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ABSTRACT

Despite their inherent vulnerability to structural and
functional degradation, transportation networks play a vi-
tal role in the aftermath of disasters by ensuring physical
access to the affected communities and providing services
according to the generated needs. In this setting of oper-
ational conditions and service needs which deviate from
normal, a restructuring of network functions is deemed to
be beneficial for overall network serviceability. In such con-
text, this paper explores the planning of post-disaster oper-
ations on a network following a hazardous event on one of
the network’s nodes. Lane reversal, demand regulation and
path activation are applied to provide an optimally recon-
figured network with reallocated demand, so that the net-
work performance is maximized. The problem is formulated
as a bi-level optimization model; the upper level determines
the optimal network management strategy implementation
scheme while the lower level assigns traffic on the network.
Three performance indices are used for that purpose: the
total network travel time (TNTT), the total network flow (TNF)
and the special origin-destination pair (OD pair) accessibili-
ty. A genetic algorithm coupled with a traffic assignment pro-
cess is used as a solution methodology. Application of the
model on a real urban network proves the computational ef-
ficiency of the algorithm; the model systematically produces
robust results of enhanced network performance, indicating
its value as an operation planning tool.
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1. INTRODUCTION

Impacts of natural and man-made disasters
have increased in the recent years. According to the
World Bank [1], natural disasters, especially climate
change-related ones, exhibit an upward trend in num-
ber, magnitude and impacts. In addition, recent events
from around the world show that, nowadays, human-in-
duced disasters have evolved from abstract scenari-
0s and unlikely past events to real-life threats to the
modern world. It is thus obvious that the necessity of
effective countermeasures against different types of
disasters is more imperative than ever before.

There are three major differences between natu-
ral and man-made disasters. The first one regards the
extent of disaster impacts. Natural disasters tend to
affect extensive areas [2] and are more complex and
variable in shape [3]. Man-made disasters, on the oth-
er hand, can be seen as single-source catastrophes
which extend to their surrounding area [2,3]. The sec-
ond one refers to the impact magnitude. Natural disas-
ters generally have an even impact over the affected
area, while the impact of man-made disasters is more
concentrated on the origin node [2]. The third differ-
ence concerns the occurrence of timing and progres-
sion of the phenomenon. While some of the natural
disasters can be anticipated and/or their progression
can be monitored, man-made disasters cannot be
foreseen despite the existence of any possible infor-
mation about them [4].
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In both natural and man-made disasters, transpor-
tation networks are of significant practical importance
since they (a) provide emergency services on the basis
of the generated needs, (b) ensure physical access to
the affected regions, and (c) are vulnerable to struc-
tural and functional degradation [5]. In their study,
Zimmerman et al. [6] highlight the importance of net-
work’s availability and capacity in the effectiveness of
post-disaster operations while they note that the Fed-
eral Highway Administration (FHWA) “recognizes the
unique challenges posed by the disaster environment
on mobility and the safe and secure movement of peo-
ple and goods”. In this context, identification and em-
ployment of appropriate management strategies in the
planning process of network operations is deemed to
be beneficial for overall network serviceability.

In contrast to the typical evacuation studies where
traffic is only heading outbound, this paper examines
the general operation of a network in the post-disas-
ter phase with the use of an integrated model. The
scenario considered assumes a life-threatening, haz-
ardous event on one of the network’s nodes. Such an
event could include an explosion or a major fire in a
building or in a number of buildings. Applying three
different management strategies: (a) lane reversal, (b)
demand regulation and (c) path activation, enhance-
ment of network performance is pursued through the
minimization of the total network travel time (TNTT)
and the maximization of the total network flow (TNF)
and the special origin-destination pair (OD pair) acces-
sibility. To the best of the authors’ knowledge, it is the
first time that accessibility between a set of special OD
pairs defined on a network is introduced as a perfor-
mance measure in a post-disaster management con-
text, and it is also the first time that the TNTT and the
TNF are coupled with one another and the special OD
pair accessibility to form a combined index. This com-
bined index acts as a multi-aspect measure of perfor-
mance, catching different parameters of network func-
tionality, and is deemed to provide improved results in
terms of transportation network redesign on the basis
of the generated needs. The problem is classified as a
variant of the mixed network design problem (MNDP)
and is formulated in terms of bi-level programming; the
upper level determines the optimal network manage-
ment strategy implementation scheme while the low-
er level assigns traffic on the network. The proposed
model is solved using a meta-heuristic algorithm and
is applied on the real urban network of a mid-size city
in Greece. According to Menoni [7], the urban space
raises the complexity of disaster management due to
the high concentration of people, activities, structures
and infrastructures. It seems thus reasonable to use
a real urban network as a test-bed to the problem at
hand.

The next section offers a review of research on
disaster management in transportation networks
and highlights the motivation and contribution of this
paper. Next, the proposed model and solution proce-
dure are presented. The model is then applied to the
proposed network and results are presented and dis-
cussed. The paper concludes with the findings of the
study.

2. BACKGROUND

As already explained, the disaster environment
poses unique challenges on transportation networks.
The impact of a catastrophe in terms of physical and
functional degradation of the network’s components
as well as travelers’ behavior, combined with the
emerging needs for protection of the population, relief
operations and restoration activities, imply that plan-
ning for disasters is a multi-aspect process. In this set-
ting, continuation of service provision requires restruc-
turing of network functions; this may include network
reconfiguration and/or other management tactics on
the basis of the strategies employed and the objec-
tives set.

Both management strategies and system objec-
tives are related to the operations undertaken on the
post-disaster network. Indeed, consideration of specif-
ic types of operations can potentially have an impact
on the measures used to evaluate network perfor-
mance. For example, in evacuation planning, network
performance measures could include network clear-
ance time or total system throughput. Nevertheless, in
post-disaster network management those indices may
be inappropriate. It is thus important that network per-
formance is expressed in a way that can best describe
the actual post-disaster network state while fitting the
objectives of the operation plan.

Network performance can generally be estimated
on the basis of flow-dependent or flow-independent
measures [8]. In a post-disaster environment, it is eas-
ier to estimate flow-independent measures since they
depend solely on network’s physical state and avoid
the uncertainties of flow estimations. Chang and No-
jima [9] argue that flow-dependent measures are of
limited practical significance in a post-disaster envi-
ronment due to the lack of available data. However, in
her study, Chang [10] argues that flow-dependent mea-
sures are better in providing insights regarding network
performance in cases of sudden network changes,
such as those caused by disasters. For example, Ukku-
suri and Yushimito [11] dismiss the use of the shortest
distance paths as the appropriate measure for perfor-
mance estimation. In their study, the criticality of net-
work links is assessed by link capacity reductions and
user equilibrium (UE) analysis for total network travel
time estimation. As already explained, flow-dependent
measures are susceptible to the inherently present
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stochasticities of the post-disaster environment; vari-
ability of travel times on network links can be magnified
in a post-disaster state due to congestion phenomena
and travelers manifesting short-term behavior [10,12].
In the present framework, flow-dependent and flow-in-
dependent measures are combined to provide an in-
tegrated network performance index. For this reason,
three general types of performance indices are used:
the total network travel time (TNTT), the total network
flow (TNF) and the special OD pair accessibility.

The TNTT, defined as the sum of all vehicles' trav-
el times, is a popular performance measure in evac-
uation studies [13]. Studies employing the TNTT in
performance evaluation include those of [13-17].
The TNF, on the other hand, refers to the fraction of
the demand satisfied in the post-disaster stage and
is directly related to the demand regulation strategy,
which will be analyzed in the subsequent paragraph.
Finally, accessibility generally refers to the ease of
approaching a certain destination [18] and can be a
distance-based measure, a time-based measure, or
a combination of both. Accessibility can be used in a
variety of concepts [19], with different types of classi-
fication proposed in the literature [19-21]. When used
in a disaster management context, accessibility has,
until now, focused on various forms of distance-based
measures; in most cases, these are based on mini-
mum distance paths in the pre- and post-disaster net-
work states. Distance-based accessibility approaches
the problem from a topological point of view, providing
thus estimates of post-disaster node connectivity. This
kind of measure is usually weighted by some factor,
such as population data (e.g. [22]) or pre-disaster OD
data (e.g. [9,10]). Time-based accessibility measures,
on the other hand, relate accessibility with travel time
on the network links. However, the stochasticities re-
lated to the post-disaster environment and its impact
on travel behavior have generally prevented research-
ers from using these types of models. In the literature,
Bono and Gutiérrez [23] used a distance-based acces-
sibility index while Chang and Nojima [9] estimated
the post-disaster performance of an earthquake-raid-
ed area with three different measures: total length of
network open, and total and area-based accessibility.
Later, Chang [10] expanded her previous research by
formulating the travel time-based accessibility index.
Chen et al. [24] developed an accessibility measure
based on a random utility theory while Kondo et al.
[25] made use of gravity models. Sohn [26] developed
a composite measure of travel distance and traffic
volume weighted by population data. Finally, Taylor et
al. [27] used three types of measures for regional net-
work performance evaluation and influenced the sub-
sequent work of Taylor and D’ Este [28] and Taylor and
Susilawati [22].

In addition, several management strategies have
been proposed in the literature for post-disaster net-
work planning. However, the problem of emergency
traffic management has mostly been treated as a
continuous network design problem (CNDP), with de-
mand regulation being the major strategy implement-
ed for enhancing post-disaster network performance
(e.g. [12,29]). By definition, demand regulation refers
to the imposition of some kind of control over the al-
lowable traffic movements. In lida et al. [12], demand
regulation has the form of area regulation, implying
the determination of vehicular traffic rates allowed to
enter the damaged regions. In Sumalee and Kurauchi
[29], demand regulation refers to the fraction of traffic
allowed to travel between the OD pairs, while in Da-
ganzo and So [30] and Sisiopiku [31] it has the form
of access prohibition in highways, therefore referring
to “linear regulation of traffic”, according to the defini-
tion provided by lida et al. [12]. Expanding the practice
of focusing solely on demand regulation in emergency
traffic management, Konstantinidou et al. [17] argued
in favor of incorporating lane-based strategies in the
disaster management framework. Among those strate-
gies, lane reversal is probably the most widely applied.
Lane reversal is about shifting the direction of some
of the opposing lanes on a roadway segment with the
objective of capacity augmentation on the basis of the
generated needs. Due to its simplicity and straightfor-
ward manner, lane reversal has been applied in many
evacuation (e.g. [4,32-35]) and post-disaster network
management studies (e.g. [16,17]).

In the present study, three management strategies
(lane reversal, demand regulation and path activation)
are employed to enhance post-disaster network func-
tionality. Due to the nature of the design variables, the
problem belongs to the category of mixed network de-
sign problems (MNDPs) and is formulated as a bi-level
optimization problem.

3. MODEL FRAMEWORK

Under emergencies, and despite the challenging
external conditions, transportation networks are ex-
pected to be adequately functional in order to provide
vital services for population safety, community resto-
ration and continuation of activities. In order to do so,
physical and functional degradation of transportation
infrastructure has to be mitigated through careful plan-
ning; disaster management is a multi-stage process
which begins with pre-disaster planning and system
improvement, and extends to post-disaster system
response, recovery and reconstruction [36]. The two
stages act in a synergetic manner; pre-disaster plan-
ning involves strategic decision-making for risk assess-
ment and management, infrastructure improvements
to reduce vulnerability and formulation of emergency
plans [5]. The post-disaster stage involves tactical and
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operational decision-making for providing critical emer-
gency, recovery and reconstruction services to support
society [5]. In both phases, the effective deployment of
appropriate management strategies lies at the core of
every successful disaster management plan.

In the present study, a hazardous event on one of
the network’s nodes sets the disaster environment
where the problem unfolds. Due to the possible risk of
human life losses and injuries, the four city blocks ad-
jacent to the attacked node are blocked as a matter of
precaution, setting the capacity of the respective links
to zero. The surviving network now has to face: (a) the
regular transportation needs of the network users un-
der operational conditions which deviate from normal,
(b) the danger that the expected irregularity of traffic
patterns may lead to congestion phenomena and grid-
locks, and (c) the fact that access to some network
nodes may be of particular importance during the
post-disaster phase and should be especially consid-
ered in an estimation of network serviceability. Such
nodes could correspond to facilities which are vital for
population safety, community restoration and contin-
uation of activities such as hospitals, police and fire
stations, shelters, and so on. It seems thus reasonable
that the state of connectivity conditions to/from these
nodes should be especially accounted for and evaluat-
ed when formulating a disaster management plan. For
this reason, in the present problem, a set of three high
importance nodes is defined on the network; each
of these nodes is assumed to correspond to a facili-
ty which is vital for the restoration of the community
and its activities in the aftermath of the disaster. Next,
a set of special OD pairs is defined; the sets are for-
mulated between the aforementioned network’s high
importance nodes and other network nodes. In this
problem, and considering network size, seven special
OD pairs are defined. Each special OD pair is then as-
sumed to be connected by a set of paths determined
with the use of a k-shortest path algorithm (k equals
two). It must be noted that the problem formulation is
not restrictive with respect to the number of special
OD pairs defined on the network; that is, consideration
of the seven special OD pairs in this particular case
study is a problem hypothesis in order to test the for-
mulated model.

During the formulation of the disaster management
plan, three management strategies are employed on
the post-disaster network for the enhancement of its
performance: (a) lane reversal, (b) demand regula-
tion, and (c) activation of a set of paths between the
network’s special OD pairs. Lane reversal attempts to
reallocate the available roadway capacity on the ba-
sis of the generated needs by shifting the direction of
some of the opposing lanes on the roadway segments.
Demand regulation aims at managing the demand so
that it does not contribute to further deterioration of

the network functionality and refers to the fraction of
the demand allowed to travel between the network’s
OD pairs. Finally, in path activation, the algorithm inter-
nally seeks to activate the shortest distance and short-
est travel time paths between at least four out of the
seven special OD pairs defined on the post-disaster
network. Performance of the activated paths is then
assessed in terms of accessibility. This way, the algo-
rithm puts special weight on the state of connectivity
conditions between the network’s special OD pairs in
the estimation of overall network serviceability. There-
fore, access to network’s high importance nodes is
emphasized and especially accounted for in the for-
mulation of the final network management strategy
implementation scheme.

Due to the nature of the design variables (lane
reversal and path activation are discrete variables,
whereas demand regulation is continuous), the prob-
lem at hand belongs to the category of MNDPs and
is formulated in terms of bi-level programming. The
upper level determines the optimal network manage-
ment strategy implementation scheme while the lower
level assigns traffic on the network. The employment
of the three management strategies aims at the for-
mulation of the reconfigured network with reallocated
demand so that network performance is maximized.

Three performance indices are used for that pur-
pose: the total network travel time (TNTT), the total
network flow (TNF) and the special OD pair accessibil-
ity. These three indices act as a multi-aspect measure
of performance, catching different parameters of the
network function. More specifically, the TNTT serves as
a time-based criterion of network performance, which
can account for the impact of network’s physical dete-
rioration, as well as for the possible variations of travel
patterns in a post-disaster setting. Indeed, according
to the definition, TNTT is the sum of all vehicle trav-
el times (_;A(xij'tij))y with x, and 7, being the flow
and travel iE}inie on link (i,j) respectively, and 4 being
an ordered set of arcs. From this equation, it is obvi-
ous that fluctuations of the flow, as well as variations
of travel times on the network’s links, can result in
different values of TNTT. For example, for two links a
and b with flows x =10 and x,=20, and travel times
ta=5 and tb=3, an increase of travel times to t£;=6 and
tb'=5 will result in an increase of the TNTT by 45.45%.
In addition, the TNF, calculated as the fraction of the
demand allowed to travel between the OD pairs in
the post-disaster stage, gives additional information
about network functionality and helps to gain more
insight into the user’s perspective. Indeed, the size
of the satisfied demand is an indicator of the users’
needs satisfaction degree. For example, let the initial
demand between the OD pair (r,s) be ¢"*=100. In the
aftermath of a disaster, the damaged transportation

14
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Figure 1 - lllustrative example of path activation

infrastructures may not be able to sufficiently serve the
total amount of the demand, and the authorities may
thereby decide to allow only a percentage (e.g. one
half) of the demand to travel. In that case, the other
half, that is prohibited from traveling, will remain un-
satisfied. Finally, the special OD pair accessibility is a
combination of the time-based measure and the dis-
tance-based measure, and it is formulated on the basis
of the indices developed earlier by Chang and Nojima
[9], Chang [10] and Sohn [26]. As already explained, in
this model, the accessibility term assesses the state of
connectivity conditions between the network’s special
OD pairs, emphasizing the importance of ensuring, to
the extent possible, unobstructed access to network’s
high importance nodes. This is achieved by the activa-
tion of the shortest distance and the shortest travel
time paths connecting at least four out of the seven
special OD pairs defined on the post-disaster network.
It must be once again noted that the accessibility term
refers only to the seven special OD pairs defined on
the network and to the specific paths (determined with
the use of k-shortest path algorithm) connecting them,
and not to the whole set of the network’s OD pairs.
Consideration of the latter is excluded by setting w*=0
in the case r does not belong to the set of high impor-
tance nodes Nsp (Equation 5) (with w'* being an indica-
tor of the OD pair (r,s) belonging to the special OD pairs
defined on the network (w*=0 or 1)). For example, in
the network illustrated in Figure 1 with four damaged
links, let node 4 be the network’s only high importance
node, and the OD pair (4,10) the network’s only spe-
cial OD pair. In that case, it will be w*1°=1 and w"s=0
for every other OD pair. If three paths connecting the
OD pair (4,10) are defined on the network (paths P1,
P2, P3), then the path exhibiting the shortest distance
and the shortest travel time will be the one chosen for
activation by the algorithm.

The problem follows an iterative solution process.
The management strategy implementation scheme
derived at each iteration is assessed in terms of the
three distinct performance indicators. Optimality is
reached when no other implementation scheme can
achieve improved network performance.

3.1 Model formulation
3.1.1 Network representation and notation

Let G(N,A4) be a directed network, where N is a set
of nodes and A4 is a set of arcs, with members of N
and 4 respectively formulating ordered pairs within the
same set. For each directed arc i—j, there is a length
d., a free flow travel time Ly @ capacity c; and an ini-
t|al number of lanes l/ Also, let N,CN be a subset of
nodes being the network’s centr0|ds For two centroids
(rs)EN,, the corresponding origin-destination (OD)
flow is denoted as ¢"™ and the associated OD matrix
as OD={q"},V(r,s)EN,. With respect to network assign-
ment, flow and travel time per link are defined as x;
and Lin respectively. Also, let K be a set of paths con-
nectmg the high importance nodes of subset N with
specific nodes of subset N,, K a set of paths between
centroids (r,s)EN,, and keK a single path between r
and s. In the model, dk”, t*, and f,‘{” are the length of,
travel time on, and flow on path k& between r and s re-
spectively, while w*=1, if node r belongs to the N In
addition, 5” ,={0,1} is defined, with 5" =1 if link z—y is
a part of path k. Yand Z are the obJectlve functions for
the upper and lower level, respectively. Symbols with
an (*) refer to the network before the optimization pro-
cess.

The design focus of the problem is: (a) the redis-
tribution of lanes along links, (b) the adjustment of
the demand between the network’s OD pairs, and (c)
the activation of the optimal set of paths between the
network’s special OD pairs. In this context, Vi is the
number of lanes along each directed arc i—j after the
optimization process (whereas l is the initial number
of lanes before the optimization process) @ isthe de-
mand adjustment rate between the OD pair (r,s), and
5,§={0,1} is an indicator of path activation, with path k&
being activated if 5;5=1. The sets and variables used
in the model are listed below:

Sets

N - set of nodes

N. - set of network’s centroids

Nsp - set of network’s special importance nodes
A - set of arcs
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K - set of network’s paths

Ksp - set of paths connecting the special
importance nodes of Nsp with specific
nodes from N,

Input variables
dij - length of link i—j

lij - initial number of lanes on link i—; (before
the optimization process)

L - free flow travel time on link i—j

q* - origin-destination flow between the OD pair
(r,s)

w's - indicator of the OD pair (r,s) belonging to the
special OD pairs defined on the network
(w*=0or 1)

5;fk - indicator of link i—j between the OD pair (r,s)

being part of path k (5;/‘;",(=O or 1)

6;:?,{" - indicator of link i—; between the OD pair (7,s)
being part of path k (before the optimization
process) (5;*"=0 or 1)

Moy, My - BPR function parameters

Output variables

C; - capacity of link i—j

X - flow on link i—j

L - travel time on link i—j

Ly - travel time on link i—j (before the
optimization process)

A - flow on path k& between the OD pair (7,s)

dy - length of path & connecting the OD pair (r,s)

df* - length of path k connecting the OD pair (r,s)
(before the optimization process)

A - travel time on path k connecting the OD pair
(r,s)

tkfs* - travel time on path & connecting the OD pair

(r,s) (before the optimization process)

Decision variables

Vi - number of lanes on link i—;j (after the
optimization process)

@ - demand adjustment rate between the OD
pair (r,s)

5,?‘ - indicator of path k between the OD pair (r,s)

being activated (6;*=0 or 1)

The problem is formulated as a bi-level mathemat-
ical programming model; the upper level determines
the optimal network management strategy implemen-
tation scheme while the lower level assigns traffic on
the network. In this model, traffic assignment follows
the Wardrop’s first principle of the user equilibrium
(UE). The problem follows an iterative solution process.
First, the algorithm assumes the decision variables
of the problem to take some values within their valid
range. Link travel times and link flows are then cal-
culated from the lower level problem and transferred
to the upper level problem as input. Next, the objec-
tive function value is derived and assessed in terms

of the three performance indicators and the process
is repeated. Optimality is reached when additional
iterations cannot improve network performance any
further.

3.1.2 Bi-level network optimization model

The upper level optimization problem is as follows:

minY:‘ 2 xil@®) (x| 2 2 07 q”
(ij)e4 reN1seN1
rs IS dys
s 5 aw (L) @
r€Nsp sEN1kEKsp k
rs rs trS
2 3w (L]
rENgp sEN1kEKsp T
subject to:
yi=li+li-yi V(@))€ A (2)
Vi€Z V(i) €A (3)
cij = cij(yiy) V(i) €A (4)

" { 1,ifr €Ny
= . IS
" 0,otherW|seS

i =2 di i
i#j

v(iaj)EAykeKYp,rENrp,SENi (6)

=180 V(i) € A,k € Kyp,r € Nyp,s € N1 (7)
i#j
" {1,if|inki—»jbelongstopathk
ik = :
0,otherwise (8)

vV (i,j) € A,k € Ksp, v € Ny,s € N1

&' =X dy 855 V) EAKEK,rENpsENL  (9)

i#j
0 =21;-85c V(ij) EAkEKyreNyseN  (10)
i#j
o 7{1,if|inkiajbelongstopathk
*0,otherwise (11)

V(l,]) EA,kEpr,rEpr,s € N1

The lower level UE traffic assignment problem is
formulated as follows:

Xij

minZ= Y [ ty(rg)dr (12)
(i)EA o
subject to:
D =" q" VkEK,V(rs) €Ny (13)
kek
ff=0 VkeKY(rs) € N1 (14)
X =220 I8 85k
ros k (15)
v(i,j) € A,VYkE K,V (r,s) € N1
x;=0 V(ij)€EA, (16)

16
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. \Mm3
tij=t>/,ij~<1+m2'<)cc—g> > V(i) €A (17)

Equation 1 corresponds to the upper-level objective
function and consists of three parts: minimization of
the TNTT, maximization of the TNF and maximization
of the special OD pair accessibility. Maximization of ac-
cessibility, i.e., maximization of the ease of approach-
ing a certain destination, goes through the minimiza-
tion of the distance traveled and the travel time spent
in order to reach that destination. Therefore, maximi-
zation of the special OD pair accessibility is achieved
through the activation of those paths between the net-
work’s special OD pairs which exhibit the shortest path
lengths and the shortest path travel times. This is the
reason why, for the special OD pair accessibility to be
maximized, the respective term, defined through path
lengths and path travel times, must yield a minimum.
All terms are normalized (|| ||) with the method de-
scribed in Section 3.2.3. Equation 2 defines the num-
ber of lanes per directional link. Equation 3 restricts the
decision variable to be an integer. Equation 4 sets link
capacity. Equation 5 is an indicator of node importance.
Equations 6 and 9 calculate path lengths on the opti-
mized and non-optimized networks respectively, while
the same applies to Equations 7 and 10 with respect to
path travel times. Equations 8 and 11 are indicators of a
link belonging to the path between the OD pair on the
optimized and non-optimized networks, respectively.
Equations 12-17 correspond to the lower-level UE traffic
assignment process with Equation 17 being the Bureau
of Public Roads (BPR) function. Traffic assignment on
the optimized network follows the typical process. At
each iteration, new input data, derived from the use
of a genetic algorithm and corresponding to capacity
per direction changes (number of lanes per directional
link) as well as adjustment of the other decision vari-
ables’ values, are fed to the lower level problem and
network assignment is repeated.

3.1.3 Objective function normalization

In order that the results of the optimization process
are not affected by the different measurement units
and orders of magnitude of the three objective func-
tion components Z,, the latter are transformed into di-
mensionless, normalized terms Zk’,wrm according to the
method of Proos et al. [37]:

Zi

non-optimized, post-disaster network will certainly be
larger than the ones derived after the employment of
the three management strategies.

TNF: The initial, non-adjusted value of total network
demand of the pre-disaster network is used as the
upper bound in this case. Due to the nature of the de-
mand regulation strategy (i.e., imposition of demand
adjustment rates between the OD pairs so that the
demand does not overwhelm the damaged transpor-
tation infrastructures), each TNF value derived from
the optimization process will most likely be lower, and
not in any case larger, than the initial TNF value of the
pre-disaster network.

The special OD pair accessibility: Distances and travel
times of the paths connecting the network’s special
OD pairs on the non-optimized, post-disaster network
are equal to the maximum values used. As already ex-
plained, maximization of accessibility to a destination
is achieved through the minimization of the distance
traveled and the travel time spent in order to reach
that destination. Therefore, maximization of the spe-
cial OD pair accessibility will be achieved by activation
of the shortest distance and the shortest travel time
paths connecting them. It is thus obvious that path dis-
tances and path travel times derived between those
pairs on the non-optimized, post-disaster network will
always be larger than the respective ones achieved on
the optimized network.

3.2 Solution method

The discrete variables involved in the MNDPs and
their bi-level nature make these problems NP-hard and
non-convex so that one cannot resort to exact algo-
rithms to solve them [38,39]. Therefore, a genetic al-
gorithm (GA) coupled with a traffic assignment process
is used as a solution methodology. GAs are known to
produce robust results within reasonable execution
time and may be the only option available in combina-
torial problems due to the exponential time required to
reach a solution [40].

The problem is formulated on the basis of three
design variables: (a) Vi which regulates lane redis-
tribution along each directed link i—j, (b) @', which
adjusts the demand between each OD pair (r,s), and
(c) 5,:‘*, which activates path k between the special OD

Zknorm = [Zew] (18) pair (r,s). Thus, representation of a candidate solution
where |kax| is the maximum possible value of Z, I's made possible by three strings:

without constraint violations, and Z, _ lies in the  [yi..y;...] i<j V(€4 (19)
[0,1] interval. The maximum values for each objective

function component were calculated as follows: [(p12 Q" L] o< s,V (r,8) € N1 (20)
TNTT: TNTT derived from the assignment of traffic on

the non-optimized, post-disaster network is used as  [81%...6/%...87..8¢...] reNyseNikeKk, (21)
the maximum value of this objective function compo-

nent. This is reasonable, since the TNTT value of the  where:
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lof1[2]3]4[s[e|7]s]o]

Parent strings
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Figure 2 - Uniform crossover with fixed probability of 0.5 [41]
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Before mutation
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Lofofsfofofs]ofof1]o]
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Figure 3 - Random mutation on a binary variable [42]

Vi€Z i<jY(ij) €A
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= . € Nyp,s € N1,k € K;
0,otherwise 7S eSS AL v

=
Each string is manipulated separately by the al-
gorithm’s genetic operators. The uniform crossover
method, in which new candidate solutions are gener-
ated by the exchange with a fixed probability of genes
between the parent strings and crossover points are
randomly chosen, has been used. Figure 2 shows an
example of the uniform crossover method with a fixed
probability of 0.5. In this case, each new generated
string (offspring) will have half of its genes from the
first parent and the other half from the second one. As
far as the mutation is concerned, the mutated gene is
replaced by a randomly generated number within its
valid range. Figure 3 provides an illustrative example.
Equation 1 acts as the fitness measure of the GA
with its values obtained through: (a) variables ¢ and
6,?, which are introduced directly into Equation 1, (b)
variable Vi which is calculated through Equation 2, and
(c) the lower level traffic assignment problem. It must
be noted that lane redistribution along a link is treat-
ed as a hard constraint and non-feasible candidate
solutions are discarded. Also, the algorithm requires
that there is a path activated between at least four out
of the seven special OD pairs defined on the network.
The GA is terminated after pre-specified running time.

4. APPLICATION

4.1 Overview, assumptions and scenario

The proposed model is applied on the urban road-
way network of a mid-size city in Greece (Figure 4). The
network consists of 303 bi-directional links, 291 of
them having one lane per direction, while the other 12
have two lanes per direction. The analysis assumes a
capacity of 900 veh/lane and 1,000 veh/lane as well
as speed limits of 50 km/h and 70 km/h respectively

on the network’s links. When no travel lanes are avail-
able per direction, free flow travel time is assumed to
be a very large number (e.g. 99,999).

A hazard crisis scenario is assumed to set the
disaster environment where the problem unfolds.
More specifically, a life-threatening, hazardous event
(e.g. an explosion or a major fire in a building or in a
number of buildings) on node 844 leads to the pre-
cautionary blockage of the four city blocks adjacent to
the attacked node and their respective links (Figure 3).
As a result, 14 links are closed to traffic, and their re-
spective capacity is set to zero. Traffic is then assigned
to the rest of the network. A peak hour OD matrix of
6,649 vehicle trips is used. In addition, three high im-
portance nodes (nodes 801, 863, and 898) and a set
of seven special OD pairs (pairs 890-801, 863-801,
863-905, 874-898, 869-898, 871-898, and 872-898)
are defined, with the respective paths between those
pairs being identified with the use of a k-shortest path
algorithm (k equals two). The model then requires
that, on the redesigned network, there is a shortest
distance and a shortest travel time path activated be-
tween at least four, out of seven, special OD pairs de-
fined; otherwise, the solution is discarded.

4.2 GA analyses and performance

One population (POP) size (100), three crossover
rate (CR) values (0.4, 0.6, and 0.8) and three mutation
rate (MR) values (0.05, 0.10, and 0.15) were selected
and their combinations in multiple sets of triplets (sets
of 1-3-3=9 experiments) were tested on an Intel i7T™
processor with 4 GB of RAM. Fifteen runs were execut-
ed for each triplet as each experiment was executed
for 2h. Table 1 presents the results (best run of all sets
and average of all runs) in terms of objective function
(OF) value minimization.

There is a discrepancy in the results regarding the
optimization of the OF value and its individual compo-
nents; this is because the objective function consists
of three terms whose optimization process does not
follow the same trend. More specifically, while the op-
timization process of the TNTT and the special OD pair
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Legend

#  Centroids
s Secondary roads
s Major roads

........................... Q2 48
Kilometers
Figure 4 - The urban roadway network of a mid-size city in Greece
Table 1 - Best results for objective function minimization
Objective function best runs Objective
function
e | | Sm v | e | e
[veh hours] [veh trips] all runs)
Experiment combination
POP CR MR
100 0.4 0.05 0.109654 0.829975 0.200029 -0.520292 -0.221572
100 0.4 0.10 0.150885 0.832305 0.200326 -0.481093 -0.385912
100 0.4 0.15 0.125429 0.841549 0.206893 -0.509228 -0.187915
100 0.6 0.05 0.172618 0.854628 0.200000 -0.482010 -0.213195
100 0.6 0.10 0.153996 0.849018 0.202828 -0.492194 -0.195787
100 0.6 0.15 0.117192 0.856237 0.200001 -0.539045 -0.255338
100 0.8 0.05 0.162310 0.861781 0.200055 -0.499416 -0.346264
100 0.8 0.10 0.170382 0.853363 0.207646 -0.475335 -0.355990
100 0.8 0.15 0.102357 0.857789 0.200088 -0.555344 -0.328316
Average 0.140536 0.848516 0.201985 -0.505995 -0.276699
Standard deviation 0.027081 0.011390 0.003135 0.027640 0.077197
Coefficient of variation [%] 19.269669 1.342298 1.552083 5.462425 27.899410
Best experiment 0.102357 0.857789 0.200088 -0.555344 na
Deviation from average [%] 27.166365 1.092788 0.939458 9.752761 na
na: not applicable
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Table 2 - Best results for objective function minimization for different speed limits

Objective function best runs

Total net.work Total network flow Special OD pair - .
travel time [veh trips] accessibility Objective function
[veh hours]
Speed limits: v=60 km/h and 80 km/h
Average 0.131255 0.857640 0.192231 -0.534154
Standard deviation 0.028715 0.010758 0.003268 0.027143
Coefficient of variation [%] 21.877140 1.254343 1.699932 5.081578
Speed limits: v=40 km/h and 60 km/h
Average 0.184679 0.829304 0.214245 -0.430380
Standard deviation 0.023563 0.012820 0.003043 0.036770
Coefficient of variation [%] 12.758915 1.545851 1.420160 8.543569

accessibility terms as individual indices would yield
a minimum (since the maximization of the ease of
approaching a certain destination (i.e., accessibility)
is achieved through the minimization of the distance
traveled and the travel time spent in order to reach
that destination, and thus the activation of the short-
est distance and shortest travel time paths between
the network’s special OD pairs), the optimization of the
TNF would yield a maximum. That is, the TNTT and the
special OD pair accessibility components act compet-
itively to the TNF component when merged in a com-
bined index.

The minimum average OF value is (-0.385912) for
the combination where POP=100, CR=0.4, MR=0.1
while the average OF value for the best run experi-
ments is (-0.328316) (combination where POP=100,
CR=0.8, MR=0.15). The average OF value for the best
runs is (-0.505995). The coefficient of variation is low
(5.46%), indicating the efficiency of the GA in produc-
ing results of similar quality. The variation coefficients
for the individual terms of the objective function range
from 1.34% and 1.55% for the TNF and the special OD
pair accessibility components respectively, to 19.27%
for the TNTT component. More specifically, in all ex-
periments, the algorithm shows a remarkable robust-
ness in finding the optimal demand adjustment rates
between the OD pairs as well as the shortest distance
and the shortest travel time paths between the special
OD pairs, thus maximizing the TNF and the special OD
pair accessibility components, respectively. The maxi-
mum TNF value is 0.861781 for the experiment where
POP=100, CR=0.8, MR=0.05, while the best special
OD pair accessibility value is 0.2 for the experiment
where POP=100, CR=0.6, MR=0.05. Both values lie
very close to the achieved ones of the best run the
experiment where POP=100, CR=0.8, MR=0.15 (for
which there are 946 trips lost and 42 lanes reversed).
However, the TNTT results exhibit a greater variability
in their values. The minimum TNTT value is (0.102357)
of the best run experiment, where POP=100, CR=0.8,

MR=0.15, while the next two lowest values are
0.109654 and 0.117192 for the experiments where
POP=100, CR=0.4, MR=0.05, and POP=100, CR=0.6,
MR=0.15, respectively. Those three experiments are
also the ones exhibiting the lowest OF values; this fact
implies that the optimization process is mainly driven
by the TNTT component since the TNF and the special
OD pair accessibility values remain almost steady in
all experiments.

The analyses performed do not show a clear trend
regarding the impact of different crossover rates on the
best run experiment results. However, it seems that
higher mutation rate experiments have a slightly bet-
ter performance. The opposite is valid for the average
of all runs OF values. In this case it seems that higher
crossover values have better performance, while the
role of the mutation rate values is not evident.

The computational efficiency of the algorithm is
also demonstrated by an additional set of analyses
performed for a running time of 2h, taking into account
different speed limits on the network’s links (Table 2).
Combinations of 60 km/h and 80 km/h, as well as 40
km/h and 60 km/h were examined, substituting the
50 km/h and 70 km/h initially assumed. As expected,
a drop in the speed limits results in the TNTT and the
OD pair accessibility increase; the opposite is valid for
higher speed limits. For the combination of 60 km/h
and 80 km/h, the average OF value is (-0.534154),
while the respective value for the combination of 40
km/h and 60 km/h is (-0.430380). The low coefficients
of variation (5.08% and 8.54%, respectively) prove the
algorithm'’s ability to produce consistent results.

5. RESULTS AND DISCUSSION

Comparison of the optimized network with either
the intact network or its non-optimized, post-disaster
form is not possible in terms of OF values. This is be-
cause the TNTT, the TNF and the special OD pair ac-
cessibility terms do not participate in the final OF value
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with their true values, as these are obtained from the
optimization process, but with their normalized values.
Also, when compared to the base case, the adjust-
ment of the demand through the ¢’ decision variables
of the TNF term cannot lead to a safe conclusion as for
the success (or not) of the demand regulation strate-
gy. This is due to the nature of the strategy; demand
regulation aims at the maximization of the TNF un-
der the condition that the flow will not overwhelm the
damaged transportation infrastructures. This implies
that the demand allowed to travel on the post-disaster
network will most likely be lower than the demand of
the original network. Therefore, in a strict sense, any
demand regulation strategy will provide results inferior
to the base case and thus a comparison in that case is
pointless. In terms of the TNTT, the optimized network
yielded an improvement of 85.95% on average and
89.77% for the best run experiment, where POP=100,
CR=0.8, MR=0.15, when compared to the non-opti-
mized network of the post-disaster phase. Finally, the
comparison of the special OD pair accessibility values
between the optimized and the non-optimized post-di-
saster networks indicated almost equivalent improve-
ments of 79.8% on average, and 80% for POP=100,
CR=0.8, MR = 0.15. The results indicate the compu-
tational efficiency of the algorithm in enhancing trans-
portation network performance.

In addition to the 2h experiments, each combi-
nation was also tested for running times of 1 h, 30
min, 10 min and 5 min. Table 3 summarizes the re-
sults in terms of OF value minimization. As expected,
as the running time increases, the algorithm produc-
es results of improved quality. The average OF value
for the 1 h experiments is -0.476769 and for the 30
min experiments is -0.320793, and thus inferior to the
average OF value of the 2h experiments by 5.77% and
57.73%, and to the best experiment by 14.15% and

73.12%, respectively. The lower running times exhib-
it even greater differences from the values achieved
in the 2h experiments because the algorithm does
not have enough time to efficiently search the search
space. It can therefore be concluded that one hour is
a sufficient running time to get a satisfactory solution
to the problem.

6. CONCLUSION

Despite the challenging external conditions and
their own vulnerability to structural and functional
degradation, transportation networks are expected to
remain adequately functional in the aftermath of a di-
saster in order to provide physical access to the affect-
ed communities as well as emergency services on the
basis of the generated needs. It is also acknowledged
that under the conditions of reduced serviceability,
the damaged transportation infrastructures can ben-
efit from the implementation of appropriate manage-
ment strategies. In this context, this study examined
the planning of operations on a post-disaster network
with the use of an integrated model. Lane reversal, de-
mand regulation and path activation were employed to
provide an optimally reconfigured network with reallo-
cated demand so that the network performance was
maximized. Three performance indices were used for
that purpose: the TNTT, the TNF and the special OD pair
accessibility. The problem was formulated as a bi-level
optimization model, with the upper level correspond-
ing to the objective of performance maximization,
while the lower level assigned traffic on the network on
the basis of UE. A GA coupled with a traffic assignment
process was used as a solution methodology. Applica-
tion of the model on a real urban network under the
scenario of a life-threatening, hazardous event on one
of the network’s nodes, proved the efficiency of the

Table 3 - Best results for objective function minimization for different running times

Objective function best runs
1 h trials 30 min trials 10 min trials 5 min trials
Experiment combination
POP CR MR
100 0.4 0.05 -0.490817 -0.277379 0.266934 1.167996
100 0.4 0.10 -0.503647 -0.221063 0.175033 1.049697
100 0.4 0.15 -0.476631 -0.322488 0.252707 0.942208
100 0.6 0.05 -0.492759 -0.332508 0.207027 1.277866
100 0.6 0.10 -0.519013 -0.309550 0.218749 1.001107
100 0.6 0.15 -0.446010 -0.379549 0.185686 1.082943
100 0.8 0.05 -0.475042 -0.372559 0.232834 1.217377
100 0.8 0.10 -0.449525 -0.327775 0.215593 1.450128
100 0.8 0.15 -0.437475 -0.344265 0.278121 1.581747
Average -0.476769 -0.320793 0.225854 1.196785
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algorithm in enhancing network performance; the TNTT
and the special OD pair accessibility terms showed sig-
nificant improvements in their values when compared
to the non-optimized, post-disaster network. More
specifically, the algorithm achieved an improvement of
85.95% on average and 89.77% for the best run in
terms of the TNTT, as well as improvements of 79.8%
on average and 80% for the best run in terms of the
special OD pair accessibility. The results indicate the
computational efficiency of the algorithm in producing
robust results of enhanced network performance and
thus its value as an operation planning tool.
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MMOAYKPITHPIAKO MONTEAO ZXEAIAZMOY AIKTYOY
IA TH META-KATAZTPO®IKH AIAXEIPIZH AIKTYOY
META®OPQN

NMEPIN\HWH

Map& TNV eyyevA TPWTOTNTE TOUG O KATXOKEUXOTIKA
Kol AeiToupyikn)  umof&Buion, To  OIKTUX  UETAPOPWY
dixdpauaTifouv onuUavTikG POAo oTnv mMePiodo Mmou EMETAI
eVOG KATXOTPOPIKOU yeyovoTog, eEXaPaAilovTag mpoéoBaon
OTIG TTANYEIOEG MEPIOXEG KO TTXPEXOVTAG UTTNPETIESG OTN B&on
TwV ONUIOUPYOULEVWY QVAYKWYV. YITO OUVONKEG AEITOUPYIKWY
OUVONKWV KOl QVOYKWV TTOU TTXPEKKAIVOUV aTTd TO oUvVNBEg,
n avadidpBpwaon TNG AciToupyiag evog OIKTUOU BewpEITaI
Tw¢ EXEI EUEPYETIKNA EMIOPAON OTN OUVOAIKA AEITOUPYIKOTNT&
TOU. 2€ oWT6 TO MAKIOI0, N EPYXTIOt XUTH UEAETK TO OXEDIXOLO
TNG UETO-KATAOTPOPIKNG AEITOUPYIOG €vOC OIKTUOU EMEITH
QAo KAIMOIO KATAOTPOPIKO YeYovoG mou AXUBAVE! XWPOo Ot
évav armé Toug KOuPBoug Tou. H avaotpopn Twv Awpidwv
KuKAOpopIaG, n diaxeipion TNG {ATNONG KX n evepyormoinon
OI0OPOLIWV XPNOIUOTIOIOUVTOI YIX VX TTXPAOXOUV VX BEATIOTX
AvaOIXUOPPWUEVO OIKTUO UE QVOKXTAVEUNUEVN {NTNON UE
oTOX0 TN MEYIOTOIT0INGN TNG arm6d0ong Tou. To mpoBANuc
SITUTTWVETOI WG EVX OI-ETTITTEDO IOVTEAO BEATIOTOMOINGNG TTOU

TO QVWTEPO EMimedo kaxBopilel To BEATIOTO 0XEDIO EPAPUOYAG
TWV OTPATNYIKWV JIGXEIPIoNG ToU JIKTUOU EVW TO KATWTEPO
eMMed0 MPAYUARTOIOIEI KATAMEPIOUO TNG KUKAOPOPIXG. TPeIG
OEiKTEG amdO00NG XPNOILOITOIOUVTOI YIX XUTOV TOV OKOTTO:
0 OUVOAIKOG XpOvoG TwV dIadPOUWY 0TO OIKTUO, N OUVOAIKA
POA TNG KUKAOPOPIXG Kol N TPOORACINOTNTX EISIKWY (EUYWV
MpPoéAeuonG - mpoopiouold. H emilucn mPOYUXTOTTOIEITAI
UE XpRAon yeveTikol oAyopiBuou o€ ouvOUNOUO lE uix
OI0OIKXOIO. KATAUEPIOUOU TNG KUKAOQOPIXG. Epapuoyn Tou
UOVTEAOU OE TPAYLATIKO OOTIKO OiKTUO «rmmodeikviel TNV
UTTOAOYIOTIKA OTOJOTIKOTNTA TOU OAYOPIBUOU: TO HOVTEAO
MTOXPAYEI OUOTNUOTIKE €0PWOTA AIMOTEAEOUATY BEATIWUEVNG
anédoong Tou OIKTUOU, KATXOEIKVUOVTAG TV i TOU WG
epyaAeiou axedIxooU EVEPYEIWDV DIOXEIRIONG.
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KOTXOTPOPIKK  yeyovoTo;  amddoon  OIKTUOU;  |IOVTEAO
axedIaouolU  OIKTUOU; QVXOTPOMA AwPIdWV KUKAOQOPIXG;
dixxeipion {NTNONG; MPOCRACILOTNTA; YEVETIKOI 0AyOpIOuoI;
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