the definition of G and the available O-D matrices referring to a
rush hours time period, i.e. from 6.30 to 9.30 a.m., related to the city of Genoa,
Italy, we have derived the corresponding network model that is reported in
Figure 1; the model represents the central area of the city and is related to a
linear extension of about 5 kilometres. The size of the network is the following:
[V] = 56, |P| = 53, Ep = 144, Ey = 194, Ep = 997. Note that the public
transportation network consists in turn of a multimodal network since it is split
into bus, subway, train, elevator and cableway connections.
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Figure 1: The intermodal transportation network of the central area of Genoa.

3 Structural evaluation of the intermodal nodes

Before starting our analysis let us assume that users, i.e. drivers, leave the origin
node by car and have to evaluate on the way whether there is an intermodal node
where they can leave the car and continue the desired path either by walking or
on the public transportation network.

Since the main traffic flows in Genoa go from west to east and vice versa let
us consider as origins node 1, located at the west side, and nodes 36, 42 and 56
from east (see Figure 1); we consider as destinations also the core of the city,
that is nodes 18, 20, 22 and 24. In particular, let us focus our analysis on the 16
paths listed in Table 1 and see what are, if any, the intermodal nodes for such
paths where it could be more convenient to change modality and continue the
path on the public network with respect to a monomodal path from O to D.

The first step of our analysis is hence to determine those nodes that are
frequently visited with respect to these main O-D paths on the basis of the
frequency of transit through them. Note that the volume of traffic has been
computed empirically by considering both the effective and the potential one,
focusing the attention on the intermodal nodes that is those nodes in G such that
at least one entering and one outgoing arc belong to both £ and Ep.
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Table 1: Selected O-D paths.

1 2 3 4 5 6 7 8 9 |10 | 11 |12 |13 |14 | 15 | 16
O 1 1 1 1 1 1 1 | 56 | 56 | 56 | 56 | 56 | 42 | 42 | 42 | 42
D | 36|24 |40 |22 |32|20 |18 (36|24 |32]20 | 18|24 |32 20| 18

In the considered set ¥, nodes having the higher flow are those corresponding
to the entering points of the network (i.e. 1, 2 and 6), and also nodes 3 and 5 that
represent sorting points towards different directions. Nodes with low flow are
those not easily reachable either by the public modality (29, 34-35, 38, 51-55) or
by the private one (41) and those located for instance on the hill and hence
visited only by few paths (44, 45); therefore, such nodes will be not anymore
considered in our analysis.

Definition 1. We say that a node i € V is a primary intermodal node if a) i € Vp
N Vp, b) i is connected in Gp to at least 60% of the nodes belonging to V, and ¢) i
is reachable by all nodes in V" on Gp along a path whose cost is at least 20% less
than the average shortest path cost. ¢

Definition 2. We say that a node i € V' is a secondary intermodal node if a) i €
Vp M Vp, b) either condition b) or c) of Definition I holds c) either condition b)
or ¢) of Definition 1 is satisfied if it is relaxed of about 20%. ¢

In other words, a primary intermodal node is a node that well performs in
terms of connection with the other nodes of the network by using the public
modality and it is easily reachable from all other nodes by using the private
modality. Secondary intermodal nodes have good performances on one of the
two networks too and have a satisfactory behaviour also on the other one.

Thus our idea is to find those nodes easily reachable by car from O that allow
to continue the path on the public network without increasing the foreseen cost
for the same required O-D path on the monomodal network, that is when
travelling all the path from O to D by car.

We then start in computing the connectivity of node i, V i € Gp N Gp. That
is, denoting by r; the number of nodes reachable by i along a path that is travelled
only on the public transportation network and by » the number of considered
nodes (i.e. in our case |V| = 56) we have that the connectivity value for 7 is given
by (1):

(o i (1)

n-1

It is worth mentioning that in the computation of the connectivity value on Gp
we had to consider that the public transportation network in Genoa is a
multimodal network and therefore there are paths travelled by different types of
means. We assumed that no more than two means for each path from node i were
allowable; more precisely, we say that node j is connected to node i if and only if
there exists a path from i to j in Gp in which at most one change of mass transit
mean may occur.

WIT Transactions on The Built Environment, Vol 89,© 2006 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



118 Urban Transport XII: Urban Transport and the Environment in the 21st Century

For determining (1) any of the algorithms for the computation of the transitive
closure on digraphs, such as the Warshall algorithm, can be used (see e.g. Hillier
and Lieberman [5]).

The connectivity value of the nodes belonging to the network in Figure 1 are
given in Table 2, where column JX; reports the ratio between value ¢; of the
corresponding node and the average connectivity value among all nodes; that is
X; is given by (2) and shows how a given node performs in comparison with the
other ones.

X; = 2
Seiln
i=l,n
Table 2: Evaluation of the intermodal nodes of the network of Figure 1.
i|n| o Xi d; A | PIS iln| ¢ X d; A P/S
291053 1,67 | g71| 154 2336065208 577|091 | S

2 130|055 173 | gg7| 140 24[25(045[1,44| 456|072 S
3129|053 (1,67|ge4| 137 25(7 [0,13]040| 45| 077
4119/0,35|1,10|g50 | 1:35 26(6 [0,11]035| 51¢| 082
530055173 |g33| 132 27]4 [007]023] 527|083

6 |29]0,53| 167 | ga47| 102 28(21[038| 121 539| 085

7 |1410,25|0,81 645|102 30[17]031]0,98| 486 077

8 |13]0,24 /0,75 g,34 | 1:00 31[13]0,24]0,75| 509 081

9 1131024075626 99 32(13[0,24 0,75 507 0:80
10(13{0,24 | 0,75 | 5 42 | 0.86 33[13]0,24]0,75| 547 0.87
11(9 |0,16|0,52 523|083 3625|045 144 474 0.7 S
12|9 |0,16|052 | 530 | 984 3720002006 570 0.9
1322|040 | 1,27 | 544 | 0,86 39[1 [0,02]0,06] 610 0:97
14(20{0,36 (1,15 | 5 g1 | 0.92 40(24[044[1,39] 555| 088
15(32(0,58 185 | 517 | 0.82 42(33[060[1,90] 5gg| 0.93 S
16331060190 451|071 | Pl 13T97 031 0,98 700/ 111
17120 0,36 | 1,15 | 4,89 | O77 47]17]031]098] go2| 123
181381069219 462|273 | P T4577 013|040 6.01| 0.9
19]34 1062|196 490| %8| P T49]19]0351.10 1311 207
2035|064 |2,02| 672|106 50(29]0,53]1,67| ga7| 132
21/34]062[196 536|985 S| [5eT507036(1.15 6.19| 098
22|34|062(196|6,19|098| S

Looking at Table 2 it can be easily noted that among the nodes of the
intermodal transportation network of Genoa the most connected one is node 18
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that is “the heart of the city”, following by the adjacent node 23 that is one of the
main commercial street.

Another parameter that we consider for the classification of the intermodal
nodes is their reachability, that is related to the driving distance from all nodes of
the network to node i, V i € V. For this purpose we compute the average cost
from all nodes to node i, V i € Gp, as given in (3), where d;;* is the optimal value
of the solution of the shortest path problem between nodes j and i travelled along
the private network. In this phase any algorithm proposed in the literature for
solving the shortest path problem on digraphs can be used (see e. g. Gallo and

Pallottino [4]).
2d jix

d; = =ln 3)
n
In the computation of the shortest path we use the usual cost functions that can
be found in the transportation literature (see for instance Pallottino and
Sciomachen [8], Sheffy [9]).

Values d; for the selected node i are reported in Table 2 together with value A;
that gives the performance of node 7 in terms of reachability among the others,
that is A; is given by (5):

A =i )
Zd i /n
i=l,n
Table 2 reports also the resulting primary (P) and secondary (S) intermodal
nodes.

4 Attractivity of the well performing intermodal nodes

On the basis of the approach first presented in Ambrosino and Sciomachen [1],
we then evaluated the attractive values of the resulting primary and secondary
intermodal nodes. Our idea is to verify whether the nodes that well perform in
term of infrastructural connections are also attractive from the users’ point of
view. In particular, we ask that a node is attractive enough to be such that a user
is willing to leave at that location the private modality in favour of an intermodal
path.

One of the basic steps when using a gravitational model is to choose those
attributes that are able to reflect adequately the attractivity measure of the nodes
under investigation (Drezner [3]). Therefore, the first step is to associate with
each node i € V its attractivity value a; expressed by (5), that here we consider
as depending on both the connectivity value ¢; given in (1) and the weighted sum
of the considered attributed (in our case k = 6) that are here below described.

Ci (5)
6
Zfz (Xk)
k=1

aj=
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Since we are involved with urban multimodal transportation networks, we
consider relevant factor the presence in the neighbourhood of node i € V of car
parks (both free and payment parking places), the pedestrian modality and the
public one, that is the possibility of easily reaching node i on Gp. The reader can
note that the first part of this evaluation hence involves arc sets P and 7. For this
purpose, for each selected intermodal nodes, either primary or secondary ones,
we considered the average distance from parking places, in terms of driving time
from Gp and the successive connection to Gp, that includes the waiting time for a
public mean. We derived consequently the corresponding generalized cost that is
computed by assuming the time conversion factor of 15 Euro / hour. For
instance, the parking time for node 16 is 3.77 that will be converted in 0.94 Euro;
analogously for the same node the walking time is 7.06 and the corresponding
monetary cost is 1.77. The resulting values for all nodes are given in Table 3.
Note that for each node we have the same monetary cost both for the parking
tariff that is 1, 5 Euro / hour and the bus ticket, that is 1 Euro, since all of them
belong to a relatively closely central area; therefore, the related attributes x; and
x4 will be not explicitly reported in Table 3.

Table 3: Generalized cost of the transition phase at the corresponding
intermodal nodes.

i |Parking time x4 Walking time x; | f(x1, X2, X3, X4) f(X1 = X4, X5) (X1 - X4, Xg)

16 3.77 7.06 2.44+2.77=5,21 5,68 6,10
18 1 5.38 1,75+2.34=4,09 3,77 4,76
19 1.20 7.78 1.80+2.94=4.74 4,89 5,71
21 1.76 6.34 1.94+2.58= 4,52 4,74 5,31
22 2.30 7.08 2.08+2.77=5,57 5,14 5,74
23 2.50 5.80 2.63+2.27=4,9 4,72 5,54
24 3.45 5.08 2.36+2.27=4,63 5,06 5,27
36 2.94 7.88 2.24+2.97=5,21 5,58 6,20
42 3.00 10.06 2.25+3.52=577 6,15 7,03

Successively, we analyzed some parameters that are more closely related to
the attractive capacity of a node and count for the discomfort component of the
users. In particular, we consider the presence of informative panels that could
guaranteed to drivers the effective availability of a parking space. In fact, if there
is no any parking space available in the neighbourhood of node i we assume an
average increase of the parking time, that is of component x;, of about 1,5 time.
Another negative attribute that we would like to consider is related to the
weather condition, that in case of raining also worst the previous result as far as
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component x; is concerned, of about 1,5 time. The geralized cost function in both
cases is also reported in Table 3 in the last two columns. The impact of the
chosen impedance factors on the attractivity value of the intermodal nodes is
shown in Table 4. In particular, Table 4 gives the attractivity value (5) for all
primary and secondary intermodal nodes with and without considering the
impedance factors.

Table 4: Attractivity values of the nodes.

i a, @& with X5 a; with Xe 1/Zi

16 /0.12 | 0.11 0.10 1|0.19
18 /0.17 | 0.18 0.14 |0.25
19 /0.13 | 0.13 0.11  0.21
211/0.14| 0.13 0.12 |0.22
22 10.11| 0.12 0.11  |0.18
23 10.13| 0.14 0.12 0.20
24 10.10 | 0.09 0.09 0.22
36 10.09 | 0.08 0.07 |0.19
42 10.10 | 0.10 0.09 [0.17

We can observe that without any penalty factor the most attractive node is
node 18 that is a primary intermodal node, followed by nodes 21, 19 and 23.
Note that node 18 always performs better than the other nodes since in all
columns its value is the minimum one and also in an uncomfortable condition it
still remains an attractive location. However, it is worth mentioning that the
discomfort attribute strongly affect the attractivity value of the nodes that rank
last in the first case.

The last column of Table 4 shows how the ranking of the nodes changes
whenever the connectivity attribute is not considered in the attractivity
evaluation; in particular, we can note that node 24 would move in this case at the
second best position. This last consideration is of course just a qualitative
evaluation of the performance of the intermodal nodes without considering their
very relevant position within the network.

As a last consideration we have to say that by computing the shortest path for
all O-D pairs given in Table 1, only in one case, that is for path 1-40, the
intermodality results to be the best choice for users, reducing the total cost of
about 12%. However, the chosen intermodal node is really node 18 that is our
most favorite intermodal nodes. This last result confirms the validity of the
proposed approach in the evaluation of the intermodal nodes with the hope that
in a next future among the considered paths more than in one case the intermodal
network would allow reducing the travel cost.
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