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Abstract: We consider the objective of ATIS is to reduce travelers’ travel cost uncertainty
with recurrent network congestion through provision of traffic information. Most of studies
focus on the use of static model for an essentially dynamic problem. We propose a multi-
class stochastic dynamic path and departure time model for modeling interactions among
travelers in general networks with ATIS. A nested-logit model is used for the determination of
the market penetration and compliance rate of ATIS. The upper level is for market penetra-
tion; and the lower level for compliance rate. Then an iterative algorithm is presented for the
determination of endogenous market penetration and compliance rate of ATIS and the equi-
librium network flow patterns. Finally, the model and algorithm are tested in a simple net-
work.
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1. Introduction

Advanced traveler information systems, as a major part of Intelligent Transportation System:s,
are generally believed to be efficient means for improving individual traveler’s trip planning,
alleviating traffic congestion and enhancing traffic network performance. There are many
researchers in modeling and evaluating the impacts of ATIS on travelers and transportation
systems in order to determine the feasibility, risks and benefits of such technology. Up to
now, These studies include path choice surveys (Abdel.Aty,M.A etc,1997, E.Hato,etc,
1999).field deployments(Tsuji etc,1985),laboratory experiments(Yang 1993, Reddy
1995),computer simulations(Emmerink 1995, Mahmassani 1994,1999) and analytical models
(Yang Hai 1998,1999,YaFeng Yin 2003, H.Lo 2002a,William 2003).

The path choice of travelers equipped and unequipped with ATIS is actually the most impor-
tant aspect of ATIS. The difference of the information received by travelers will lead to dif-
ferent travel choice behaviors. According to previous studies, it is considered that equipped
travelers will follow SO, deterministic user equilibrium or Stochastic user equilibrium
(smaller perception uncertainty) and unequipped travelers will follow SUE(higher perception
uncertainty) (Kanafani and Al-Deek, 1991; Van Vuren & Walting 1991; Benneet, 1993;
Yang, 1998; Lo et al., 1999; Yang and Meng, 2001; Yin and Yang, 2003).

The market penetration of ATIS, defined as the proportion of vehicles (travelers) equipped
with ATIS, has widely been recognized as an important factor to determine the actual advan-
tage of ATIS implementation. The exogenous market penetration was used for evaluating the
benefits of ATIS in some previous studies (Yang 1999, Emmerink 1995), regardless of the
individual’s trip cost or potential travel cost saving. Yang (1998) was first to propose the en-
dogenous market penetration model in which the market penetration is dependent upon the
information benefit from ATIS. Yang (2001) further modeled the time line of the growth of
market penetration to reach final stationary equilibrium based on a modified logistic type
growth model. Similar studies were carried out by Lo and Szeto(1999,2002a), Yin(2003).

The compliance rate of ATIS, defined as the proportion of complied travelers in total equip-
ped travelers, is another important factor that influences the benefits of ATIS, but it has re-
ceived little attention. Previous researches have assumed perfect compliance of travelers with
ATIS. However, although ATIS are intended to provide accurate real-time traffic information
to travelers, it is doubtful that whether travelers would all comply with these systems. There
are many factors that influence equipped travelers’ compliance such as traveler individual
characteristics, reliability of ATIS and so on. Boehm Davis and Fox 1998, Chen etc 1999,0h
etc 2001 have carried out the researches for compliance rate of ATIS, respectively. Yin
(2003) considered simultaneous determination of equilibrium market penetration and compli-
ance rate of ATIS using a multiple behavior equilibrium model.
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All Travelers

Choices of purchases of ATIS

Choices of compliance of ATIS advices
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departure time equilibrium with more trav¢
cost uncertainty

Stochastic dynamic simultaneous route/
departure time equilibrium with less travel cost
uncertainty

Fig. 1. Multiple user behaviors in an ATIS environment.

However, most of the previous models for assessing the impacts of ATIS are static. Gener-
ally, these models don’t permit the study of other ATIS impacts such as changes in departure
time, dynamic queuing and so on, which may result in unconformity with actual situations.
Emmerink (1995) has contributed substantially in studying the economic impacts of driver
information system by using microscopic simulations. Mahmassani etc(1994) used DYNAS-
MART model to assess the effects of ATIS. Lo (2002b) developed a dynamic traffic assign-
ment model, developed a dynamic traffic assignment model, and made a contrast of the im-
pacts upon ATIS benefits between the static model and the dynamic model. Huang and Wil-
liam (2004) proposed a multi-class dynamic user equilibrium model with ATIS, in which such
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problems as departure time and network queue conditions are taken into consideration. Simi-
lar studies were carried out by B.Ran(1996), Hong K.Lo(1996). However they didn’t consider
the endogenous market penetration and compliance rate of ATIS.

In this paper, we extend Ying (2003)’s static ATIS model to a dynamic one by utilizing the
dynamic traffic network model developed by Chabini (2001). We classify travelers into two
classes; Class (1) represents unequipped travelers and equipped travelers who do not follow
the ATIS advice and hence have partial traffic information (perhaps from past experiences). It
is assumed that this class of travelers would choose their paths and departure times based on
perceived rather than actual travel costs. Class (ii) represents equipped travelers who comply
with ATIS advice and therefore can receive real-time traffic information but that is also par-
tial or imperfect. Further, this class of travelers is assumed to determine their travel choices in
a stochastic manner also, but with lower travel cost variation than Class (i). Thus, two specific
classes of travelers are considered in the dynamic network equilibrium model, as illustrated in
Fig. 1. In fact, travel cost is the most important factor influencing the travelers’ path and de-
parture time choices, thus the rational assumption of actual travel cost saving will ascertain
whether a traveler purchases an ATIS device or not. If equipped, it should be determined
whether a traveler follows the advice or not. Here, A nested-logit model is used in determin-
ing the equilibrium market penetration and compliance rate of ATIS, in which the upper level
depicts travelers’ purchase behaviors, and the lower level describes compliance behaviors of
equipped travelers. With these considerations, we propose an iterative procedure to calculate
the endogenous equilibrated market penetration and compliance rate of ATIS.

The other parts of this paper are organized as follows. In section 2, we propose a multi-class
dynamic simultaneous path/departure time equilibrium model to describe path and departure
time choices of complied and unequipped & non-complied travelers. In section 3 the endoge-
nous market penetration and compliance rate of ATIS are determined simultaneously by using
the nested-logit model. In section 4, an iterative algorithm is developed and illustrated with a
numerical example in section 5.

2. Multi-class stochastic dynamic path and departure time equilib-
rium

Consider a network G =(N; A), where N is the set of nodes and A is the set of links in the net-
work. Let a denote a link of the network connecting a pair of nodes (i,j) and let p denote a
path that is consisted of a series of directed link (a;,as,...,a,) between origin r and destination
s. Let RS denote the set of all OD pairs in the network. P, denotes the set of paths between
OD pair rs€ RS and the entire set of paths in the network by P. Time horizon 7 is divided by a
finite number of time interval k € {1,2,---,n}. Let O be the length of time interval. In other

words, we have n time intervals; index k represents the time interval [(k—l)-ﬁ,k-ﬁ). Here, we

assume the study horizon is long enough to ensure all travelers can exit from the network after
the time 7. on the other hand, it is also assumed that the value of & is small enough so that the
discrete-time model can approximate its continuous time counterpart.
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Here, we assume complied travelers will follow stochastic dynamic simultaneous
path/departure time equilibrium (SUE-SRD) with smaller travel cost uncertainty. However,
unequipped and equipped but un-complied travelers follow stochastic dynamic equilibrium
with higher travel cost uncertainty, because they choose (called time-dependent paths later)
path and departure time according to their trip habits or past experiences. In this paper, the
SUE-SRD simultaneous path and departure time choice problem is modeled by a nested logit
formulation and further described by an equivalent VI formulation.

f L (k), fp” (k) the inflow rate of complied and unequipped & non-complied travelers enter-
ing path p between OD pair rs during interval k

f.f thesetof (£ (k),Yrs, p,k} (£ (k),¥rs, p,k)

ATS

q" ,q" the demand of complied and unequipped & non-complied travelers between OD pair
rs

CA’;J (k;),C . (k) the perceived unit travel cost of complied and unequipped & non-complied
travelers between OD pair rs selecting path p and departure time k.

6,6 the parameter representing travel cost variation of complied, unequipped & non-
complied travelers

c, (k) the unit travel cost (on an average) incurred by travelers departing from r and select-

ing path p to s during interval k.
Complied travelers follow the stochastic dynamic simultaneous path and departure time equi-
librium (SUE-SRD), expressed as

P exp(-8 -c(k) ., U W
P = N rs q rs’p’
D> exp(=6 ¢ (k)
p k

Where 6 is the parameter representing general travel cost perception variation of the com-

plied travelers. A higher 6 means smaller travel cost variation and better information quality.
The logit-based SUE-SRD of complied travelers can be expressed as follows.
=&, () if £ (0>0

Cr(k,) S Vs k,p )
> OIf ' (k)=0
7 rs* é”
22 S k= s 3)
p k
~ 1. ~..
c;f(k,-)zc;j(k,-)+6 Inf* (k) Vrsk,p 4)
k)20 Vrskp (5)
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Where ¢’ (-)is the minimum perceived unit travel cost of complied travelers between origin r

and destination s, ¢ ()= mmC’S(k ), Vp,k}. C " (k,) is the perceived unit travel cost incurred

‘min
by complied travelers entering path p between origin r and destination s during interval k.
Equation(4) represents the flow conservation of complied travelers between origin r and des-
tination s and equation(5) represents the non-negativity of all path inflow rates.

For complied travelers and for each origin-destination (OD) pair, the perceived path travel
costs experienced for complied travelers, regarding of departure times, is equal and minimum,
and less than (or equal to) the perceived path travel costs for complied travelers on any un-
used paths.

The above SUE-SRD equilibrium condition of complied travelers can be expressed by a finite

dimensional variational inequality formulation.

Find a vector f e Q if and only if it satisfy

ZZZC”(/C FDUE = Fr (k)20 Ve (6)
rs p

Where, Q is a closed convex.

{f\ZZf”(k) f”(k)>0Vrs}

The treatment of unequipped & non-complied travelers is identical. Without loss of general-
ity, one may write:

frk)=

/\

i)
~0 - (k)

exp(—6 -
Xp(- e Vrs, p.k %

DD ex
p k
Where 6 expresses the travel cost perception variation of unequipped & non-complied trav-
elers that can be interpreted as their familiarity of the network condition or the past experi-
ences (H.Lo 2002a).

Following the above analysis; the above SUE-SRD equilibrium condition of unequipped &
non-complied travelers can be expressed by a finite dimensional variational inequality formu-
lation also.

Find a vector f e Q if and only if it satisfy
ZZZC”*(k I f )(f”(k) f“*(k))>0 Vfel 3)

rs P

Where, Q is a closed convex.

{f‘zz‘,fmk) f”(k)>0 Vrs}

q" is the total demand of complied travelers for each OD pair rs, ¢” is the total demand of

~m

unequipped & non-complied travelers for each OD pair rs.
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ér&‘ +é’rs :q}’S vrs (9)
Where ¢” is the total number of both complied travelers and unequipped & non-complied
travelers over the network for each OD pair rs.

2.1 The Composite VI Formulation

The composite VI problem that integrate the VI (6) with VI (8) is equivalent to the above
conditions (1) and (7)
The composite VI model can be formulated as follows:

Find a vector ( f e O, f e Q) that is a multi-class stochastic dynamic user equilibrium pat-
tern if and only if it satisfies the VI problem

SIS CEh, frL 0= F G+ DS C ke £ FOFE ()= Fr (k) 2 0
rs p k rs p k

Vie QVfe O (10)
Where Q and Q are the sets of all feasible path inflow rates with all departure times associ-
ated with complied and unequipped & non-complied travelers, respectively.

2.2 Discrete-time dynamic network model

Here, the single class dynamic network models of Freisz(1993),chabini(2001) are extended to
multi-class dynamic network model.

i, (k),u,, (k)=the inflow rate of complied and unequipped & non-complied on link a of path
p during interval k, respectively.

v, (k), v, (k)=the departure rate of complied and unequipped & non-complied travelers on
link a of path p during interval k, respectively.

X, (k), X, (k) =the vehicle numbers of complied and unequipped & non-complied travelers on
link a of path p at interval k, respectively.

V,, (k),V, (k)=the cumulative departures of complied and unequipped & non-complied trav-
elers on link a of path p until interval k, respectively.

U o k), U . (k) = the cumulative arrivals of complied and unequipped & non-complied travel-

ers on link a of path p until interval k, respectively.
t,(k) =the travel time on link a for travelers entering this link at interval k

The link dynamics equations express the relationship between the flow variables of a link
x,, (k)= x,, (k—1)+u, (k)-7, (k) Vk,Vrs,Vae p (11)
X, (k)y=X%x_(k—D+u,(k)-v, (k) Vk,Vrs,Nae p (12)
The flow conservation equations for the node

‘ () a is first link on path

Yk, Vs,V 13
v (k) a is after b P (13)
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fp’s(k) a is first link on path p

(k)=
o ®) {\’Zj(k) a is after b

Flow propagation constraints are used to described the flow progression over time

Vk,Nrs,Np (14)

V2 (k)= s (j)-8 Vk,Vrs,Vp (15)
JEll0<j-8+T (j)<(k—1)-8]
Vo (k)= r(j)-8 Vk,Vrs,Vp (16)

jell:0< j-8+T (j)<(k—1)-8]
Definitional constraint:

X, ()= D Gr (k) +E0 (k) v, (k)= (O (k) +7, (k)
u, (k) =3 ¥ (g (k) il (K)) Vo (k)= (90, () + 7y (1)) -8 (17)

k
UL (k)= (@0 () +i ()-8

j=I
Boundary conditions:
£,0)=0,4,(0)=0,9,(0)=0,%X,(0)=0,u,(0)=0,v (0)=0 (18)

Now we give the actual path travel time and actual path travel cost functions. The actual tra-
vel time to traverse path p={a,,as,...,a,} for travelers entering into the network during interval
k is calculated using the following nested function.

1, (k)=t,(k)+t,(k+1,(k)+-+1,, (k+t,++1,, ) (19)
Here, let t,, =t,,(k),t,, =t,,(k +t,(k)) for short

The schedule delay cost function can be expressed as follows.

Blt,—A, ~k—12®)| i, A, >k+7(K)
Sch(k) =k +12 (01, —A,| if 1, +A, <k+0(K)  Vhm

0 otherwise

(20)

Denote [ts —At + AS] as the desired time interval for arrival at the destination s in the net-
work. Where 7, —A_ is the travelers’ desired earliest arrival time, ¢, + A_ is the desired latest
arrival time as the destination s. £, ¥ is the unit cost of schedule delay early, late at the desti-
nation s, respectively.

Therefore, the travel cost of a trip from origin r to destination s on path p for a traveler leav-
ing origin at time interval k is

c, (k)=ar; (k)+Sch (k) 21)
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Where & is a convention factor to transform the path travel time into travel cost. In accor-
dance with the empirical results (small, 1982), we assume that ¥ >« > £ holds.

Up to now, we formulate a multi-class dynamic traffic equilibrium problem as a discrete-time
path-based VI model. It has been noted that the aforementioned model is mainly used for eva-
luating the impacts of ATIS during normal peak hour periods for commuter trips. Therefore,
some of the assumptions adopted in the model may be appropriate under certain circum-
stances such as under recurrent congestion conditions without spillback queue. Additionally,
the above multinomial logit model for modeling travelers’ simultaneous path and departure
time choice behaviors is a very simplistic model that may give unrealistic result of prediction
because they neglect the impacts of path overlap. Nevertheless, the explicit analytical expres-
sion of the logit model is easy to calculate the ATIS market penetration and compliance rate
discussed below. In further studies, a general C-logit, PS-logit and Probit model are used.

2.3 Market penetration and compliance rate model

In this section, we will derive a market penetration model and compliance rate model regard-
ing average travel cost saving. Firstly we assume that travelers’ decision-making structure
regarding the purchase of ATIS devices and the compliance of ATIS advice is related to aver-
age travel cost saving between an OD pair, and can be represented as a tree structure, with pur-
chase choices of ATIS device at the upper level and compliance choices of ATIS advice at the
lower level, as shown in Fig.1.

Travelers’ purchase choices can be expressed as:

p=11f U,>S,, p=0,if U,<S, (22)
Travelers’ compliance choices can be expressed as:
a=11f U,>S,, a=0, if U,<S, (23)

The above models assume that a traveler will adopt ATIS advice only when the travelers’
purchase utility U, and compliance utility U, exceed certain thresholds S, and S,. Where p=1
is the case that a traveler will purchase an ATIS device, p=0 the case that a traveler will not
purchase a device, a=1 the case that a traveler will comply with ATIS advice and a=0 the
case a traveler will not comply with ATIS advice.

Assuming that the error term has a Gumbel distribution, traveler purchase utility U, and com-
pliance utility U,, threshold S, and S,. Can be given by the following equations,respectively

U,=@+4-V,+&" (24)
S,=m+e) (25)
U,=4-Cp.+&, (26)
S,=n"+¢, 27)
V, =In(exp(C,,,) +exp(z"")) (28)

Where @ is a general parameter capturing other benefits such as convenience of having the
device, etc. 7, is the deterministic terms of the thresholds which show the capital cost to buy
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and use an ATIS device annually. 7" shows the deterministic term of the threshold of the
travel cost saving of equipped and complied driver on OD pair rs. 4,4, are the value of time,

respectively. 8:? ,€,,&,,€, are the respective error terms; respectively. Travel cost saving, C,|

is defined as the difference of the average travel cost between complied travelers and un-
equipped & non-complied travelers on OD pair rs, expressed as:

Cr, =Y e (k) PP (k)= P (k)- P (k) (29)
p k p k

The first term on the right side represents the average travel cost of unequipped & non-
complied travelers on each OD pair rs, the second term on the right side represents the aver-
age travel cost of complied travelers on each OD pair rs.

The concurrent probabilities that a traveler will purchase an ATIS device and follow ATIS
advice can be calculated in using a nested logit model.

exp@+4,-V,) . exp(4, - Cy,.)
exp@+4,-V,)+exp(r,) exp(4,-Cpy,)+exp(r”)

ave

Pp’;(p,a

p=lLa=D= (30)
The number of travelers to purchase ATIS device is determined by the following equation on
OD pair rs.
exp@+4-V,)

s _ (31)
" exp@+4,-V,)+expr,)
Where P” is the value of market penetration of ATIS for each OD pair rs.
The compliance rate of ATIS on each OD pair rs can be expressed as follows
s exp(A,-C"))
P" = ) (32)

ave

©exp(4,-Cl)+exp(n”)

3. A SOLUTION ALGORITHM

With the ATIS market penetration and compliance rate given by Eqgs.(30)and (31),the result-
ing travel demands of complied travelers and non-complied & unequipped travelers are given
below for OD pair rs.

§"=q"-(1-P"(p.dp=la=0) (33)
9" =q" P (pap=la=1) (34)
P"(p.dp=la=1)=P"-P" (35)

Here we firstly present a dynamic multi-class equilibrium assignment algorithm (DMCEAA)
in solving multi-class dynamic stochastic path and departure time equilibrium problems for
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given ¢"and ¢” rse RS, then we present a procedure for the determination of the ATIS
equilibrium market penetration and compliance rate.

Here, we propose the diagonalisation algorithm to solve multi-class stochastic dynamic simul-
taneous path/departure time equilibrium problem. The method is similar with these of
B.Ran(1996), H.K.Chen(1998) and Han (2003).the method consists of the outer iteration and
inner iteration, outer iteration includes the updating estimation of actual link travel time or
link inflow rate. Inner iteration calculates the link inflow updating direction and the auxiliary

link inflow rate by the method of successive averages. The processes of algorithm are stated
as follows.

DMCEAA:

Step O: Initialization: Set outer iteration counter m=1, perform two stochastic dynamic load-
ing methods in sequence for the given demand §”,q"” Vrs according to free flow

travel cost, find initial link inflow rate u’ (k),Va,Vk
Step 1: Inner iteration (MSA)
Step1.0: Initialization: set inner iteration counter /=1, u fl (ky=u(k),Va,Vk
Stepl.1: Calculate link travel cost cfl (k),Va,Vk by using ui (k),Va,Vk .
Stepl.2: Direction finding: perform two stochastic dynamic loading methods in sequence

~rs

for ¢”,q" Vrs, according to current actual link travel cost ci (k),Va,Vk . This gener-

ates auxiliary link flow ufl k)", Ya,Vk .

Step 1.3:Move: find a new flow pattern
ult (k) =ul (k) + N (u) (k)" —u (k)),Va,Vk
Step 1.4: Convergence test of inner iteration: if

\/Z U (k) —u! (k) /Z (u' (k)) <y (y is a predetermined tolerance) or j is equal to

a given number, then stop; otherwise, go to step 1.1 and set /=/+1.
Step 2: convergence test of outer iteration: if the convergence criteria are satisfied or i is equal
to a given number, stop; otherwise, go to step 1 and set m=m-+1.

In this algorithm, stochastic dynamic loading method for the logit-based path and departure
time choice is proposed. This network loading method is similar to the method proposed by
Dial’s STOCH for stochastic static assignment and the method proposed by B.Ran’s DY-
NASTOCH for stochastic dynamic assignment. The method maintains the structure of the
DYNASTOCH algorithm, so only deals with reasonable paths, and assigns the demand be-
tween OD pair rs to the link of the network according to the actual link travel cost. The pro-
cedure and proof of the stochastic dynamic loading method see appendix.

The step size Aisa predetermined value, we set A =1/1,0r A =1. In order to maintain cor-
rect flow propagation constraint, new link flow pattern is calculated by directly updating link
choice probability (Han (2003)) or use pure network loading.
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3.2 Fixed-point algorithm
An iterative fixed-point algorithm for the determination of the ATIS market penetration and
compliance rate is described as below.

Step 0: an initial value of P’“ *™ (p,alp =1,a =1) (Written as P’“ *™ as below) and set n=0.

Step 1: perform DMCEAA to getC)’ ,Vrse RS

ave?®

Step 2: update P™" by Eq.(30), get new P""*"". Meanwhile, calculate the market

penetration and compliance rate using Eqs.(31)-(32).
Step 3: convergence criterion.

If Y|P — P*"| < ¢, then stop. Otherwise go to step 1 and set n=n+1.
pa pa

4. A NUMERICAL EXAMPLE

@ (= (———=(

Fig.2 The test network

#.12 © 2005 www.TrafficForum.org



Short Title Coop. Tr@nspn. Dyn. xx, #.1-#.22 (2005)

Table 1. Network input data

Link o, B. free flow time Link a, B, free flow time
(1,2) 0.00022 0.0002 0.3 (7,11)  0.0002  0.0001 0.15
(2,3) 0.0003 0.0004 0.2 (8,12) 0.0002 0.0015 0.2
(3,4) 0.0002 0.0011 0.4 (9,10)  0.0002  0.0001 0.15
(1,5)  0.00022 0.0002 0.3 (10,11) 0.0002  0.0001 0.15
(2,6) 0.0005 0.0001 0.25 (11,12) 0.0008 0. 0003 0.2
(3,7) 0.0002 0.0001 0.15 (9,13) 0.0002 0.0011 0.4
(4,8) 0.0002 0.0011 0.3 (10,14) 0.0002  0.0001 0.3
(5, 6) 0.0005 0.0001 0.25 (11,15) 0.0008 0. 0003 0.2
(6,7) 0.0002 0.0001 0.2 (12,16) 0.0002  0.0005 0.15
(7,8) 0.0002 0.0001 0.3 (13,14) 0.0002  0.0011 0.3
(5,9 0.0003 0.0004 0.2 (14,15) 0.0002  0.0015 0.2
(6,10)  0.0002 0.0001 0.2 (15,16) 0.0002  0.0005 0.15

In this section, DMCEAA finds the solution of multi-class stochastic dynamic simultane-
ous path/departure time equilibrium problem and we perform only one iteration in the inner
iteration of the diagonalization method according to Shefti (1985)’s advice. The market pene-
tration and compliance rate of ATIS is strongly dependent on the travel cost saving generated
by the information system. Here we use hypothetical test scenarios to investigate how the
travel cost uncertainty and demand level influence the information benefits and the equilib-
rium market penetration and compliance rate of ATIS.

We choose a simple network for a numerical example. The network scenario is showed in
Fig3, 16 nodes and 24 links. The link travel time function is used

t,(ky=x,+a,-x,(k)+ B, -u,(k), Where link free flow travel time jy, and link parameters
«,, B, are given in Table 1.There are two OD pairs: (1,16) and (6,16). The feasible path

numbers for the two OD pairs are 20 and 6, respectively. We consider a morning peak. We set
T be from 6 to 10 a.m. and K=200,s0 6 =0.02h. This difference in the number of time-
dependent paths between the two OD pairs allows for our researches on the spatial impacts of
ATIS services. For example, An ATIS between OD pair (1,16) might be effective to help trav-
elers choose the optimal time-dependent path among a large number of alternatives.

The following values of model parameters are used

A, =0.5($/h), A, =0.5($/h), @ = 0.01($), Ty, 1) =3-5 (5, Moy 1) = 1.75($), Ty 1) =1.5($)
a=6.4($/h) S=3.9($/h) 1=15.21($/h), A =0.25h,k"=9.0h.

We firstly examine the convergence of the iterative algorithm. Fig. 3 gives the solution of the
market penetration against iteration number for the two OD pairs, where parameter 6 is fixed

as 0.01, and values of © for complied travelers and total travel demand ¢ vary as shown in
the legend. It can be found that the iteration of the algorithm has a fast convergence; Conver-
gence is achieved in about four iterations in all cases. It seems that the demand level and pa-

rameter © have little impacts on the convergence of the algorithm.
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Fig 3. Convergence process of market penetration for
different Demand, OD pair and @

Obviously, the market penetration of ATIS is substantially different between the two OD
pairs because of their different trip distance and number of available time-dependent paths.
Long-distance travelers with ATIS device will generally save more travel cost and thus have
more incentive to buy such a device and then follow the advice. Further, It can be seen that
the market penetration for OD pair (1,16) is higher than that for OD pair (6,16).

Fig. 4 depicts the convergence process of the compliance rate for the two OD pairs; it can be
observed that the convergence properties of the compliance rate are similar to that of the mar-
ket penetration. Note that the convergence of the algorithm cannot be always guaranteed theo-
retically. Similar to Yang (1998), Ying (2003), non-convergence has been also observed in
our examples where the algorithm may oscillate between two points.

Figures 5 and 6 depict the change of the equilibrium market penetration and compliance rate

by varying the values of 6 with parameter 8 fixed to be 0.01 for the two OD pairs, respec-
tively. Travel demands for the two OD pairs vary as shown in the legend. As aforementioned,
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the value of  shows the degree of complied traveler’s uncertainty on travel cost, and also

implies the quality of the provided information. It is well known that a larger value of 9 im-
plies a higher degree of travelers’ certainty on travel cost, and thus travelers have more incen-
tive to buy an ATIS device and comply with ATIS advice. This has been clearly reflected in

Fig 5 and 6. Firstly, we can find that travel cost is even not saved at 0=0=0.01; there will
still be certain market penetration and compliance rate. This models the intrinsic value of pur-
chasing the device and following the advice, including such benefits as convenience, ‘“sense

of security.” As parameter 8 increases, the equilibrium market penetration and compliance
rate of ATIS for the two OD pairs increase sharply and gradually approach upper limit. We
find the upper limit value of the market penetration and compliance rate for OD pair (1,16) is
higher than that for OD pair (6,16). Since the OD pair (1,16) has longer travel distance and
more chosen time-based paths compared with the OD pair (6,16), travelers between OD pair
(1,16) can obtain more benefits from ATIS. In Figures 5 and 6, it seems that the level of travel
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demand that governs the congestion level has similar important impacts on market penetration
and compliance rate. However, the result is different with that given by Ying (2003) in which
that considered the demand level have little impacts on compliance rate of ATIS.

5. Discussions on the parameter calibrated

In the model proposed by this paper, due to our prior limited knowledge, there will inevitably
be parameters in the models whose values we do not know. To be able to utilize these models,
we will have to rely on empirical observations to enable us to make statistical inferences a-
bout the unknown parameters.

There are Many calibrated parameters as listed in this paper, including 6 .0 that are relative

to the travel choice behavior and @ , 7,,7", 4, A, that are relative to the travelers’ compli-

ance and purchase behaviors. Some researchers give some discussions on the parameters cali-
brated (Hong.Ko 2002a).

Firstly, we propose a procedure to calibrate the parameters 6 .6 . For a network with actual

or measured dynamic flows, we may estimate € ,6 by minimizing the squared errors be-

tween the estimated and actual dynamic flows. The minimum function can be expressed as
follows: minZZ(xa (k,é,g )—X, (k))* . Where, X, (k,é,g ) is the estimated link vehicle
k a

number at time interval k£ on link a resulting from multi-class dynamic stochastic path and
departure time equilibrium, and x, (k) is the measured link vehicle number at time interval k
on link a.

For the parameters @ , 7[1,71'2”,/11,/12, we can collect the data by stated preference method
based on hypothetical and actual investigations and then use maximum likelihood estimation

method in calibrating those parameters(M.Ben-Akiva, 1985). The detail data survey and col-
lection procedures will be important question in future study.

As the implementation scale of ATIS system is enlarged and more experiences accumulated
around the world, we can judge whether the above calibration process is proper or not. This
will be an important subject for future study.

6. Conclusions

In this paper, we propose a multi-class dynamic stochastic path and departure time equilib-
rium model with the equilibrium market penetration and compliance rate in an ATIS envi-
ronment. The nested-logit model is used for modeling the traveler purchase and compliance
behaviors. And then we present a stochastic dynamic network-loading algorithm for dynamic
simultaneous path/departure time logit choice. The proposed iterative algorithm is applied to a
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numerical example and demonstrated to have a fast convergence in general, which is similar
to static example.

In future studies, the proposed model could be extended in several directions. Firstly, this
model assumes that the total demand over the network is fixed, to consider variable demand is
one direction. Secondly, the proposed model does not consider or produce system optimal
flow patterns, how to combine ATIS with a congestion toll model so as to achieve system op-
timal pattern would be another important research direction.

7. References

[1]. Abdel.Aty,M.A., Kitamura,R. and Jovanis,p: 1997. Using stated preference data for stu-
dying the effect of advanced traffic information on drivers' path choice. Transportation
Research C(5)-1,39-50.

[2]. Ben-Akiva,M., De Palama, A., Kaysi, 1., 1991. Dynamic network models and driver in-
formation systems. Transportation Research 25A, 251-266.

[3]. Benneet, L., 1993. The existence of equivalent mathematical programs for certain mixed
equilibrium traffic assignment problems. European Journal of Operational Research 71,
177-187.

[4]. E.Hato,etc, 1999. Incorporating an information acquisition process into a path choice
model with multiple information sources, Transportation Research C,vol.7,pp.109-129.

[5]. Emmerink, R., Axhausen, K., Nijkamp, P., Rietveld, P., 1995. Effects of information in
road transport networks with recurrent congestion. Transportation 22, 21-53.

[6]. Kanafani, A.,1991. A simple model for path guidance benefit. Transportation Research
25B, 191-202.

[7]. Tsuji,H., Takahashi,R., Kawashima,H., 1985. A stochastic approach for estimating the
effectiveness of path guidance strategies. Transportation Science 19,333-351

[8]. Mahmassani,H.S. 1994. Development and testing of dynamic traffic assignment and si-
mulation procedures for ATIS/ATMS application. Technical Report DTFH6 1-90-R-
00074-FG. Center for transportation Research, The University of Texas at Austin.

[9]. Mahmassani,H.S., Liu, Y.H., 1999. Dynamics of commuting decision behaviour under
advanced traveller information systems. Transportation Research C7, 91-107.

[10]. H.Lo and W.Y.Szeto, 2002a, a methodology for sustained traveler information’s ser-
vices, Transportation Research B,vol.36,pp.113-130.

[11]. H.Lo and W.Y.Szeto, 2002b,Paradigms of modeling advanced traveler information
services. IEEE 5" conference on ITS.

[12]. YangH etc, 1993. Exploration of path choice behavior with advanced travel informa-
tion using neural network concept. Transportation 20,199-223

[13]. Yang, H., 1998. Multiple equilibrium behavior and advanced traveler information sys-

tems with endogenous market penetration. Transportation Research 32B, 205-218.

#.18 © 2005 www.TrafficForum.org



Short Title Coop. Tr@nspn. Dyn. xx, #.1-#.22 (2005)

[14]. Yang, H., 1999. Evaluating the benefit of a combined path guidance and road pricing
system in a network with recurrent congestion. Transportation 26, 299-322.

[15]. Yang, H., Meng, Q., 2001. Modeling user adoption of advanced traveler information
systems: dynamic evolution and stationary equilibrium. Transportation Research 35A,

895-912.

[16]. Yafeng Yin, Hai Yang, 2003 Simultaneous determination of the equilibrium market
penetration and compliance rate of advanced traveler information systems.Transportation

Research A 37 165-181

[17]. Reddy,P., Yang.H, etc. 1995. Design of an artificial simulator for analyzing path choi-
ce behavior in the presence of information system. Mathematical and Computer modeling
22,119-147.

[18]. Van Vuren T & Watling DP,1991. A multiple user class assignment model for path
guidance.Transportation reseach record 1306:22-31

[19]. Oh,J.S., Jayakrishnan, R., Chen, A., Yang, H., 2001. A parametric framework for path
guidance in advanced traveler information systems with endogenously determined driver
compliance. Transportation Research Record 1771, 18-27.

[20]. Williams and Huang, 2004. A multi-class dynamic user equilibrium model for queuing
networks with Advanced traveler information systems. International Journal of Mathema-
tical Modelling and Algorithms, publication.

[21]. M.Ben-Akiva, 1985. Discrete choice analysis: Theory and Application to travel de-
mand. The MIT press.

Appendix:

This paper develops a stochastic dynamic network loading method considering the logit-based
path and departure time choice. The logit-based path and departure time choice function can
be expressed as follows:

exp0-c; (k,))
D> exp8-c7 (k.))

PP (k)= Vrs, p,k (al)

Stochastic dynamic network loading method

In this section, stochastic dynamic network loading method for the logit-based path and de-
parture time choice is proposed. This network loading method is similar to the method pro-
posed by Dial’s STOCH for stochastic static assignment and the method proposed by B.Ran’s
DYNASTOCH for stochastic dynamic assignment. In this study, we consider only the logit
model for stochastic dynamic simultaneous path/departure time choice. The method maintains
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the structure of the DYNASTOCH algorithm, so only deals with reasonable paths, and as-

signs the demand between OD pair rs to the link of the network according to the actual link
travel cost.

In order to reflect the effects of schedule delay

R S S" cost in the algorithm, we extend the original

O ————) network to include the dummy link with sched-

ule delay cost, ¢’*(k)=sch,, (k),vYm as shown in
Figure.l Extended netw otk structure Fig 1

Step 1: Calculation of link likelihood
Compute the minimum actual travel cost 7, (k) for travelers departing node i during time

interval k. calculate the link likelihood, L, ; (k) ,for each link (i,j) during each time interval &:

Oir. —x. (k+t. . (k)—c, . (k if C*>C*
L o = [FRPOT — T G, )=, 0D CT>CE @)
' otherwise
Olr. (k-7 (k+t. . (k)—c, . (k if C">C”
L(i j)(k): eXp( [ lS( ) jS( (l,j)( )) C(,’J)( )]) l»f 0 o lé r (a3)
' otherwise

Where equations (a2) and (a3) express the calculation way of the link likelihood when the
head node i of link (i,j) is and isn’t the origin r, respectively.

7, (k) 1is the minimum travel cost from i to s by departing the node i during interval k

7z, 1s the minimum path travel cost from origin r to destination s for all departure time.
7., =min{c (k),Vp,k} Vrs

C? is the ideal travel cost from i to s when there is no flow in the network

t (k) is link travel time experienced by travelers entering into link (i,j) during interval k

¢..j (k) 1s link travel cost experienced by travelers entering into link (i,j) during interval k.

Step 2: backward pass
By examining all nodes j in ascending sequence with respect to 7, (k) from the destination s,

calculate w,; ; (k), the link weight for each link (i,j) during each time interval k:
Ly ®) i j=s
Wi OZL ) S w e+t () otherwise (ad)
(JIIEA))
Where A(j) is the set of links starting from node j, When origin r is reached, stop
Step 3: forward pass
Consider all nodes i in descending sequence with respect to 7, (k), starting with the origin r.

when each node i is considered during each time interval k, compute the inflow to each link
(i,j) during each time interval k using the following formula:
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s W ) (k) .
g i oi=r
Z ZW(:‘,M(]‘)
vapty=1 (25)

W (k) .
Z Uk —=——-— otherwise
(k,i)e B(i) Z W(i,k)(k)

(i,k)e A(i)

Where, B(i) is the set of links ending at node i. When destination s is reached, stop

The flow generated by the method is equivalent to a logit-based flow independent
path/departure time assignment between each OD pair, given the reasonable path set is fixed
in order to produce a convergence solution.

Proof of the method

We now prove that the method does generate logit-based flow independent ideal stochastic
dynamic simultaneous path and departure time choices between each OD pair. We note that
each link likelihood L, ; (k) is proportional to the logit probability that link a=(i,j) is used
during time interval k by a traveler chosen at random from among the population of trip-
makers between origin r and destination s, given that the traveler is at node i during time in-
terval k. The probability that a given path will be used is proportional to the product of all the

likelihood of the links comprising this path. Suppose path p consists of nodes (r, 1,2...n, s)
and links (/,2...h). Sub-path p1 includes (/,2...n, s) and links (2...&). The probability of trav-

eler choosing path p and departure time k between origin r and destination s is P, (k).

Pr =G-TIL,, 0" (a6)

aep
Where G is proportionality constant for each OD pair and the product is taken over all links in
the networks. Here, t =k +1¢ ;i (k). The incidence variable O ., cnsures that P” (k) include

only those links in the pth path between origin r and destination s. Substituting the expression
for the likelihood L ; (k) in the above equation, the probability of choosing a particular effi-

cient path-departure time pair becomes

PP () =G-exple- |z, 7, (k+1, , (k) —c, , O Jexpl- 7, ) -7, (k+1, , k) —c,, , 0] 52 }

aep;

=G-explp-[z, — 7, (k+1, () —c, , O lexpl - X[z, () -7, (k+1,, k) =<, (K} 8 }

aspy
=G- exp{@- (r,—c, (k))}

(@7)
The last equality results from the following summations:
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7~ (1, () + 3 7, () =7, (k+1,,, (K))]- 62

=7, — I (k+1) (k) + 70, (k+1 (k) =7, (k+177 (k) + i+ 7, (k+1," (k) — 7, (k+1)" (k)
= ”rs
(a8)
and
D e, (k)82 =c, (k) +cy(k+1, (k) +-+c, (k+17 (k) =2 (k) (a9)

aep
Since D> P’ (k)=1
p k

The proportionality constant must equal

G = (al0)
Zzexp{e (7, — i (k)]

Thus

P () = explp-lz, —c; 01} explo el ol (all)

S expif-lr, -t (O] Y. expr-8-cr (k)]
p k p k

Above equation depicts a stochastic dynamic simultaneous path/departure time choice among
the efficient paths connecting OD pair rs. The algorithm does generate a stochastic dynamic
simultaneous path/departure time choice probability using actual path travel costs.

Now we try to prove the forward pass of the algorithm does generate the results of the logit
flow assignment for simultaneous path/departure time choice. Firstly, we transform equation
(all) to the following equation.

exp{ a- c”(k)]} Zexp{—ﬁ c (k)]}

expl-6-c7 (101}

k) =
UL ZZexp{ 6-cr ()} =4 ZZeXp{—H c C(o1) Zexp{—ﬁ e (k)1f (a12)
:qm(k) eXp{_HC;s(k)]}
S expt-6-c (1}
Where
ZCXP{—Q'C;S(]C)]} Zw(i,k)(k)
rS(k)z s P : — o5, __(LKeAl) e ’\v/ ,k (a13)
gl 4 ZZCXP{—QC;’S(]C)]} 1 Z Zw(i,k)(k) = ®
7k k (i.k)eAd)

The demand between OD pair rs during time interval k assigns to the network according to
the DYNASTOCH algorithm. The equation (al3) is substituted into the forward pass of the
DYNASTOCH algorithm; the equation (al) can be obtained. The main difference (one

isz"” (k), otheris z") between the origin link ‘s link likelihood of the DYNASTOCH algo-
rithm and this algorithm does not influence the calculation results.
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