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Abstract: In order to ensure on-time arrival when travelers
make their trips, the stochastic network assignment model
under uncertainty of travel time is investigated. First, based
on travelers’ route choice behavior, the reliable travel time
confidence level (RTTCL), which is the probability that a trip
arrives within the shortest average travel time plus the
defined. Then, a
which
hypothesizes that for each OD pair no traveler can improve
is built.
Since the traditional traffic assignment algorithms are not

acceptable travel time difference, is
reliability-based user equilibrium ( RUE) model,

his/her RTTCL by unilaterally changing routes,

feasible to solve the RUE model, a quasi method of successive
average ( QMSA) is developed. Using Nguyen-Dupuis and
Sioux Falls networks, the model and the algorithm are tested.
The results show that the QMSA algorithm can rapidly
converge to a high accuracy for solving the proposed RUE
model, and the RUE model can provide a good response to
travelers’ behavior in the stochastic network.
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ncertainties are unavoidable in the transportation
U systems. Due to the travel time reliability, travelers
do not know the exact time that they will arrive at the
destination'"™
work, catching the train, having a meeting), travelers
care more about arrive time than travel time, and they
prefer departing earlier (i.e., using perceptive average
travel time plus an acceptable travel time difference as
their travel time) to address travel time reliability.
According to travelers’ different route choice criteria

. However, in many cases (e. g., going to
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under travel time variability, the stochastic network equi-
librium model with uncertainties can be summarized ac-
cording to the classification of different theories. The
game theory-based model'*™ assumes that the travelers
are highly pessimistic about the travel time variability and
behave in a very risk-averse manner. The prospect theo-
ry-based model'” considers an endogenous reference point
formation and updating scheme, where travelers hold de-
sired on-time arrival probability requirements and update
them according to the network state. The travel time
budget (TTB) model”™ is defined as the average travel
time plus a safety margin as an acceptable travel time.
The percentile travel time (PTT) model™ addresses the
fact that the PTT is the minimum travel time needed to
complete the journey with any given on-time arrival prob-
ability. The mean-excess travel time (METT) model'"™""
considers both the reliability factor and the un-reliability
factor of the route travel time, and the METT is defined
as the conditional expectation of the travel time larger
than the TTB. The disutility or utility-based model'* u-
ses the combination of attributes to construct the disutility
function. The late arrival penalized user equilibrium
(LAPUE) model'” assumes that users minimize a com-
posite path disutility whose value is the generalized cost
plus a late arrival penalty. The bi-objective model'*™"
uses bi-objective programming to minimize both the travel
time and travel time reliability. In addition, the non-ex-
pected route travel time (NERTT) model"® defines the
NERTT as the expectation of the random route travel time
under an appropriate distortion function of the original
distribution. All the above traffic assignment models un-
der uncertainties use either the utility or probability « to
describe the travel time reliability. However, in a real
traffic trip process, travelers only consider how much ex-
tra travel time they would like to take compared to the
general trip time; they do not know their utilities or prob-
abilities . In addition, « is more difficult to measure
than travelers’ acceptable travel time difference.
Considering travel time reliability in the travelers’ route
choice decision process, a reliability-based user equilibri-
um (RUE) model is proposed. This model integrates the
travel time and acceptable travel time difference into the
network equilibrium framework. The definition of reliable
travel time confidence level (RTTCL) which is the proba-
bility that a trip arrives within the shortest average travel
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time plus the acceptable travel time difference is presen-
ted. Then, the equilibrium condition of the RUE model is
that for each OD pair no traveler can improve his/her RT-
TCL by unilaterally switching routes. Finally, a quasi
method of successive average ( QMSA) is designed to
solve the RUE model.

1 Reliability-Based User Equilibrium Model

1.1 Definition of reliable travel time confidence level

In the real traffic network system, travelers prefer de-
parting earlier (i.e., using perceptive average travel time
plus an acceptable travel time difference as their travel
time) to deal with travel time reliability. This tradeoff
considering the travel time and travel time reliability can
be illustrated by the reliable travel time confidence level
(RTTCL) as follows.

Definition 1 The reliable travel time confidence level
v.(&) on route k between OD pair w is defined as the
probability that a trip arrives within the shortest average
travel time plus the predefined acceptable travel time
difference ¢, i.e€.,

VkeK' weW
(1)

where T} is the random travel time on route k between OD
pair w; E( - ) is the expectation operator; W is the set of
OD pairs; K“ is the set of routes connecting OD pair w
and all K” constitute K; mkinE( T}) is the shortest average

yi(e) =Pr{T<[minE(T}) +¢]}

travel time between OD pair w.
1.2 Equilibrium conditions

It is reasonable to assume that travelers are willing to
maximize their RTTCL when traveling under uncertainty.
Then, the traffic reaches a long-term habitual traffic equi-
librium. The RUE conditions can be defined as follows:

Definition 2 The RUE is a network state such that for
each OD pair no traveler can improve his/her RTTCL by
unilaterally changing routes. In other words,
routes between each OD pair have equal RTTCL, and no
unused route has a higher RTTCL, i.e.,

=" (i) >0
(/)" =0

where W denotes the set of OD pairs for which travel de-
mand g“ is generated between OD pair w € W; f; denotes

all used

vﬁ(f*){ VkeK'  weW (2)

<7*

the traffic flow on route k € K“; = denotes the maximal
RTTCL between OD pair w.

1.3 Reliable travel time confidence level under sto-
chastic network

In this study, we consider the travel time reliability
from the supply aspect. First, we will derive the proba-
bility distribution and the numerical characteristics of the

route travel time. To describe the link cost, the bureau of
public roads (BPR) function is used.

7,0x,) =81 +B(2‘;)"] (3)

where T,, 1

. X,, and C, are the travel time, free-flow

travel time, flow, and capacity on link a, respectively; B
and n are the deterministic parameters.

Assume that road capacities follow a uniform distribu-
tion, the route flows are mutually independent, and C, is
independent of x,. We derive the mean and variance of

T, as

0 0. n 1_0:'7”
E(T,) =1 +Btaxdm @
2 02 2n (l _6:‘_2n)
Var(Tn) =B-(t”) xa {E_Zn(l _0 )(1 —2"1) B
(1-6"""
[ea—ayam) | @

—n

where ¢ is the design capacity; the lower bound capacity
is a fraction @, of ¢/. Assuming that the link travel times
are independent™ "', we can represent the mean and

standard deviation of route flow travel time T} as
we = 3 18°E(T))] (6)
0¥ = N/2 (6% var(T,)] (7)

where §;, , is the route-link incidence parameter whose val-
ue is 1 if link a is on route k; O otherwise. Using the cen-
tral limit theorem, the route flow travel time tends to be
normally distributed'™ "'

T ~N(u?, ()7) (8)

Then, based on the probability distribution of route
travel time and the acceptable travel time difference, we
obtain the RTTCL on route k between OD pair w:

minE(T}) + & -y

v () =D - VkeK' weW
Oy

(9)

where @( - ) is the standard normal cumulative distribu-
tion function.

2 Solution Algorithm

Inspired by the method of successive average, we de-
sign a QMSA to solve the proposed RUE model.

1) Set tolerance error e, the working route set K, ini-
tial traffic flow f” which is free flow travel time, and in-
itial iteration number n =0.

2) Use Eqgs. (4) to (8) to calculate the link 7', and path
T, travel time distribution.

3) Use Eq. (9) to update RTTCL.

4) Use Eqgs. (10) to (11) to calculate the search direc-



332

Sun Chao, Cheng Lin, Li Dawei, Ma Jie, and Tu Qiang

tion d"” and step size «'”, update the traffic flow """ =
f(n) + C((”) d(n) .

S5IF | f"" =f" ||/ | f" || <e, then stop. f"*" is
the optimal solution. Otherwise, set n: =n + 1, go to
Step 2.

The direction and step size are set as

d(n) :f(n)’ _f(n)

w

w (4 if y; =v® where v = mflx{y:}
L= (10)
0 otherwise
o =1 (11)
n

3 Numerical Examples
3.1 Nguyen-Dupuis network

The Nguyen-Dupuis network'"”" is presented to illustrate
the essential ideas of the RUE model, and the topology
and characteristics of the test network are depicted in Fig.
1. The network consists of 13 nodes, 19 links, and 4 OD
pairs. We adopt the commonly used BPR performance
function (based on Ref. [18], we set 8=0.15, n=4) in
Eq. (3). The values of §, and ¢ are equal to 0.3 and 10,
respectively. Link and traffic demand characteristics are
provided in Fig. 1. The algorithm is coded in Matlab
R2015b and tested on a personal computer with Intel( R)
Core(TM) i17-5600U CPU 2.60 GHz, 8 GB memory.
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Fig.1 Network topology, ODs and link characteristics
First, we show the convergence curve of the QMSA al-

gorithm in Fig. 2. We can see that the proposed QMSA
algorithm can converge to a high accuracy. After 1 s CPU

time, the tolerance error can reach approximately 1.0 x
107*. Thus, the designed algorithm is an effective meth-
od to solve the proposed model.
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Fig.2 Convergence of QMSA

Secondly, we examine the validity of the equilibrium
results of the RUE model in Tab. 1. We only show the
equilibrium results of OD pairs (1-3) and (4-2) here. As
expected, the RTTCL on all used routes for each OD pair
are greater than or equal to those of unused routes. This
satisfies the RUE equilibrium conditions, and the sum of
route flows is equal to the OD demand which satisfies the
demand conservation constraint. From this table, we can
also see that for the used route, although the mean of
travel time is larger, the standard deviation is smaller.
We should note that the threshold is not equal to the
difference of the longest and shortest mean of travel time
of used route. For example, in OD pair (1-3), the lon-
gest and shortest mean of travel time of the used route are
58.58 and 54. 59 s, respectively. Moreover, 58.58 s -
54.59 s#10 s. In fact, the mean travel time does not
mean the real travel time on a trip. People choose the
route where the probability of on-time arrival is within
64.59 s (i.e., the shortest average travel time plus the
threshold: 54.59 s +10 s) is maximal. Also, in reality,
there must be some people’s travel time that is greater
than, equal to or less than 64.59 s.

Tab.1 Equilibrium results of the RUE model

oD Route No. Sequence RTTCL Route flow/ Mez.m of tr.avel St@dmd .
of nodes (veh - h71) time/min deviation/min

1 1-5-6-7-11-3 0.671 102 55.50 20.53

2 1-5-6-10-11-3 0.671 165 58.58 13.58
13 3 1-59-10-11-3 0.660 0 59.14 13.21

4 1-12-6-7-11-3 0.671 233 54.59 22.59

5 1-12-6-10-11-3 0.663 0 57.67 16.45

6 1-59-13-3 0.671 300 56.55 18.16

7 4-5-6-7-8-2 0.678 281 43.18 21.64

8 4-5-6-7-11-2 0.637 0 45.59 21.66
42 9 4-5-6-10-11-2 0.637 0 48.66 12.90

10 49-10-11-2 0.678 319 47.16 13.03

11 4-59-10-11-2 0.621 0 49.22 12.85
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Finally, we illustrate the route choices of travelers with
different sensitivities. We obtain the RUE equilibrium so-
lutions of traffic flow, mean and standard deviation of
travel time on route 7 and 10 with respect to the travelers’
acceptable travel time difference & (from 2 to 20). Larger
acceptable travel time difference indicates that travelers
are more sensitive (risk-averse) to travel time reliability.
From Fig. 3, we can find that with the increase of
travelers’ acceptable travel time differences, the traffic
flows on route 10 gradually switch to route 7; the traffic
flows, means and standard deviations of travel time on
route 7 increase, while they decrease on route 10. This
means that more risk-averse travelers will spend a larger
mean of travel time but a smaller standard deviation of
travel time to ensure more on-time arrivals.
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Fig. 3
travel time differences

Route choices of travelers with different acceptable

3.2 Sioux Falls network

The well-known Sioux Falls network which consists of
24 nodes, 76 links, and 550 OD pairs is used to demon-
strate the applicability of the proposed algorithm.

The evolution processes of route flow, RTTCL and
mean of travel time of two routes connecting OD pair (7,
14) are shown in Figs. 4 and 5. The link sequences of
route 1 and route 2 are 7-18-16-10-11-14 and 7-8-6-5-4-
11-14, respectively. Fig.4 shows that the route flows can
rapidly converge to the equilibrium results. As expected,
from Figs. 4 and 5, we can find that the equilibrium re-
sults satisfy the RUE conditions and the conservation con-
straint.

4 Conclusion

The RUE model that explicitly considers travelers’ ac-
ceptable travel time difference in travelers’ route choice
decision process is proposed. RTTCL is defined as the
probability that a trip arrives within the shortest average
travel time plus the acceptable travel time difference. The
proposed model was tested in the Nguyen-Dupuis and
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Fig.4 Evolution processes of traffic flow for OD pair (7-14)
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Fig.5 Evolution processes of RTTCL and mean of travel time
for OD pair (7-14). (a) Convergence of RTTCL; (b) Convergence
of the mean travel time
Sioux Falls networks. The analysis results indicate that
more risk-averse travelers will spend a larger mean of
travel time but a smaller standard deviation of travel time
to ensure more on-time arrivals. The quasi MSA algo-
rithm is an effective method for solving the proposed
RUE model and the RUE model can provide a good re-
sponse to travelers’ behavior in the stochastic network.
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