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Abstract. We consider a specific ATIS which objective is to reduce drivers’ travel cost uncertainty with
recurrent network congestion through the provision of traffic information. Most of the studies premise

of the use of a static model for an essentially dynamic problem. We propose a multi-user stochastic
dynamic route and departure time model for modeling interactions among travelers. We propose a
nested-logit model for the determination of the market penetration and compliance rate of ATIS. The
upper level is for market penetration; the lower level is for compliance rate. Then an iterative
algorithm is proposed for the determination of the endogenous market penetration and compliance
rate of ATIS and the equilibrium network flow pattern. Finally, the model and algorithm are tested in a

simple network.

Keywords: advanced traveler information systems; market penetration; compliance rate; nested logit

model.

1. Introduction

As the main part of intelligent transportation sys-
tems (ITS), Advanced traveler information systems that
have experienced rapid development in the past decades
are generally believed to be an efficient means for im-
proving individual traveler’s trip planning, alleviating
traffic congestion and enhancing traffic network perfor-
mance. There are many researches into modelling and
evaluating the effect of ATIS on travelers’ and transpor-
tation systems in order to determine the feasibility, risks
and benefits of such technology. Up to now researchers
use many ways such as route choice survey (Abdel. Aty,
M. A etc, 1997, E. Hato, etc, 1999), field deployments
(Tsuji etc, 1985), laboratory experiments (Yang 1993,
Reddy 1995), computer simulation (Emmerink 1995,
Mahmassani 1994, 1999) and analytical model (Yang
Hai 1998, 999, Ya Feng Yin 2003, H. LO 2002a, Will-
iam 2003).

The route choice of travelers with ATIS and with-
out ATIS is the most important aspect of ATIS. The
difference of the information quality achieved by trav-
elers will lead to various route choice behaviors. Pre-
vious studies have considered the travelers with ATIS
follow SO, deterministic user equilibrium or Stochas-
tic user equilibrium (smaller perception uncertainty),
the travelers without ATIS follow SUE (higher percep-
tion uncertainty) (Kanafani and Al-Deek, 1991; Van

Vuren&Walting 1991; Benneet, 1993; Yang, 1998; Lo
etal., 1999; Yang and Meng, 2001; Yin and Yang, 2003).

The market penetration of ATIS defined as the pro-
portion of vehicles (travelers) equipped with ATIS has
widely recognized as an important factor to determine
the actual advantage of ATIS implementation. The ex-
ogenous market penetration was used for the benefits of
ATIS in some previous studies (Yang 1999, Emmerink
1995), regardless of the individual’s trip cost or poten-
tial travel cost saving. Yang (1998) was first to propose
the endogenous market penetration model. 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 stud-
ies were carried out by Lo and Szeto (1999, 2002a), Yin
(2003).

Compliance is one important aspect of traveler’s
behaviors that has received little attention. Previous
researches have assumed perfect compliance of the
travelers with ATIS. However, although ATIS are in-
tended to provide accurate real-time traffic informa-
tion to travelers, it is doubtful whether travelers would
all comply with these systems. There are many fac-
tors that affect traveler’s compliance with ATIS such
as driver individual characteristics, reliability of ATIS
and so on. Yin (2003) proposed a multiple behavior
equilibrium model to determine the equilibrium mar-
ket penetration and compliance rate.
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However, most of the previous models for assess-
ing the effect of ATIS are static. These models gener-
ally don’t permit the study of other ATIS impacts such
as changes in departure time, dynamic queuing sce-
nario and so on, which may bias the analysis.
Emmerink 1995has contributed substantially in study-
ing the economic impacts of driver information sys-
tem by using microscopic simulations. Mahmassani
etc (1994) used DYNASMART model to assess the
effect of ATIS. Lo (2002) developed a dynamic traf-
fic assignment model, compared and contrasted the
static versus the dynamic modeling paradigms for the
benefits of ATIS. William and Huang (2003) proposed
a multi-class dynamic user equilibrium model with
ATTS, that considers the departure time and network
queue conditions and so on. The similar studies were
carried out by B. Ran (1996), Hong K. Lo (1996).
However they didn’t consider the endogenous mar-
ket penetration and compliance rate.

In this paper we extend Ying’s (2003) static ATIS
model to a dynamic one by taking advantage of the
dynamic route choice platform developed in (H. Khen,
1998). We assume that equipped and complied driv-
ers will follow a stochastic dynamic simultaneous route
and departure time equilibrium behavior with less travel
cost uncertainty, unequipped and non-complied driv-
ers follow stochastic dynamic simultaneous route and

departure time equilibrium behavior with more travel
cost uncertainty. Thus, two specific classes of travelers
are considered in the dynamic network equilibrium
model, as illustrated in Fig 1. In view of the fact that
travel cost is the most important factor to influence the
traveler’s route and departure time choice, it is rational
to assume that actual travel cost saving will ascertain
whether or not for a traveler to purchase an ATIS device
and, if equipped, whether or not to follow ATIS advice.
The nested-logit model is used in solving the equilib-
rium market penetration and compliance rate of ATIS,
the upper level depicts traveler’s purchase behavior, and
the lower level depicts compliance behavior of
equipped travelers. With these considerations we pro-
pose 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-user dynamic
simultaneous route/departure time equilibrium model
to described route and departure time choices of the
equipped and complied and unequipped and non-com-
plied travelers. In section 3 the endogenous market
penetration and compliance rate of ATIS are determined
simultaneously by using the nested-logit model. In sec-
tion 4, an iterative algorithm is developed and illus-
trated with a numerical example in section.

ALL DRIVERS

Choices of compliance of ATISadvices

Stochastic dynamic simultaneous route/
departuretime equilibriumwith lesstravel cost
uncer tainty

Choices of purchases of ATIS

Stochastic dynamic simultaneous route/
departuretime equilibrium with moretrave
cost uncertainty

Fig 1. Multiple user behaviors in ATIS environment
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2. Dynamic multi-user VI model

2.1. Multi-user stochastic dynamic equilibrium
models

Consider a network G =(N; A), where N is the
set of nodes and A is the set of links in the network.
Let a denote a link of the network connecting a pair of
nodes (3, j) and let p denote a path that consists of a series
of directed link (a,,a,,...,a,) between originr and desti-
nation s. Let RS denote the set of all OD pairs in the
network. P denotes the set of routes between OD pair
rsIRS and the entire set of paths in the network by P. The
studies horizon is discretized into m intervals of length &
such that 7=m-d. Here, we assume the study horizon is
enough long to ensure all traveler can exit from the net-
work after the time 7. On the other hand, it is also as-
sumed that the value of 8 is small enough so that the
discrete-time model can approximate its continuous time
counterpart.

2.2. Stochastic dynamic user equilibrium

In most of previous multi-class dynamic network
model (Bin. R 1996, Hong. K 1996Williams and
Huang 2003 etc), the equipped travelers who may re-
ceive the real-time perfect traffic information are as-
sumed to make travel choice in a deterministic dy-
namic user equilibrium manner. In reality traffic in-
formation is rarely perfect. There are many difficul-
ties for estimating the current traffic information and
predicting the future traffic information in current
traffic technology condition. Moreover, a greater num-
ber of the equipped travelers might select the best
alternatives (from their individual point of view) and
consequently the equipped travelers with similar pref-
erences will tend to concentrate on the same routes
during the same departure time. Thus, more perfect
information could potentially generate higher levels
of traffic congestion. The traffic manager and indi-
vidual travelers don’t hope this condition happen. For
these reasons we model the travel choice behavior of
the equipped travelers as following the principle of
stochastic dynamic user equilibrium. The traffic in-
formation quality is reflected by the parameter of gen-
eral travel cost perception variation. Better informa-
tion qualities have lower travel cost variation. The
unequipped travelers in making travel choices, in par-
ticular, route and departure time choice, according
to the past experiences that don’t capture better in-
formation than the equipped travelers, follow other
stochastic dynamic user equilibrium with a higher
travel cost variation.

f FEs(k), f~prs(k) the inflow rate of the equipped

and complied and unequipped and non-complied trav-
elers entering the path p between origin r and desti-
nation s during time interval k,

f, f thesetof {f/3(k), Ors, p,k}

{f°(k).Ors, p.K}

q'° ,d *® the demand of equipped and complied
and unequipped and non-complied travelers between
origin  and destination s,

Prs(k) P $(k) the proportion of equipped and
complied and unequipped and non-complied travelers
between origin r and destination s selecting path p
and departure time k.

@ the parameter representing travel cost varia-
tion of equipped and complied travelers.

0 the parameter representing travel cost varia-
tion of unequipped and non-complied travelers.

The equipped and complied travelers follow the
stochastic dynamic simultaneous route and departure
time equilibrium (SUE-SRD), expressed as

frs(k)=Pi(k)a™ Ors,p.k, (1)

where

rs
Cp (k)) \ Drs, p,k’ (2)

SIS ) = (
FH 55 o)

ZZeXp

p k

,—.~ GD)

where 6 is the parameter representing general travel
cost perception variation of the equipped and complied
travelers. A higher 8 means smaller travel cost variation
and better information quality.

The logit-based SUE-SRD of the equipped and
complied travelers can be expressed as:

ersy it £ (k)>
cfS(k f )E: o () Orskp (3)
B> Cin otherwise
. qrs
DA k)=—- oOrs )
p k Y
c;f(k,f* ): cp(k)+=Infrs (k) Orskp s
fi5(k)=0 Orskp, (6)
where érﬁ is the minimum perceived unit travel cost

of the equipped and complied travelers between origin
ra d destination s, &%, =minCio(k, f),Op,k].
C k, f 715 perceived unit travel cost incurred by the
equlpped and complied travelers entering path p
between origin r and destination s during time interval
k. Equation (38) represents the flow conservation of the
equipped and complied travelers between origin 7 and
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destination s and equation (40) represents the non-
negativity of all path inflow rate.

For the equipped and complied travelers and for
each origin-destination (OD) pair, the perceived path
travel costs experienced for the equipped and complied
travelers, regarding the departure time, is equal and mini-
mum, and less than (or equal to) the perceived path
travel costs for the equipped and complied travelers on
any unused route.

The above SUE-SRD equilibrium condition of
the equipped and complied travelers can be expressed
by finite dimensional variational inequality formula-
tion.

Find a vector f* [JQ if and only if it satisfies

%%é[f(k, ) )- 15 ()= 0 Of 0@, (7)

A _EA £rs _qrs £rs E
Q=0fly s f5ok)=—- f°(k)20,0rsg vi
B ek 0 =

formation (7) can be expressed as a standard form
[e(i*)i-i)=0 oing, ®)

where <|IID denoted the inner product of Euclidean
space.

The treatment of the unequipped and non-com-
plied travelers is identical. Without loss of generality,
one may write:

fro(k)=Pre(k)E"™ Ors, p,k, 9)

where

50

exp(—e~ E:;f(k)) Crs
— \ ., p,k, (10
%gexp(-e e (k)

where 0 expresses the travel cost perception variation
of the unequipped and non-complied travelers that can
be interpreted as their familiarity of the network
condition or the past experiences.

The logit-based SUE-SRD of the unequipped and
non-complied travelers can be expressed as:

o L EECEiffIS (k)>0
Cp (kyf G 1157 (] Orskp; (1)
B> Crin Otherwise

. ars
% % fprS (k) = e Ors: (12)

e kf” )= c;f(k)+§i|n f1¥(k) Orskp; (13)
fi¥ (k)20  Orskp. (14)

The above SUE-SRD equilibrium condition of the
unequipped and non-complied travelers can be expressed
by finite dimensional variational inequality formula-
tion.

Find a vector f* 0Q if and only if it satisfies

53 3¢ 1)) - FoF (k)20

rs p k

P (15)
Oof 0Q,
where O is aclosed convex.
el 65
5= PRRINOE 9 )= 0,crst
H pk 9 =]

The VIformation (15) can be expressed as a stan-
dard form

<6(F*)F—F*>zo 0f0Q. (16)

2.3. The composite VI formulation

The composite VI problem that integrates the VI
(7) with VI (15) is equivalent to the above user equilib-
rium condition (3) and (11).

The composite VI model can be formulated as
follows: N

Find a vector (f ‘0Q,f 0o §~2) that is a multi-user
stochastic dynamic user equilibrium pattern if and only
if it satisfies the VI problem:

> % 3 crslk, £ fFrsk)- £ (k)¢

55 365k 1 [t - 7o ()=

rs p k

Of 0Q,0f 0Q, 17

where Q and Q are the sets of all feasible path inflow
rate with all departure time associated with the equipped
and complied and unequipped and non-complied
travelers.

The composite VI (17) can be expressed as a stan-
dard form:

of 0Q. (18)
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2.4. Dynamic network model

In this section we use the multi-user dynamic net-
work model proposed by H.K. Chen (1998).
Flow propagation constraint is:

0 () = fro(k)oms () Ors.alp,k; (19)
Ui () = fro(k)ors ) Ors,alpk; (20)
S o (t)=1 Ors,alpk; Q1)
t

=(t)={o3 OrsaOpk, (22)

where l];;k (t) and G;Sk (t) express the path flow rate of
the equipped and complied and unequipped and non-
complied travelers entering link a during time interval
k between OD pair rs, respectively. 5£k (t) represents
the flow propagation factor.

Definitional constraint is:

wLk)=333 () Fobia®). o)
tpl)=3 S talkp) Orspk, 24)

cS(k) = at'S(k)+ sch{f(k) Ors, p, k

P P , (25)

where u, (k) expresses the link inflow rate entering link
a during time interval k. t; k)expresses actual path
travel time experienced by the travelers entering the
path p between OD pair rs during time interval k.
CLS(k expresses actual path travel cost experienced
by the travelers entering the path p between OD pair
rs during time interval k. o is the unit cost of travel
time, Sch[f(k) expresses the schedule delay costs of
arriving times at destination.

Qa[k:s -A —k—t;f(k)]if k+t®(k)<kig -4,
schis (k)= o[k +t i (k) -k —A,S]if k+t°(k)> ki +4
o 0 otherwise,

B

where {3 is the unit cost of schedule delay time-early, yis
the unit cost of schedule delay time-late, and
k:s -A, k:s +A| is the window of arrival times at
destination s. Without the schedule delay penalty for
travel from origin r. ki is middle point of the time
window and may represent the official work start time
for trips between OD pairrs. We assume y > f§ > a .

' (26)

2.5. Market penetration and compliance rate
model

We will derive a market penetration model and a
compliance rate model. Firstly we assume that drivers’
decision making structure about the decision of pur-

chase of ATIS devices and the decision of compliance
of ATIS advices regarding average travel cost saving can
be represented as a tree structure with driver purchase
choice of ATIS device at the upper level and drivers’
compliance choice of ATIS advice at the lower level as
shown Fig 1.

Drivers’ purchase choice can be expressed as:

p=1if U>S, p=0, if U <S, . (27)
Drivers’ compliance choice can be expressed as:
a=1if U >S, a=0, if U <S,. (28)

The above models considered here assume that
a driver will adopt ATIS advice when the drivers’ de-
vice purchase utility U, and compliance utility U, ex-
ceed certain thresholdps Sp and §,. Where p=1 is the
case that a driver will purchase a ATIS device, p=0
the case that a driver will not purchase a device, a=1
the case that a driver will adopt ATIS advice anda=0
the case a driver will not adopt ATIS advice.

Assuming that the error term has Gumbel distri-
bution, drivers’ device purchase utility U_and com-
pliance utility U, threshold Sp and S, can be given by
the following equations:

Up:w+}\lvp+s‘;; 29)
S,=m+ep; (30)
U, =AClo +el; @D
S, =1 +5; &
V, = In(exp(CQSe)+ exp(nf)), (33)

where w is a general parameter capturing other benefits
such as convenience of having the device, etc. 17 is the
deterministic terms of the thresholds which show the
capital cost to buy and use an ATIS device annually.
1° shows the deterministic term of the threshold of
the travel cost saving of the equipped and complied
driver on OD pair rs. A;,A, are the value of
time, 82 ,€p:€a,€5 are the respective error terms;
Travel cost saving, C>, , is defined as the difference of
the average travel cost between complied vehicles and
unequipped, non-complied vehicles on OD pair rs,
expressed as:

Chve =3 S cp (kP (k)-
p k

s 3 e (k)Pe (k). (4
p k
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The first term on the right side represents the aver-
age travel cost of the unequipped and non-complied driv-
ers on each OD pair rs, the second term on the right side
represents the average travel cost of the complied driv-
ers on each OD pair rs.

The concurrent probabilities that a driver will pur-
chase an ATIS device and adopt ATIS advice can be
given by the nested logit model expressed as follows.

P;:(p,a p:lazl):
,eXp(m‘Lf‘le)
exple A o)

ex DG\ 2\Cave) \ @)

explhCrsc)e exp(ﬂf J

The number of drivers to purchase a ATIS device
is determined by the following equation:

p's = exp(w + Alv )
P EXPQD + AV, )+ exp(rm)”

where P! 'S is the value of market penetration of ATIS
for each OD pair rs.

The compliance rate of ATIS is determined by
the following equation.

(36)

p's = eXp()‘ ?\Cgse) \. @37
@ eXpb\ 2Cave)+ eXp(T[

3. A solution algorithm

With the market penetration and compliance rate
given by Egs. (36) and (37), the resulting travel de-
mand of complied drivers and non-complied and un-
equipped drivers are given as below:

q°=q°M@-P*(pdp=Lla=1); (38)
a5 =q"P*(pap=La=1); (39)
PS(p,dp:lazl):P;ST:S, (40)
where q;° expresses the demand of complied travel-

ers between OD pairrs. q3° expresses the demand of
non-complied and unequipped drivers between OD pair
rs. 4" expresses total demand between OD pair rs. We
firstly consider the solution of multi-user dynamic sto-
chastic route and departure time equilibrium models
for given g;° and q;° rs RS, then we present a pro-
cedure for the determination of the ATIS market pen-
etration and compliance rate.

The algorithm assumes that a set of working paths
is available in advance. Here we use a k-shortest path to
enumerate a set of potential used paths. Alternatively,
this set could be obtained from personal interviews and
hence constitutes a set of likely used paths.

The multi-user dynamic stochastic route and de-
parture time equilibrium algorithm can be described
as follows:

MU-DSRD-EA

Step 0: initialization. Set initial iteration number

t=1, chogse initial path inflow rate
rS(k)t frs( )} Ors p,k,and set t=0.

Step 1: Perform dynamic network loading to

compute the correspondent cost pattern.

c[)s(k)t Ors, p.k.

Step 2: calculate an auxiliary path flow
fro(k). foo(k) Ors, p,k by Eq. (1) and (9).
Step 3: move. Find the new path flow pattern

15 = F20) e F 2200 - ,ss(k))
Fio(n = 7700 v i) - 7760

Step 4: convergence criterion. If

2200 00 - T e

then stop, otherwise, go to step 1 and set r=t+1.

In the algorithm the step size ¥t could be deter-
mined a priori. For example the following simplest
move size sequences could be applied y; ==

The algorithm for the determination of the ATIS
market penetration and compliance rate is described
as follows:

Step 0: determine an initial value of
P::(n) (p.dp=1a=1) (Written as P::(n) a
below) and set n=0.
Step 1: perform MU-DSRD-EA to get
Clye OrsORS.

ave?
Step 2: update P ™ by Eq. (35), obtain new
P;S(nﬂ) Meanwhlle calculate the market pen-

etration and compliance rate by Eqgs. (36)—(37).
Step 3: convergence criterion.
If ) Pprs(nﬂ) Prs(n) <€, then stop. Otherwise go to
“step 1 and set n=n+1.

4. A numerical example

We choose a simple network for a numerical ex-
ample. The network scenario is shown in Fig 2, 12
links and 1 OD pair. The parameters of link travel
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time functions are also given in this figure. The link
travel time function is assumed as follows:
t, (k)= x4 +a, Xy (k) + B, (i, (k), where Xa isthe free
flow travel time on link a. a, and B, are the param-
eters of the link travel time function. We consider a
morning peak. We set T be from 6 to 10 a.m. and
K=100, so & =2,4 min. The ATIS and route choice
parameters are: A =05, A, =05, w=0,01,
m =35, T =175. Other data are: a=6,4, $=3,9,
y=15,21, A=0,2h, k'=9,0 h.

We firstly examine the convergence of the itera-
tive algorithm. Fig 2 plots the solution of the market
penetration against iteration number, where the value

of travel cost variability parameter @ for non-complied

and unequipped drivers is fixed as 0,01 and values of §
for complied drives and total travel demand g™ vary as
shown in the legend. It can be observed that the itera-
tion of the algorithm has a fast convergence; conver-
gence is achieved in about four iterations in all cases. It
seems that the level of demand and the degree of travel
cost uncertainty have little impacts on the convergence
of the algorithm.

Fig 3 gives the solution of the compliance rate. Simi-
lar convergence properties have been observed in other

livils pmrber
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3010100
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free floar tire

f_\\ 00002 PO00Z, 0.1
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cases. Note that the convergence of the algorithm can-
not be always guaranteed theoretically. Similar to Yang
(1998), Ying (2003) non-convergence has been also
observed in our examples where the algorithm may os-
cillate between two points when demand and values of

9 are higher.

Fig 4 depicts the change of the equilibrium market
penetration and compliance rate against the value g of
parameter with parameter § fixed to be 0.01. Total
travel demand g varies as shown in the legend. As afore-
mentioned, the value of 8 shows the degree of equipped
and complied traveler’s uncertainty on travel cost, and
also implies the quality of the provided information. As
parameter § increases, complied drivers have better
perception of travel cost due to higher information qual-
ity provided by ATIS (Fig 5), and thus the market pen-
etration and compliance rate will increase. This numeri-
cal example confirms the previous studies of the
traveler’s purchase behavior and compliance behavior
made by Ying (2003), etc. The difference with Ying
(2003) is mainly that the magnitude of travel demand
has similar impacts on the level of market penetration
and compliance rate because both mainly depend on
the quality of ATIS information.

AN

N

b p0001,0.1% 40,0002 |0.0001,0.35)
,\\\ X0.0002 0.0001,0.15)
(R (e) 6C00002]p0001,0.4)

b

1060 002 000010 3) l/'d

N

'\\

¥
1260002 0.0001,0 )

o

Fig 2. Example network
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5. Conclusion

In this paper we propose a multi-user dynamic sto-
chastic route and departure time equilibrium model with
the equilibrium market penetration and compliance rate
in ATIS environment. The nested-logit model is given
for modelling the driver purchase behavior and compli-
ance behavior. The proposed iterative algorithm is ap-
plied to a numerical example and demonstrated to have
afast convergence in general similar to a static example.

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