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Abstract: The Braess paradox is an important phenomenon of traffi networks, and the robustness is a characteristic
that measures the network system performance under interference. Study of traffi network paradox and robustness
is an important topic of traffi assignment. In this paper, we investigate the paradox and robustness of dynamic
traffi network, in which, the influenc of all adjacent links on the link congestion is considered. In addition, we
discuss the influenc of other links on whether the adding link works under dynamic system optimal, etc. The
results show the shifty role of other links, which imply we should adjust the interaction between links rationally

with traffi situations changing.
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1 Introduction

Dynamic traffi assignment (DTA) is one of the
most important technologies of the intelligent trans-
portation system (ITS)[1], which has received exten-
sive attention of researchers and practitioners. Dur-
ing the process of investigating DTA, mathematical
programming[2]—[5], optimal control[6]—[8], varia-
tional inequality[9]-[11] are labeled as three main
analytical approaches. About the optimal control
methods, dynamic user equilibrium (DUE), dynamic
user optimal (DUO) and dynamic system optimal
(DSO) are proposed; the variational inequality meth-
ods equivalent to DUO include the models based on
the path congestion and link congestion.

The well-known Braess’ paradox has been con-
siderably investigated in the scientifi literatures since
it was proposed by Braess[12]. For example, Yang
and Bell[13] gave a capacity paradox design and stud-
ied how to avoid it. Pas and Principio[14] gained
the specifi range that paradox occurred. In recent
years, Hallefjord et al.[15] analyzed the traffi para-
dox when travel demand was elastic. Arnott et al.[16]
discussed properties of dynamic traffi equilibrium in-
cluding a paradox. Nagurney et al.[17] investigated
the time-dependent Braess paradox using evolution-
ary variational inequalities. Zhao et al.[18] studied
Braess paradox of traffi networks under user equilib-
rium. Zhao et al.[19] studied Braess paradox of traf-
fi networks under stochastic user equilibrium. In ad-
dition, Zhao[20] discussed the paradox of traffi net-
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works in which the link congestion is influence by
the fl w on the link and adjacent links at the same
path.

As we know, many distribution methods were
proposed during the process of investigating the traf-
fi assignment, such as the static methods including
user equilibrium (UE), user optimal (UO) and system
optimal (SO); the dynamic methods including DUE
and DSO. The relationship between UE and SO has
been investigated by a large number of researchers,
from which[21], we know the solution of UE and SO
is similar in the free fl w state and the difference be-
comes greater in the congested state.

Robustness is an important index in measuring
the stability of a traffi network. It is often used to
study the network under the partial degradation[34]—
[24]. Sakakibara et.al.[25] used a topological index
to quantify the road network dispersiveness. This ap-
proach can be used to evaluate the robustness of an
urban highway network subject to catastrophic dis-
aster. Scott et.al.[26] presented a method to iden-
tify the critical link and evaluated the network per-
formance. Moreover, he compared with the tradi-
tional volume/capacity (V/C) ratio. Hoogendoorn
et.al.[27] took into account the uncertainty in the pre-
dicted traffi condition and the system performance
based on the controlled Markov process, the new con-
trol methodology showed how to control for the re-
liability in the condition of the generic control in-
puts and objectives. Tizghadam et.al.[28] presented a
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self-organizing management system of a network, in
which, the requirement of the network was translated
to a graph-theoretic metric, and the management sys-
tem automatically evolved to a stable and robust con-
trol point by optimizing the metric. Mendes et.al.[29]
used the electrical model and herding model to de-
scribe the emerging of the traffi jam up to the traf-
fi gridlock and found the distributions of both the
avalanche size and the flu follow a paw-law. Many
different methods have been developed to study the
system robustness and to identify the critical network
components. Nagurney et.al.[30] proposed an index
named relative total cost to measure the network ef-
ficien y drop under UE when a link capacity went
down. Zhao et al.[19] studied the robustness of traffi

networks under stochastic user equilibrium.

In the previous dynamic traffi models, the con-
gestion on the link at time ¢ was dependent on the
link fl w, the infl w rate and outfl w rate on the link
at time ¢, which increased the complexity when some
traff ¢ phenomena were discussed. Afterwards, some
simplifie models were proposed, in which, the link
congestion was related to the fl w on this link. But
in reality the adjacent link fl w also has certain effect
on link congestion, especially during peak hours. In
order to simplify the traffi model and be more real-
istic, in this paper, we assume the link congestion at
time ¢ is related to the fl w on this link and all adja-
cent links to it at time ¢, and build dynamic traffi net-
work model. On the basis, we investigate the paradox
of dynamic traffi networks and the relationship be-
tween DUE and DSO. In addition, we use the relative
total cost index to study the robustness of the network
components under DUE when certain component is
removed from the network.

The paper is organized as follows. We firs re-
view the dynamic network equilibrium model and the
equivalent variational inequality with it; then we dis-
cuss the paradox and whether the adding link makes
sense under DSO, and we investigate the relationship
of the total congestion between different assignments;
in addition, we study the robustness of the network
under DUE; at last, the conclusions about the results
of the paper are given.

2 The DUE model
Braess paradox occurs

2.1 The DUE model

In this section, we firs review the DUE model, in the
network G = [N, L], where N, L denote the sets of
nodes and links, respectively. Let W with ny ele-
ments represent the set of origin/destination(O/D) and
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Py represent the set of paths joining the O/D pair w;
P with np elements denotes the set of all paths con-
necting all the O/D pairs in this network. Let d, ()
denote the demand at time ¢ between O/D pair w,
fa(t),z,(t) stand for the fl w on link a and path r
at time ¢, respectively. [0, 7] denotes the time interval
under consideration. ¢,(t) is the congestion on link a
at time ¢, C,(t) is the congestion on path r at time ¢

In this paper, we assume the congestion on the
link is dependent on the fl w on this link and all adja-
cent links at time ¢, that is,

Ca(t) = Ca(fa(t)a fl(t)v f2(t)a Ty fA(t)),\V/a €L,
(1)
where {1,2,--- | A} is the set of the adjacent links to
link a. The link fl ws and the route fl ws satisfy the
following conservation of fl w equations:

fat) = 2 (t)0a,Va € L,

reP

2

where 6, = 1 if link a is contained in route r, and
0ar = 0, otherwise. Then we have

Ca(t) = ca(w1(t), 22(), -~ 2r(t), ()

where {1,2,--- ,T'} is the set of paths containing link
a or the adjacent links to link a. The path congestion
and the link congestion satisfy the following equa-
tions:

Cy(t) = an(ml(t),xg(t), -+, xp(t))dar, Vr € P.

acl
4
The traffi demand at time ¢ must satisfy the following
conservation of fl w:

do(t) = Y we(t),Yw € W.
TGP’w

)

In addition, the model meets the following nonnega-
tive constraint and boundary initial condition:

za(t) > 0, (©)
24(0) = 0. ()

Then the definitio of dynamic network equilib-
rium satisfying Eq.(1)—(7) as follows[20]:

Definition 1 A path flow pattern:*(t) is defined as a
dynamic network equilibrium if, at each timeonly

the minimum congestion routes are used for each O/D
pair; which mathematical expression is given as fol-

lows:
= )\w<t)7 Zf 'r;(t) > 0;

>0, it -0 ©

Cpla™ (1)) {

where\,,(t) is the minimal path congestion at time
that is, A, (t) = min,cp{C,(t)}.
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Theorem 2 z*(t) is an equilibrium flow if and only if
it satisfies the following variational inequality:

/T < O (1), z(t) — 2" (t) > dt > 0. (9)
0

2.2 The dynamic network description and its
equilibrium solution

In the following, we consider four-link Braess net-
work in Fig.1. Let the total demand for travel from
origin o to destination r be d,,(t) = t. Further, as-
sume the problem is symmetric. Specificall , the link
congestion functions of the four-link network in fig.
are

Fig.1 Four-link network

Cop(t) 3(Vfop(t) + for (t) + foq(t)) + 10,
cqr(t) = 3(vfar(t) + foq(t) + fpr(t)) + 10,
Cog(t) = (7foq(t) + far(t) + fop(t)) + 20,
cpr(t) = (Vfpr(t) + fop(t) + for(t)) + 20,

where c;;(t) is the travel congestion on link ¢j at time
t, fij(t) is the fl w on link 75 at time ¢, -y is the scaling
parameter which differences the influenc between the
given link and others. Generally, v > 1. In the four-
link network, there are two paths from the origin o to
the destination r, and the path fl w satisfie the fol-
lowing relationship:

T (t)
T2 (t) =

fop(t) = fpr(t)7
foq(t) = fqr(t)v

where x, is the fl w from o to r on path £ at time ¢, in
addition, the costs on the paths are given as follows:

Ci(t) = cop(t) + cpr(t)
= 4(y + Dai(t) + 4wz (t) + 30,
Ca(t) = coq(t) + cqr(t)

= 41‘1(t) + 4(")/ + 1).%'2(t) + 30,
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where Cy(t) is the travel congestion from o to r on
path k at time ¢; the total demand satisfie the follow-
ing conservation of the fl w:

dw(t) = .’El(t) + $2(t).

The equilibrium solution of the four-link network
is easily gets as follows according to Def. 1:

wi() = w3 =,
C1(t) Co(t) = 2(y + 2)t + 30,
CHt) = 2(y+2)t? + 30t

where C%(t) is the total system travel congestion un-
der dynamic network equilibrium at time ¢ for the
four-link network.

Add the link pq based on Fig.1, there appears a
new path opgr from o to r in Fig.2.

Fig.2 Five-link network

The link congestion functions are given as fol-
lows:

Cop(t) = 3(’onp(t) + fpr(t) + qu(t) + foq(t)) + 10,
car(t) = 3(Vfar(t) + foq(t) + foa(t) + fpr(t)) + 10,
og(t) = (Vfoq(t) + far(t) + fpa(t) + fop(t)) + 20,
cpr(t) = (Vfpr(t) + fop(t) + fpg(t) + for(t)) + 20,
pg(t) = 2(7Spg(t) 4 fop(t) + far(t) + Fpr(t) 4 foq ()
+35.

The traffi fl w on each link is as follows:

Jop(t) = x1(t) + z3(t),

for(®) = x1(t),

fog(t) = xa(t),

Jor(t) = xa(t) + 23(t),

fra(?) z3(t).

The costs on the paths of fve-link network are given
as follows:

Ci(t) = 4(y+ Day(t) + daa(t) + (3y + 6)xs(t) + 30,
Ca(t) = 4dzi(t) +4(y + Da2(t) + 3y + 6)z3(t) + 30,
C3(t) = (3y+10)(z1(t) + z2(t)) + 2(4y + 5)z3(t) + 25.

Volume 12, 2017



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

The total demand satisfie the conservation of the fl w
as follows:

du(t) = 1(t) + 22(t) + 23(L).

According to theorem 2, the variational inequality
of the fve-link network over ¢t € [0,7] is given as
follows:

T
/0 (A(y + 1)2 (1) + 425(8) + (37 + 6)a(¢) + 30)

(21(2) = 27(2)) + (427 (t) +4(y + Dz3(1)

+ (37 + 6)a3(t) + 30) (22(t) — 25(1))
+ (37 + 10)(21(t) + 23(t)) + 2(4y + 5)z3(t)
+25)(3(t) — 23(t))dt = 0.

Because dy,(t) = z1(t) + z2(t) + x3(t), dw(t) =
xi(t) + x5(t) + x5(t), z3(t) = x3(t), the above vari-
ational inequality implies that:

T
/0 (4(27 - 1)@[@) - (57 + 4)t + 5)<x1(t) + $2(t) 0357143

— 227 (t))dt > 0,
we consider the term:
(42y—1)z

for the fi ed ¢ and analyze when its value is greater
than or equal to zero. It implies, if 23 (¢) = 0, we have
—(5y+4)t+5 > 0, thent < that is, when

telo

5y+4>
5
’ 574—4]’

2i(t) = 23(t) = 0, 25(t) = t.

If 23(t) = 0, we have 2} (t) = £

5 that

then ¢t > 'Y+6’

is, when ¢ € (%7 +00),

* * t *
Fi(t) = 3(t) = 5,w3(8) = 0.
when t € (57+4, wiG]
. (5y+4)t—5
t) = t) = —F——
s —(y+6)t+5

Assume v = 2, the equilibrium fl w of the fve-link
network is pictured in Fig.3(time(h) vs flow(veh)),
in range I and II: [0, ], only the new path is used;
in range III: (1 T g) all three paths are used; in range
IVv: [8, +00), only the firs two paths are used, i.e., the
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third path is never used when ¢ > % Corresponding to
different ranges, the total travel congestion of f ve-link
network is given as follows:

5
5y +4’
(792 + 4y — 20)t + 5(y + 2)

4y —2

CP(t) = 2(4y + 5)t2 + 25t, if t <

— ¢ +30],

i <t < ——,
f57+4 v+6
5

=2 N2 +30t, ift>——.
(v +2)t" + if 6

where C®(t) is the total congestion for the fve-link
network.

0.5 T T

£ (0=1¢

0.2777780.357143 0.625

Fig.3 Equilibrium fl w of the dynamic
network(t(h) vs flow(veh))

2.3 The paradox under dynamic network
equilibrium

Let C° > C*, we gett € (521 (v+1) , 45 i-€., the para-

dox occurs in the range. Let v = 2, we can fin the

paradox occurs in range II and III in Fig.3.

In order to capture the trend of the paradox when
~ changes, we give the definitio of interval length
and use it to represent the appearance of the para—
dox. The interval length of (573 (“/+1) 7+6) is L =

vi6 — 6(711). It is well known that probability of
paradox occurrence and interval length is in scale. In
Fig.4, we give the variation tendency of L with
changing, and fin the probability of paradox occur-

rence firstl increases then decreases with ~ increas-
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ing. When v = /6, the probability reaches the max-
imum, which explains the interaction of links influ

ences the occurrence of paradox. Thus we may take
some appropriate measures to affect the interaction of
the links in order to control the occurrence of the para-
dox.

Fig.4 Occurrence trend of the paradox

2.4 Does the adding link make sense under
DSO?

We have known, under the static traffi assignment,
adding a new link does not reduce the total system
travel time even under system optimal[14]. Subse-
quently, we discuss the phenomenon under DSO. As
we have known, DSO is obtained by charging users
the marginal cost of traveling, for the link congestion
in this work, the marginal link congestion functions
are given as follows:

cop(t) = 3(27fop(t) + for(t) + fra(t) + fog(1))
+10,

Car(t) = 3(27fgr(t) + foq(t) + fpq(t) + frr(1))
+10,

cog(t) = (27 oq(t) + far(t) + frq(t) + fop(t))
+20,

() = (29 pr(t) + fop(t) + foq(t) + for(t))
+20,

pg(t) = 2027 fpg(t) + fop(t) + for(t) + foq(t)

+fqr(t)) + 5.
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The corresponding path marginal cost equations are

Ci(t) = 42y + Va1(t) + 4xo(t) + 6(y + 1)a3(t)
+30,

Cé(t) = dx(t) +4(2v + 1).732(t) + 6(")/ + 1).%'3<t)
+30,

Ci(t) = (67 + 10)(x1(t) + z2(t)) + 2(8y + 5)x3(t)
+25.

Then the variational inequality of the fve-link dy-
namic traffi network over t € [0,7] under DSO is
given as follows:

T
A (4(2y + 1)a}(t) + Az3(t) + 6( + 1)(t) + 30)

(z1(t) — 21(2)) + (41 (t) + 42y + a3 (?)
+6(7 + Da3(t) + 30)(z2(t) — 25(¢)) + ((67
+10) (2 (t) + 23(1)) + 2(8y + 5)ai(t)
+25) (w3 (t) — i(t))dt > 0.

21 (t) + @2(t) + 23(1), duw(t) =

Because dy,(t) =
x3(t), 7 (t) = x5(t), we have

i (t) + 5(t) +

T
A (A(dy — 1)t (t) — 2057 + 2)t + 5) (w1 (1) + a2 (1)
— 2% (1))dt > 0.

Let z5(t) = 0, then 7 (t) = 23(t) = £, if the value of
Jo A4y =1)z5 (1) = 2(57+2)t +5) (w1 (1) +w2(t) -
2x7(t))dt is greater than or equal to zero, we must
have

t
4y —1)5 — 2067+t +5 2 0,

then we obtain ¢ < 5>+ +6, it implies when ¢ > 5> +6,
x3 = 0, i.e., the addlng link is not used. Thus when
t € (0, 27%), the adding link makes sense under
DSO. In the following, we give the trend of the upper
bound under which the adding link works under DSO
with the parameter + changing in Fig.5 and fin the
bound becomes smaller as v increasing. It explains
that the less the influenc of the other links is, the less
the possibility that the adding link works under DSO,
which warns us of improving the influenc between
the links appropriately if we want to make the adding
link work under DSO.

2.5 Relationship between the cost under
DUE and DSO

About the relationship between total congestion under
different kinds of distributions, researchers have done
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10

Fig.5 The bound above which an adding link can not
make the total costs increase under DSO

a large number of study[31], where we know, under
static traffi assignment, the solution between UE and
SO is approximative in the free fl w state; as the traffi
becomes more congested, the difference between the
solution under UE and that under SO becomes greater.
In this work, it shows the influenc of other links to
the congestion relationship between DUE and DSO
with a plot Fig. 6, in which, the distance between to-
tal congestion i.e.,|Cpyr — Cpsol|(Veh) vs t(h). In
Fig.6, let v be 1, 3, 5, respectively, and find the dis-
tance between different assignments under congested
state is greater than that under free fl w state, which
is same as the situation under the static assignments;
in addition, |Cpyr — Cpso| becomes larger with
increasing under congested state, which is explained
as follows: the influenc of other links on the con-
gestion on the given link decreases with « increasing,
that is, the influenc of other links is ignored, which
is contrary to the choice principle of DSO.

3 Importance identification of net-

work components

As an important branch of the trafti network robust-
ness, the importance identificatio of network compo-
nents has been widely investigated[19][32]-[34]. In
this section, we use the relative total cost index[30]
to study the importance identificatio of the network
components under DUE when certain component is
removed. First, we briefl review a few concepts. The
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15 T T T T T T
y=5
10 1
y=3
5 - 4
/ y-1
0 : ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4

t(h)

Fig.6 The distance between Tphy g and Tpso

total congestion on link a is denoted as follows:
tAa = 75af a

where {, is the total congestion on link a, %, is the
unit congestion on link a, f, is the traffi fl w on link
a. The link fl w f is nonnegative and and satisfie
the fl w conservation. The total congestion 7'C' of the
network is given by:

TC = zzjf;,

acl

where L is the set of links. Then the relative total con-
gestion index of the link [ can be define as follows:

_ TC(G-1)-TC

T
TC

(10)

Where I' is define as the importance indicator of
link { under DUE, T'C (G —1) denotes the total conges-
tion when link [ is removed from the network. Simi-
larly, the importance indicator of node M is denoted
as follows:

o _ TO(G - M)~ TC

TC (b

It is stated in Sect.2 that the total congestion is
different in different ranges. In this section, the val-
ues of the link congestion given in Sect.2 are used to
investigate the importance indicators and its contribut-
ing factors. Let v = 2, before the removal of the net-
work components, the total congestion of the f ve-link
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Table 1: Total congestion after removing different
links in different ranges.

Chunxue Zhao

Table 3: Importance rankings of links in different
ranges.

I I 1 Iv
I 1 11 v

op 1 1 1 1
TC(G —op) 12t +30t 12t*+30t 12¢* +30t 12t* 4 30t og 3 2 1 1
TC(G —oq) 26t*+ 25t 26t>+25¢ 12t +30t 12t> 4+ 30t o3 2 1 1
TC(G—pr) 26t%+25t 26t>+25t 1262 +30t 12t% + 30t g 1 1 1 1
TC(G—qr) 12430t 12t*+30t 12¢% +30t 12t% + 30¢ pg 2 3 2 2
TCO(G—pq) 8t2+30t 82430t 82+30t 8>+ 30t

Table 2: Total congestion after removing different
nodes.

TC(G —o0) +oo
TC(G—p) 12t2+ 30t
TC(G —q) 12t2 + 30t
TC(G—r) +oo

network is as follows:

I:TC = 26t + 25t
IT:TC = 26t + 25t

2
111 e - 100
IV : TC = 8t + 30t

After link op oq pr qr and pq are respectively re-
moved, the explicit formulas of the total congestion of
the network can be showed in table 1.

When node o p g or r is respectively removed, the
total congestion of the network can be showed in table
2.

Where +oo denotes that the traffi process cannot
be achieved if the node is missing, so the node cannot
be deleted.

After the components are removed, the explicit
formulas of the importance indicators are easily ob-
tained according to formula (10)—(11), they will not be
listed here to save space. Only the importance rank-
ings of links and nodes in different ranges is listed in
Table 3—4.

From Table 3—4, it can be seen that the robustness
of different components is different. If traffi situa-
tion change, that is, the traffi network is paralytic, we
should firs repair the work of important links or nodes
as soon as possible according to importance rankings
of links and nodes based on the decomposable nature
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Table 4: Importance rankings of nodes in different
ranges.

—
p—
—

m 1v

TR 3 O
—_ N DN =
—_— NN =
—_— NN =
—_— NN =

of origin-destination fl w of the traffi network. In ad-
dition, when the traffi demand is in different ranges,
the importance rankings of the corresponding compo-
nents are also different. At this point, we should fur-
ther analyze traffi network path congestion and get
the optimal path of traffi network, at the same time,
partial balance paths are also taken into account to ob-
tain the actual traffi network structure. Therefore, the
discussion about the robustness is very important to
plan the link indicators appropriately so that the sys-
tem can adapt to the random change of traffi situation
in real life.

4 Conclusions

In this work, we assume the link congestion is re-
lated to the fl w on the link and all adjacent links
to this link, and investigate the paradox phenomenon
and robustness of the traffi network by methods of
the variational inequality. Using the Braess network,
we fin that the possibility that paradox occurs firstl

increases then decreases with the influenc of other
links decreasing; but the possibility that the adding
link makes no sense decreases all the time under DSO,
which reminds us of adjusting the interaction between
the links correctly according to the different purposes
in the traffi assignment; in addition, we fin the dif-
ference between the total congestion under DUE and
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that under DSO increases with v increasing, which
further explains the essential difference between DUE
and DSO. At last, we fin the robustness of different
components is different and the robustness changes
with traffi demand changing. The mechanisms for
the dynamic traffi network which are closer to the
reality need further study.

Acknowledgements: The research was supported
by National Natural Science Foundation of China
(71171124,11401011), it was also supported by Nat-
ural Science Research Project of the Education
Department in Henan Province (14B110032) and
Research Development Project of Anyang Normal
University(AYNU-KP-A02).

References:

[1] X.H. Yang, X.F. Wang, A global-voting map
matching algorithm on the base of taxi GPS

data, WSEAS TRANSACTIONS on SYSTEMS

14,2015, pp. 148-157

[2] J.R. Birge, J.K. Ho, Optimal fl ws in stochastic
dynamic networks with congestion, Operations
Researcht1, 1993, pp. 203-216.

[3] M. Carey, A constraint qualificatio for a dy-
namic traffi assignment model, Transporta-
tion Science0, 1986, pp. 55-88.

[4] B.N. Janson, Dynamic traffi assignment for
urban road networks, Transportation Research
Part B25, 1991, pp. 143-161.

[5] B.N. Janson, Convergent algorithm for dy-
namic traffi assignment, Transportation Re-
search Record328, 1991, pp. 69-80.

[6] T.L. Friesz, F.J. Luque, R.L. Tobin, Dynamic
network traffi assignment considered as a con-
tinuous time optimal control problem, Opera-
tions ResearcBi7, 1989, pp. 179-191.

[7] B. Ran, D.E. Boyce, L.J. LeBlanc, A new class
of instantaneous dynamic user-optimal traffi
assignment models, Operations Researchl,
1993, pp. 192-202.

[8] B.W. Wei, T.L. Friesz, R.L. Tobin, Dynamic
user optimal traffi assignment on congested
multidestination networks, Transportation Re-
search Part B4, 1990, pp. 431-442.

[9] H.K. Chen, C.F. Hsueh, A model and an al-
gorithm for the dynamic user-optimal route
choice problem, Transportation Research Part
B 32, 1998, pp. 219-234.

[10] R. Jayakrishnan, K.W. Tski, A. Clen, A dy-
namic assignment model with traffi fl w re-
lationships, Transportation Research Part &
1995, pp. 51-72.

E-ISSN: 2224-2856 295

Chunxue Zhao

[11] B. Ran, D.H. Lee, M.S.I. Shin, Dynamic traf-
fi assignment with rolling horizon implemen-
tation, Journal of Transportation Engineering
128, 2002, pp. 314-322.

[12] D. Braess, Uber ein paradoxon der verkehrs-
planung, Unternehmensforschung2, 1968,
pp- 258-268.

[13] H. Yang, M.G.H. Bell, A capacity para-
dox in network design and how to avoid it,
Transportation Research Part 32(7), 1998,
pp- 539-545.

[14] E. Pas, S. Principio, Braess’ paradox: some
new insight, Transportation Research Part B
31, 1997, pp. 265-276.

[15] A. Hallefjord, K. Jornsten, S. Storoy, Traf-
fi equilibrium paradoxes when travel demand
is elastic, Asia-Pacific Journal of Operational
Trsearchl 1, 1994, pp. 41-50.

[16] R. Arnott, A.D. Palma, R. Lindsey, Proper-
ties of dynamic traffi equilibrium involving
bottlenecks, including a paradox and metering,
Transportation Science7, 1993, pp. 148-160.

[17] A. Nagurney, D. Parkes, P. Daniele, The inter-
net, evolutionary variational inequalities, and
the timedependent Braess paradox, Computa-
tional Management Scienee 2007, pp. 355-
375.

[18] C. X. Zhao, B. B. Fu, T. M. Wang, Braess’
paradox phenomenon of congested traffi net-
works, Journal of Transportation Systems En-
gineering and Information Technology?2,
2012, pp. 155-160.

[19] C. X. Zhao, B. B. Fu, Braess paradox and ro-
bustness of traffi networks under stochastic
user equilibrium, Transportation Research Part
E61, 2014, pp. 135-141.

[20] C. X. Zhao, Dynamic traffi network and time-
dependent Braess’ paradox, Discrete Dynamics
in Nature and Societ014, 2014, pp. 1-8.

[21] N.P. Joseph, B. Shlomo, Some observations on
stochastic user equilibrium and system opti-
mum of traffi assignment, Transpn Res. B4,
2000, pp. 277-291.

[22] Y.C. Zhang, G.G. Zhang, Y. YU, Modeling and
1 synthesis control of vehicle active suspension
with motor actuator, WSEAS TRANSACTIONS
on SYSTEMSI, 2012, pp. 173-186.

[23] Y.Q. Lu, F.G. Qiu, J.H. Xin, W.Y. Shang, Dy-
namic obstacle avoidance for path planning and
control on intelligent vehicle based on the risk
of collision, WSEAS TRANSACTIONS on SYS-
TEMSI12, 2013, pp. 154-164.

Volume 12, 2017



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

[24] Z. Lokaj, M. Srotyr, T. Zelinka, M. Jerabek,
P. Kumpost, Telematics system for increas-
ing the road safety by predicting the occu-
pancy of the parking areas on the highways,
WSEAS TRANSACTIONS on SYSTEMS
2014, pp. 450-456.

[25] H. Sakakibara, Y. Kajitani, N. Okada, Road
network robustness for avoiding functional iso-
lation in disasters, Journal of Transportation
Engineeringl 30, 2004, pp. 560-567.

[26] D.M. Scott, D. Novak, L. Aultman-Hall,
F. Guo, Network robustness index: a new
method for identifying critical links and eval-
uating the performance of transportation net-
works, Journal of Transport Geography4,
2006, pp. 215-227.

[27] S.P. Hoogendoorn, V.L. Knoop,
H.J.van Zuylen, Robust control of traffi
networks under uncertain conditions, Jour-
nal of Advanced Transportatiod2, 2008,
pp- 357-377.

[28] A. Tizghadam, Leon-Garcia Alberto, Auto-
nomic traffi engineering for network robust-
ness, IEEE Journal on Selected Areas in Com-
munication28, 2010, pp. 39-50.

[29] G.A. Mendes, L.R.da Silva, H.J. Herrmann,
Traffi gridlock on complex networks, Physica
A 391, 2012, pp. 362-370.

[30] A. Nagurney, Q. Qiang, A relative total cost
index for the evaluation of transportation net-
work robustness in the presence of degradable
links and alternative travel behavior, Interna-
tional Transactions in Operational Research
16, 2009, pp. 49-67.

[31] J.N. Prashker, S. Bekhor, Some observations
on stochastic user equilibrium and system opti-
mum of traffi assignment, Transportation Re-
search Part B34, 2000, pp. 277-291.

[32] A. Nagurney, Q. Qiang, The internet, A
network efficien y measure for congested
networks, Europhysics Letters79, 2007,
pp- (38005)1-5.

[33] A. Nagurney, Q. Qiang, Robustness of trans-
portation networks subject to degradable links,
Europhysics Letter80, 2007, pp. (68001) 1-6.

[34] A. Nagurney, Q. Qiang, L.S. Nagurney, Envi-
ronmental impact assessment of transportation
networks with degradable links in an era of cli-
mate change, International Journal of Sustain-
able Transportatiort, 2010, pp. 154-171.

E-ISSN: 2224-2856 296

Chunxue Zhao

Volume 12, 2017





