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Distributed Graphs for Solving Co-modal Transport Problems

Karama Jeribi, Hinda Mejri, Hayfa Zgaya and Slirmttaadi

Abstract— The paper presents a new approach based on a demands, respecting their preferences, we propodais

special distributed graphs in order to solve co-moal transport
problems. The co-modal transport system consists on
combining different transport modes effectively interms of
economic, environmental, service and financial effiency, etc.
However, the problem is that these systems must dewith
different distributed information sources stored in different
locations and provided by different public and private
companies. In order to resolve the co-modal transpb
problems, we propose a distributed co-modal approdcbased
on special distributed graphs that adapts to the diributed
nature of real world transport information.

I. INTRODUCTION

Co-modal transport approach, almost like its predser
“the multimodal transport approach”, refers to thse of
different modes on their own or in combination”ctnsists

on developing infrastructures and taking measurad a

actions that will ensure optimum combination ofividual
transport modes enabling them to be combined éffdgtin
terms of economic efficiency (i.e. providing the sha@ost
effective combination), environmental efficienchtleast
polluting combination), service efficiency (level service
provided), financial efficiency (best use of sogigt
resources), etc [1]. With this approach, we doreels
anymore to oppose transport modes one to anotheathner
to find an optimum exploiting the domains of releva of
the various transport modes and their combinations.
Since its introduction by the European commission
2006 [2], the new notion of co-modality startedinterest
researchers while many research projects were eéviot
develop multimodal transport systems that recommiand
travelers a combination of transport means doatetor

paper a distributed co-modal approach for solviognodal
transport problems that adapts to the distributetline of
real world transport information. This approactb&sed on
special distributed algorithm applied on a trangf@ph.

The remainder of this paper is structured as fallowhe
next section describes the problem. The distributechodal
approach is presented in the section 3 with sorfiaitilens
and presentation of the transfer graph model. Thie,
adopted algorithm DSRA in order to solve the trangfaph
is presented in the section 4. The section 5 ptesan
example that illustrates the adopted approach. llffina
conclusion and prospects are addressed in section 6

The majority of the national implemented transport’
information systems are mono-modal dealing only one
means of transport. In fact, the majority of thansport’s
operator websites offer just one service like pubtnsport,
carpooling... However, the main concern of our sysieio
satisfy the users by offering different complementa
transport services, providing their itineraries aadpecting
their priorities criteria.

At a time t, many transport users can formulate
simultaneously a set of requests. Each transpert uses a
medium of communication (e.g. laptop, PDA) in order
express his demand and provide a departure andalarri
ipoints and the correspondent earlier and laterdsgas. So
the system should find feasible decompositionseims of
independent sub-itineraries called Routes recoggizi
similarities. For a given Route, we can have sdvera
possibilities with different vehicles, which areadlable to

CONTEXT DESCRIPTION

[3][4][5][6]. The systems dealing with the co-modal€nSure this Route through the same time windowthdke

transport networks must cope with different tramspo

information sources. These sources are distribuiedally
provided by different public and private companigsd
stored in different locations.

Knowing that our target is to satisfy transport ruse
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identified Routes constitute our co-modal graph awechave

to recognize the different possibilities of Routes
Combinations to compose each itinerary demand. The
problem is how to choose the most effective Route
Combination to a given user, taking into accouns hi
constraints and preferences in terms of total cusl
travelling time and total greenhouse gas volume.

Our problem is defined by:

N itineraries demands formulated through a short
interval of timeA,. I; is the set of these requests.

Ly (dy,ap, W) €1, is an itinerary request
formulated by a usek at a timet from a departure
point d, to an arrival pointa, through a time
window W, = [td,, ta,]; td, andta, correspond
respectively to the most earlier (minimum departure
time fromd,) and the most later (maximum arrival
time toa,) possible schedules with< td, < tay;



RCyr ={RCyrpp €[1..P]} is the set of all
possible Route combinations identified to answer to o pefinitions
the requestly  (dy, ax, W) €1,. P is the total

number of these Route Combinations. Let G = (N,E, M) denotes a co-modal graph or co-modal

R,.(d, a, W,) is aRouteidentified to response to netvlvork, \t/)vher?N = [, ...,_n]} 's a set of vertlcefs, (Ijs the
one or many itinerary requests, € L. A ftota number of verticesf = {e,, .:,eL} |saset<_3 edges,

) . . L is the total number of edges aMd= {m,, ..., my} is a set of
junction or a succession of _d|fferent _rOUte§ransport services (e.g. Public transport, Carsgaror
Ry, (dg, ag, Wy) composes a possible solution forcayp00ling) K is the total number of transport services. An
the request. RCy., is a possible Route edgee, € £ with | € {1..L} can be identified byn,, ny)n,,
Combination identified to respond the requestyhere n,n, €N and m, € M with p,q €{1..J} and

T (diy @i, W) € I r € {1..K}. Thee; expresses that it is possible to go from
For OneROUteI_eg,t(dg'ag'M(q)’ we need a mean of yertex n, to n, by using transport serviee,. A value
transport available ‘to move from the departur@el = D(n,,ng)m, iS associated to each edge indicating
point d, to the arrival pointa, through a time  he weight and the cost of including the edge @sblution.
window W, = [tgs,tge] With tg, and tg, Definition 1(Co-modal path ): Given a co-modal graph
correspond respectively to the most possible earlig = (N, E, M), a path or a route combinatidRC,,, ,, =
departure time to leavd; and the most possible (, —, n)) is a sequence of edges between a pair of vertices

later arrival time to attend,.

ny and n; with (g, n)m, -, (M1, n)m,) Where

* R is the set of all identified Routes to response tg; e (1, ...,J}, n €N, (n],, nj+1)m< €E, m; €M and

I,.

Our system is a co-modal system that combinesrdiite
means or transport services like the public trartspervice,
carpooling and free use vehicle services. So, wdrafront

of a co-modal transport problem and our Distribua-

modal Approach (DCA) is described in the next secti

Ill. DISTRIBUTED CO-MODAL APPROACH(DCA)

In this section, the distributed co-modal approash
presented. The based steps of the approach argbéesm

the Fig. 1.

Transfer Graph

Computingthe shortest
pathin each component

==
N
¥

Identification of the best
Route combination with
evolutionary approach

Fig. 1 Steps of the distributed co-modal approach

i €{1..K}.

So, a pathRC,, ,, = (e, €y, .. , €) is said to be co-modal if

Jeyeq €E, €= (Np, Ny )m;s €q = (nq,nqr)mj, m; #

m; , i # jandi,j € {1..L}. If there is only one service

involved in the route combination, the route conaltion is

said to be uni-modal or uni-service.

Definition 2: Given a route combinatioRCni,nj =Mn; -

n;) or an edge(ni,nj)m ,i,j €{1..L} and€ {1..K} , a
k

time window is defined as a time intervdt,,, tn;] where

tp;, denotes the departure time from vertgxand tn, the

arrival time atn;.

Definition 3 (Dynamic co-modal graph): Since each edge
represents a route assured by a transport sethizeost of

edges is considered to be time-dependert. € E we can

haveD, (t;) # D.,(ty). Our graphG = (N, E, M) becomes

a dynamic co-modal graph.

B. Transfer Graph

The approach of transfer graph was proposed inrdade
solve a time-dependent multimodal transport probklevhile
a transfer graph is composed of a set of uni-mgaahs[7].
In our case, we adopt this approach with a trangfaph
described by a set of uni-service networks andtafarcs
connecting them.

It is defined byG; = (C,TR) whereC = {C;,C,, ..., Ci} IS

The co-modal graph is obtained by collecting ak ththe set of uni-service networks called componentsTa is

feasible and possible routes that could responsehéo
requests.

From the co-modal graph constructed, a transfephgia
deduced. This graph model was adopted for solviimg-t
dependent multimodal transport problems [7]. Thisdai
corresponds to our needs since it adapts to thebdited
nature of real word transport information sourced allows
updates on each transport network independentymPRhe
transfer graph, the first shortest paths can beutated and
obtain then the final graph.

the set of virtual edges which interconnect theracte
component C; = (N;, E;, M;, PTC;) is such thatvi,j €

{1,..,K}, M; # M;. Besides, N = Ujey,i)N;, E =
UiE{l,...,K} Ei' M= UiE{l _____ K} Ml. and
TR = {(n;,n;) suchasn; € C;, n; € G,n; = n;}  where

(ny,m;) represents a transfer from service transpeytto
another service transpant; (m;, m; € M) at theco-modal
transfer pointn; (or n;). n; € PTC;, n; € PTC;, i,j €
{1..K} are calledCo-modal Transfer Pointand symbolized



the same location. So, we ha@EC; = {n; € (; \In; € C. Final Graph

Ciwithn; = n;, i,j €{1,..,K}}. After the computation of shortest intra-componemathp
The Fig. 2 illustrates an example of a transfepbrahere R i ar + RCay pre,» RC:’iTCi,PTC]-r Rc’;jTCi_ o, (section 4), we

Cy,C; and C; are components connected by four transfers,, geduce the final graph.

and vertices a, ¢, b and d &e-modal Transfer Point€ach pefinition 4 (Final graph) : Given a transfer graph
component c_ontams edge belonging to only one prams Gr = (C,TR), we define a final graph a§; = (N, Ey),
service. In this example, we can go frdnto a; using only where Ny = Ugee PTC; Uldy, @) and

the public transportRCy, o, = (di,C)c,, (¢, b)c,, (b, ar)c, - iy . » »
Another possibility is the Route combinatiaRCy, o, = Er = URCqy, o, URCqy, prc, U RChrc prc; U RCp'rc, q)

(di, d)c,, (d, €)c,, (e, ar)c,- Vi ec.

C3: Free use vehicle

IV. SOLVING THE TRANSFERGRAPH

C1: Public Transport
The system has to compute the shortest parg%ak ,
RC3 prc, RCHrc, prc; RC¥re,q for all the component
C; € C. Each componen€; represents a transport service
and can be provided thanks to different operat&ach
Transport Operator's Information System (TOIS) is
composed of a local database (DB) describing tferdnt
means of available transport that it manage andarof
Itinerary Calculating Algorithm (ICA) which uses etbe
local data to search optimal itineraries for usergiests. To

——— integrate the co-modal information from the differe

@;oepanurenode heterogeneous transport operator's information esyst
: (TOIS), we proceed to applications integration. sThi

6 EArdialhots integration tries to take advantage of the curnealti-modal
Fig. 2 Example of transfer graph or mono-modal information systems and make the TOIS

cooperate to calculate multi-modal route.

In the transfer graph, we distinct two path’s typeser-
components and intra-components. An inter-compbneli order to adapt our system to the distributedireaof real
path is considered as any path which connects evtces World transport information sources, we decompoaehe
X, y € N, where at least two edges belong to two distingervice or each component; = (N;, E;, M;, PTC;) into
components. However, an intra-component path Gitis a  different classe<; ; with 1 < j < K;, K; is the total number
path which connects two vertices %, € N; whose edges of operators related to the componént
belong to only one component. It is possible toehseveral Definition 5: A class in a distributed system refers to an
route combinationgcyi‘y which connect x and y. autonomous subsystem. A class possesses its irdiagen
An intra-component can be one of the following gatées: ~ resources[8]. _ _
- RCj ., is the shortest path which starts at sourckach clasg; ; is represe-nted by a graﬁlgj(Ni,.j, Ey ;) with
vertexd, and ends at target vertes, within C;. N;; andE; ; are respectively the set of vertices and edges
RCé,i,pTci is the set of shortest paths which start delated to the operatgﬁr of the seryicef,‘i. A vert.ex.ni‘j can
source vertexd, and end at aCo-modal Transfer be even a pubhp transport’s station, carsharnagmt or a
point PTC; within C;. departure or arrival point for a carpooling serviééso, an

- RCU:e are. is the set of shortest paths which starfdgee; ; represents a route using a transport mode managed
vl . by the operato€; ; with 1 < j < K;.
at any Co-modal Transfer PoiRTC; and end at ’
S The graph of a componefit = (N;, E;, M;, PTC;) represents
PTC; within C;. L :

Iy < th t of shortest paths which start the aggregate structure of the distributed systEypically,
RCprc; q, 1S the set of shortest paths which start als yansport networks they represent, the graph®verlap
any Co-modal Transfer pointPTC;and ends at 4t some places, which are called intersections. VBftices
~ targetvertexa within C; € C. in intersections are the transferring stops at Wiiavelers

Given to the transfer graphG; = (C,TR), we have 10 finish their tours with one operator and start véttother.
compute for all components; € C the different intra- The graph ¢, = (N, E;, M, PTC,)is a supergraph that
component paths:  RCg q,  RCaprc;, RChre,prc;,  allows more than one edge between a pair of vertiEer
R I)"Tci,ak. The approach adopted to compute will b&xample, ifx andy are intersections of clagg; and(;
explained in the section 4. (e, x€ Nyj, x€ Ny, YE Nijy¥y € Nyi)y (x,5)i5 €

E;jand (x,y);x € Ex, then there are two edg€s,y); ;
and (x,y);, between wvertices x and y in



C; = (N, E;, M;, PTC;) and each edge has a labglx, y); ;)
andD((x,¥);x), respectively.

Since the component represented b
C; = (N;, E;, M;, PTC;) is a distributed system in which local
classes maintain their own data and there is netggnegate
central database; = (N;, E;, M;, PTC;) is actually a virtual
graph and not stored with the central computingeser The
distributed shortest path problem is defined asodlpm for

grathveint(dk' Ak, Wk)-

Step 3: Compute the shortest routBCg, , = (dy =

Ng, Ny, ..., Ny = @ )USing a Shortest Route Algorithm
(SRA).

Step 4: For each pair of vertices on the shortest route
RCj, o, = (dy =1ng,ny, ..., n, = g)call relative class to
the edge(n, n,4,) to fill in the details of the intra-class
route associated.

the central computing server to find the shortasriclass
route  between any two vertices inC; =

(N;, E;, M;, PTC;) based on some local information provided

by individual classes.
Some researchers proposed for the distributedesiqgrath
an approach based on an intersection graph[8][R][10

A. The Intersection Graph
The following procedure formally defines the contple
intersection grapl& ;.
Definition 6: Let G.;,; denotes the intersection graph. A
vertexn € G.,, if and only ifn is an intersection vertex
in (N;, E;, M;, PTC;). There is an edge between vertices
andn in G.;,,; if and only ifn andm are clannish.
Let RC,’;f;,’; be the length of the shortest one of the route
linking m to n in classC; ;. Also, leti(m,n) = {j\m,n €
C;;} denote an index set of classes containing botticesr
n andm.
Each edgdn, m) has two labelsRC;!, and rec(m,n), so
that:

RCyl oy = minjeramm( RC)) and rec (m,n) = ¢ if
RCii, = RC,) for somej € 1(m,n).
Label RC;, on edge(m,n) in Gy, represents the shortest
distance between vertices andn by using the resource of
only one class.RC;, is the shortest intra-class route
betweenm and n. Label rec (m,n) indicates the class
associated wWithRC;! ..

B. The Distributed Shortest Route Algorithm
To compute the shortest route betwegranda, in the time

We consider that:
®q,j(td;)denotes the earliest arrival time to the verntex

leaving from the depart vertel, at the timetd,,.
pred.q, (j) defines the predecessor verfettd,.

N*(j) defines the set of successorg.of
The algorithm that computes the shortest rarag, ,, is
described as following:
Shortest Route Algorithm (SRA)
1. Initialization
Paya, (tdy) = tdy
a1 (tdy) = oo, predyq, (1) = o et rec(l) = =
vl € N; — {d;}
prEdtdk(dk) = dy etNeyrrene = {dic}
2. Node Selection
Let the nodd with minjey,,..... (@4, ;(td}))
3. Exploration of possible successors
Vvj e Nt(l)do
If ( (@q,j(tdi) > 9ij(Pa,(tdi))) and (@q,;(tdy) <
ta,)) Then
©a,j(tdi) = @1 (@q,i(tdy))
predeq, (j) =1
rec (j) = Class Index

If ] ¢ Ncurrent alors Ncurrent = {]} U Ncurrent
4. If Noyrrene = @ alors end of the algorithm else go to the

step 2.

)’

window W,, we need to extend the complete intersectior

graph by includingd, anda, in the graph. This graph is
called the virtual extended intersection graph,otieth as

Gveint (dk' Ay, Wk)-

Definition 7: Let the virtual extended intersection grap
Gyeint (di, ar, Wi).contains all vertices ofr.,; plus the

departure and arrival vertice, anda, (if they are not in

Gcint)

After the shortest paths in term of time, the figeaph is
generated. The identification of the best Route lmaation
with an evolutionary approach is not handled irs thaper

J111022]

V. SIMULATION EXAMPLE
In order to explain and evaluate the solution peggbin this

Gpeint (di» a, Wy) contains all the edges @, plus the Paper and validates the distributed co-modal amprdar
following: an edge betweed, and each of its clannish the vehicle sharing services system we applied the
vertices and an edge betweep and each of its clannish Methodology proposed on an academic example for
vertices. transport requests. _

The shortest path on the extended virtual complel/® aré developing our system, with JADE platformavel
intersection graph can be calculated by dijkstaégerithm. ~ Agent Development platform) [13]. JADE is a midd&e

The distributed Shortest Route Algorithm using #ie Which permits a flexible implementation of multiergs
definitions described below, is described as foifmy systems; it offers an efficient transport of ACL gent

o - Communication Language) messages for agents
Distributed Shortest Route Algquthm (D_SRA) communication which complies with FIPA specificaiso
Step 1:Construct the complete intersection gra&Rh,;

. L 14]. Also, we connect our system to a geo-loctliza
Step 2Construct the extended virtual complete mtersect[o ] y g




software “Cartocom”. This software is able to conmicate
with mobile phones and locate them in real timewkleer,
for this example, we use the Cartocom as a softwdire
simulation where we can see the responses of @terayto
the user’s request.

We consider four itinerary requests at t=7h15:
- 1.{(A,B,[7h15,8h3]) : does not like public transport
with Criteria weights (0.5,0.3,0.2);
- 1,(C,D[7h40,8h3]) : cannot drive a bicycle with
Criteria weights (0.2,0.8,0);
- I3(AE[7h15,7h5}) : does not like carpooling with
Criteria weights (0.5,0.2,0.3);
- I4(AF[7h15,7h4]) : nothing to announce with
Criteria weights (0.2,0,0.8). D
With Cartocom we can locate the departure and alrriv Fig. 4 Transfer graph
points of the different itinerary requests in thapras shown The next step is to compute in each comporizne C all
in the Fig.3. the RCiy oy RCay, prc; RC¥re, prc;s RCorc,q, for each
itinerary requesty} thanks to the Distributed Shortest Route
Algorithm (DSRA).
We detail the application of this algorithm in tHiest
componentC;. . The graph related to the Public transport
service at the time t=7h15 is presented in the 3:ig.

Daher Afchae Ot @5 Sycvonastan

[N 7 5 - O - risoosrores

A . [Bes3T,
Boom folerre

A

A

Fig. 3 Geo-localization of the departure and airpoints of the itinerary
requests

Sl P

h tlays ﬁ lag Fig. 5 The public transport component C1

The application of the DSRA in order to compul&;}
begins by constructing the extended virtual intetiea
graph Gyein: (A, B,W, 5) presented in Fig. 6. Then, we use
A in direction to F, we can construct the co-mogedph. the SRA |n*?rder to find the shortest path. So,dhtined
Then, the transfer grap®, is constructed.  The graph is FeSUltiSRCip = (A, F, n, B).

composed of three componerts= {C;, C,, Cs}  with €, For each pair of nodes in this_ path, we de_termime t
represents the multimodal public transport servicg, —corresponding class and the detail of the path (fig

represents the carpooling service and fin&ljycorrespond
to the free use vehicle.

From the identification of all possible routes gpiftom A
in direction to B, C in direction to D, A in dirégh to E or

In this example, we obtained fo@o-modal transfer Points
{0, s, m, n} as shown in the Fig. 4.

Fig. 6 The extended virtual intersection graph,,. (A, B, W, 5)



VI. CONCLUSION

In this paper, we proposed a Distributed Co-modapradach
(DCA) for solving co-modal transport problems. The
contribution of this paper is the adoption of thansfer
graph and its resolution thanks to the Distribu&tbrtest
Route Algorithm applied in each component of trensfer
graph in order to compute shortest paths intra-corapt in

a distributed system. For this part, we can exteod
research as a future works into a shortest patrarels in a
distributed dynamic stochastic environment. In faitte
stochastic graphs may be interesting in case dfiftetion.
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