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Abstract: Prior research on the resilience of critical infrastructure
usually utilizes the network model to characterize the structure of
the components so that a quantitative representation of resilience
can be obtained. Particularly, network component importance is
addressed to express its significance in shaping the resilience
performance of the whole system. Due to the intrinsic complexity
of the problem, some idealized assumptions are exerted on the
resilience-optimization problem to find partial solutions. This paper
seeks to exploit the dynamic aspect of system resilience, i.e., the
scheduling problem of link recovery in the post-disruption phase.
The aim is to analyze the recovery strategy of the system with
more practical assumptions, especially inhomogeneous time cost
among links. In view of this, the presented work translates the
resilience-maximization recovery plan into the dynamic decision-
making of runtime recovery option. A heuristic scheme is devised
to treat the core problem of link selection in an ongoing style.
Through Monte Carlo simulation, the link recovery order rendered
by the proposed scheme demonstrates excellent resilience per-
formance as well as accommodation with uncertainty caused by
epistemic knowledge.
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1. Introduction

Networks have been a ubiquitous model to characterize the
structures, functions and dynamics of modern critical in-
frastructures [1]. Besides the explicit network formation
of many public infrastructures such as power grid, trans-
portation and telecommunication, the major advantage of
the network model lies in the ability to depict the inter-
laced relations among multiple components of the sys-
tem, as well as the scaling and evolution of the ensemble.
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Analysis of network models originally has its roots in the
classic graph theory. In the past twenty years, the study
tends to lay stress on the large-scale statistical and dyna-
mical properties of the network structure and the elements,
which coincides with the growing complexity of the real-
world systems [2].

Since critical infrastructures always play crucial roles in
the fundamental aspects of the society, the safety/reliability
of critical infrastructures are greatly concerned by re-
searchers and practitioners [3]. In the literature, there have
been several highly related mindsets regarding the safety
of critical infrastructures, such as robustness, survivability,
and flexibility. The subtle differences of these conceptual
description about safety issues are addressed extensively in
various research domains [4]. Recently, the study on sys-
tem resilience has gained keen attention in many industrial
fields [5]. This new focus of research interests is driven by
the advantages offered by the resilience perspective, i.e.,
embracing the holistic thread to deal with the all-phase be-
havior of the system in the context of the disruptive event.
In view of this, system resilience can be recognized in prin-
ciple as the capability to plan and prepare for, absorb, re-
spond to, and recover from disasters, in spite of the diverse
definitions maintained by different researchers [6].

Earlier research on resilience mainly focuses on the
qualitative side of the issue [7]. System performance prior
to, during, and following a disturbance involves state tran-
sitions from normal to degrading and finally to leaping
back, which is intuitively appealing but lacks the quan-
titative basis for further systematic planning/assessment.
To ameliorate this shortcoming, three constructive
methodologies are put forward: i) Use time-dependent crit-
ical functionality (also called system level delivery func-
tion or figure-of-merit [8,9]) to measure the system well-
being; ii) Use expert elicitation of subjective knowledge
to describe the dynamic behavior of the system compo-
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nents in terms of uncertainty representation, usually in
stochastic form [10]; iii) Determine the structural depen-
dence or constraints that govern the collective performance
of individual components and the overall system [11].
These methodologies are synthesized to enrich the theo-
retic framework of resilience-based design and evaluation
for large systems.

Network-based resilience analysis makes a favored
quantitative approach upon which the aforementioned
methodologies can be applied in an integrated manner [12].
There has been much research work carried out in this
line of research. Gao et al. employed the dynamical sys-
tem equations to describe the high-dimensional parame-
ter space [11]. The network matrix was incorporated into
the dynamic equations as an additional term to account for
the interactions among the involved entities. Ganin et al.
used the critical functionality as the primary factor to com-
pute the resilience of the network, and test two types of
networks with various parameters and disruptive scenarios
[8]. The existing research work shows that calculation of
resilience can hardly obtain a closed-form expression due
to the complexity, and simulation-based analysis is the tan-
gible way to render useful results.

In the network resilience domain, the components of
the system are modeled as nodes or links, and the dis-
ruptive event is represented as a failure or degrading of
some nodes and links, which causes reduced functional-
ity at the network level [13,14]. It is easy to perceive that
the importance or criticality varies with different indivi-
dual components due to their internal or external features
such as fragility, capacity and topological properties. This
entails the revisit to the component importance (CI), which
has been a well-studied term in the reliability research
[15,16]. Rose divided resilience to static resilience and
dynamic resilience [17,18]. The former stands for sys-
tem’s capability to maintain its function against disruptive
events, while the latter refers to the speed at which the sys-
tem recovers from disruption. In this regard, in the con-
text of resilience study, the component importance mea-
sure (CIM) problem can be viewed with opposite angles:
If the component is struck by a disruptive event, how much
loss will it bring to the system? And if the disrupted com-
ponent is recovered, how much benefit will it bring to the
system?

These two questions are apparently inversely related, yet
the assessment and treatment may show substantial differ-
ences. For the first question, it is usually investigated under
the presumption that other components are intact, and the
research aims at balancing the protection and prevention of
the components with different importance in order to retain
a lower negative impact on the whole system. For the se-
cond question, the study is geared to prioritize the recovery

process of the components affected by disruptions that the
overall restoration can be effective as possible. Hence, it is
understandable that, due to the differences in criterion and
measure, the calculation of CI can bring out incongruent
results in terms of CI rankings.

Recently, research on the above problems has emerged
extensively with the proliferative study on system re-
silience. Barker et al. investigated the CIM with respect to
the overall system service recovery time [19]. Two stochas-
tic terms were specially considered, namely the link reduc-
tion under disruption and the recovery time of the damaged
link. The research constituted a stepping stone for their
follow-up work [20], in which the optimization of recovery
was formalized by probability inequality. Fang et al. pro-
posed a deterministic approach to elaborate the problem in
their latest research [21]. This work also used system per-
formance curve to evaluate the overall resilience, and the
real time system performance was also considered, mean-
ing that the successive recovery of links was reflected in
the performance function. One of the remarkable contribu-
tions of the work is that the optimal recovery strategy can
be transformed into a family of mix integer programming
under some simplifications.

The present paper aims to study on the post-hazard reac-
tion to maximize the resilience of the network. To this end,
the recovery strategy is treated as a multi-stage decision-
making process in which the resources are devoted to the
disrupted components such that the recovery can bring out
the best effectiveness by measure of resilience. The pro-
posed work is inspired by the concerns over the prior work,
and can be ascribed to three waypoints:

(i) The uncertainty factors need to be fully considered
[22]. It is presumably granted that the analyst has epistemic
knowledge/estimation about the magnitude of the disrup-
tive events and the recovery cost of individual components
[23].

(ii) The recovery process is realized in an ongoing style
[24]. In another word, the actual recovery status can have
impact on the next decision-making, hence this idea does
not follow a fixed to-do list.

(iii) From the practical point of view, the scheme should
be computationally feasible.

The remainder of this article is organized as follows.
Section 2 introduces the network model of generic criti-
cal infrastructure and the definition of critical functionality
therein, which constitutes the formulization basis for the
problem of interest. In the subsequent section, the core al-
gorithms of this paper are sketched from simple to more
general cases, and the rationality of devising the algorithms
is also delineated. Afterwards, the performance of the pro-
posed scheme is examined by a series of Monte Carlo tests,
the difference and relation between the current work and
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the prior CI based study are discussed. In the final sec-
tions, some conclusions and suggestions for future work
are presented.

2. Preliminary terminology and concept

Let G = (N, L) be the network (basically a graph) com-
prising a set of nodes N = {Ni|1 � i � n} connected by
a set of links L = {Li|1 � i � m}, where n, m ∈ N.
To make the problem tractable, the analysis in the sequel
focuses on directed acyclic graph (DAG). For the general
cases such as the multigraph or cyclic, it is envisioned that
the results can be reused in these cases through decompo-
sition of the graph. Under the DAG presumption, the link
set L can be equivalently written as L = {lij}, in which
1 � i, j � n, and each lij ∈ L means there is a directed
link from Ni to Nj . Let Path(Ni, Nj) be the path set of
nodes Ni and Nj , in which a path is a sequence of ordered
directed links starting from Ni to Nj such that no node
along the links is visited more than once. Path(Ni, Nj)
can be an empty set when no path can be found connecting
Ni to Nj . Denoted by wij ∈ R the capacity of link lij ,
which remains a constant in the rest of discussion. More-
over, discrete time slots are considered for the time vari-
able t, in which t = 0 is the initial time when system is
in normal operation condition. As for the properties of a
specific link, let RAt(lij) be the current residual availabil-
ity of link lij at time slot t. For any link and at any time,
0 � RAt(lij) � wij .

From the perspective of resilience, the critical function-
ality and the resilience metric are the fundamental quan-
tity for further calculation [25]. With the network resilience
model, the present work employs the connectivity breadth
between key nodes as the critical functionality. This metric
is in consistence with the real-world critical infrastructures
such as the road traffic and power transmission. For the
resilience metric, the definition in Fang’s work [21] is in-
herited to feature the process of critical functionality by the
integral over time horizon.

Let Θ = {〈Np, Nq〉} be the set of O-D pairs of interest
such that Np, Nq ∈ N , and Path(Np, Nq) �= ∅ [26]. No-
tice that Θ does not necessarily exhaust all the node pairs
that are connected by at least one path. Let Wdt(Np, Nq)
be the breadth of the link availability along the path of
Np and Nq at time t, standing for the aforementioned
real time connectivity breadth between the two nodes.
Formally, let node sequence {Npi}i=1,2,...,K be one path
from Np1 to NpK , denoted by Bott({Npi}i=1,2,...,K) =

min
i=1,...,K−1

[RAt(lpipi+1)] the bottleneck residual availabil-

ity along the path {Npi} at time t. For the given node Np

and Nq, Wdt(Np, Nq) =
∑

SP∈Path(Np,Nq)

[Bott(SP )].

In interpretative words, connectivity breadth between
the two nodes is the bottleneck of the widest path that con-
nects the two nodes. This definition of connectivity breadth
is analogous to the 1-norm in vector space. Alternatively,
one can use other types of norm, such as Wd∞t (Np, Nq) =

max
SP∈Path(Np,Nq)

[Bott(SP )]. In what follows, the work fo-

cuses on the first norm, but the main ideas of the research
is expected to be applicable to other norms.

Let Wd(Np, Nq) be the breadth in normal state when no
link is suffering from any damage. It bears mentioning that
calculation of the bottleneck between two nodes is analo-
gous to the shortest path problem with the same complexity
as the classic Dijkstra algorithm, namely O(|N |2).

The critical functionality is defined as

FΘ (t) =
∑

〈Np,Nq〉∈Θ

Wdt(Np, Nq) (1)

and let FΘ =
∑

〈Np,Nq〉∈Θ

Wd(Np, Nq) be the normal con-

nectivity breadth sum for Θ . The complexity of computing
FΘ (t) is thus O(|N |2|Θ |). With these notations, the sys-
tem resilience against the disruptive event is defined by

R(E) =

∫Tc

0

[FΘ (τ) − FΘ (td)]dτ

∫Tc

0

[FΘ − FΘ (td)]dτ

=

∫Tc

0

[FΘ (τ) − FΘ (td)]dτ

Tc · [FΘ − FΘ (td)]
=

∫ td

0

[FΘ (τ) − FΘ (td)]dτ +
∫Tc

td

[FΘ (τ) − FΘ (td)]dτ

Tc · [FΘ − FΘ (td)]
(2)

where TC is the time when the system is completely recov-
ered, and the td is the time when the system performance
reaches its floor. Fig. 1 illustrates the conceptual resilience
curve by the critical functionality over the time interval of
the disruptive context. The curve ALNQ in Fig. 1 reflects
the system performance before, during, and after the dis-
ruptive event. Obviouly, system resilience R(E) as defined
by (2) is the ratio of the shaded area to the whole area of
ABPQ in Fig. 1. Thus, higher value of R(E) suggests bet-
ter resilience of system, namely more resistant to the nega-
tive effects of the disruptive event and faster rehabilitating
activities. Without loss of generality, it is further assumed
that the disruptive event occurs at time 0.

As is similar to the treatment in Ganin’s work [8], TC is
the control time and can be set a priori. In practical analy-
sis, even if TC is larger than the true full-recovery time, it



998 Journal of Systems Engineering and Electronics Vol. 29, No. 5, October 2018

will not principally cause significant distortion to analyti-
cal results. Notice that td can be equally regarded as the
time when the rehabilitating activities are started, provided
that the system will not exacerbate anymore once the reha-
bilitating activities are launched.

Fig. 1 Critical functionality and resilience curve

It is easy to see that larger R(E) implies better resis-
tance and faster recovery. The numerator in the last ex-
pression of (2) is the sum of two terms: the integral over
[0, td] can be regarded as static resilience, while the inte-
gral over [td, TC ] can be regarded as dynamic resilience
[27]. Clearly, the aim of post-disruption recovery strategy

is to maximize
∫Tc

td

[FΘ (τ) − FΘ(td)]dτ . As for the dis-

crete configuration along the time horizon, the objective
function can be discretized as the sum of FΘ (t) − FΘ (td)
over time slots.

An illustrative simple network model is shown in Fig. 2,
whose topology is similar to that of Réseau Express
Régional-B (RER-B) railway in Paris. The numbers la-
beled along the links in Fig. 2(a) designate the capacity of
the links, and the numbers in Fig. 2(b) designate the resid-
ual availability of links after a disruptive event, in which
links lEF, lFC, lFD are affected.

Fig. 2 Illustrative network with two fork ends

Let the benchmark O-D set Θ = {〈A, C〉, 〈A, D〉, 〈B,

C〉, 〈B, D〉}. It can be calculated that FΘ = 7+5+6+5 =
23, while the post-disaster critical functionality FΘ (td) =
2+2+2+2 = 8. In what follows, only deterministic cases
are considered, i.e., the link recovery is completed in fixed
time and in order of precedence. By different orders of link
recovery, the critical functionality shows differences, as is
summarized in Table 1.

Table 1 Critical functionality according to different recovery strate-
gies

Strategy# Order of recovery
Critical

functionality
variation

1 lEF → lFC → lFD 8→17→23
2 lEF → lFD → lFC 8→14→23
3 lFD → lEF → lFC 12→14→23
4 lFD → lFC → lEF 12→16→23
5 lFC → lFD → lEF 12→16→23
6 lFC → lEF → lFD 12→17→23

Table 1 shows that the critical functionality variation
strongly depends upon the recovery order of links. In other
words, the dynamic resilience of the network relies on
the scheduling of the recovery operation. Notice that the
scheduling is implemented by the granularity of single link
recovery. This is to say, the recovery of a link is not in-
terrupted and re-entered by the scheduling. In fact, if the
scheduling is conducted with finer granularity, i.e., pre-
emption is supported among recovery task over multiple
links, more efficient results can be obtained. Nevertheless,
regarding the practical operation, the analysis in the sequel
sticks to the single link recovery principle, while parallel
link recovery is allowed.

When the recovery scheduling problem is combined
with the constraints among multiple links, the scheduling
will become more intriguing and challenging, and some
heuristic scheme should be developed to avoid impractical
computational complexity.

3. Network analysis based recovery strategy
design

3.1 Simple case of uniform recovery time

It is perceivable that the utility of recovery scheduling is
determined by two major factors, namely, the current resi-
dual availability and the topology of links. The former in-
dicates the connectivity of the link per se, and the latter in-
dicates the connective features of overall interconnection.
With respect to the illustrative example in Fig. 1, the sim-
ple case is firstly reviewed in which every link has identical
recovery time δ slots.

Given a post-hazard scenario, according to the previous
notations and assumptions, let td be the time slot when the
system (i.e., very link) reaches its worst state. Let Ft ⊆ L

be the set of impaired links at time t. For the convenience
of analysis, here residual availability of an impaired link
is treated as a continuous real number, although it is pre-
viously discretized to maximum H link states multiplied
by link capacity. Let Bdij be the instant residual availabil-
ity of the link lij , then the following proposition is intro-
duced to show the contribution of a link to the overall crit-
ical functionality.
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Proposition 1 For any impaired link lij in Ft, when
the link is gaining availability in the recovery process, then

the partial derivative
∂FΘ

∂Bdij
is a non-negative integer, i.e.,

∂FΘ

∂Bdij
∈ Z+ ∪ {0} or it does not exist. Hence

∂FΘ

∂Bdij
is

called the marginal utility of lij .
∂FΘ

∂Bdij
indicates the importance of link with respect to

the instant residual availability at a given time. In fact,
∂FΘ

∂Bdij
is the number of path where link lij is the bottle-

neck of the paths if the partial derivative exists.
To maximize the utility of recovery at any time slot t,

each link needs to be associated with an instant precedence
in the recovery process. The analysis in the sequel will
show that, if the time factor is not considered, at each time
slot the recovery precedence can be computed by a heuris-
tic scheme with affordable complexity. To this end, some
definitions and propositions are brought along, as follows.

Definition 1 At time slot t, let the link lij ∈ Ft have the
residual availability RAt(lij), and the current system cri-
tical functionality be FΘ (t). If at time slot t + δ, link lij is
recovered to its full capacity wij while the other impaired
links remain their states of time slot t, so that the critical
functionality is increased by FΘ (t + δ) − FΘ (t). This in-
crement is called the recovery gain of link lij at time t, and
is denoted by Gt(lij).

If we assume that the links are recovered in a serial man-
ner, and the interim states of a link before full recovery are
neglected, the following proposition holds by simply ob-
serving that the only two possibilities of scheduling will
come to the same final critical functionality.

Proposition 2 At time slot t, for the two impaired links
li1j1 , li2j2 , such that Gt(li1j1) > Gt(li2j2), then the opti-
mal order of recovery is li1j1 , li2j2 .

Unfortunately, it is hard to generalize this proposition to
the case of more than two links by stringent proof. There-
fore, based on this proposition, a heuristic scheme is de-
lineated in Fig. 3 to obtain the optimal scheduling without
consideration of time factors. The calculation complexity
at each step (time slot) is O(|N |2 · |Θ | · |Ft|).
3.2 Inhomogeneous recovery time among links

3.2.1 Utility based principles

The previous analysis without considering the recovery
time factor provides an intuitive understanding of the
“goodness” of covering an impaired link. In practice, how-
ever, significant challenges will be elicited by the time fac-
tor of link recovery.

By observing the definition of FΘ (t), it can be seen
that the increment of FΘ (t) is determined by the incre-

ment of the contributing links that are gaining connectivity
(i.e., recovering). For a specific link lij in Ft and a given
time period, the contribution of its increment to the overall
critical functionality is the absolute increment multiplied
by the number of paths where the increment accounts, and

the number of paths is the marginal utility
∂FΘ

∂Bdij
. In fact,

∂FΘ

∂Bdij
depends on the states of other links and thus will

vary over time.

Fig. 3 A heuristic scheme of recovery scheduling under uniform re-
covery time assumption

The extreme case of interest is the futile recovery, i.e.,
∂FΘ

∂Bdij
= 0, in which the recovery of a link does not pro-

vide any goodness to the overall critical functionality in
some time periods due to the curb of other links, and this
case is also called conditional confliction. Bearing this in
mind, the naı̈ve principles of scheduling should be satis-
fied as much as possible, i.e., the links with larger marginal
utility deserves higher priority.

3.2.2 Representing the constraint by Zadeh operators

As has been defined previously, for a given (Np, Nq) ∈ Θ ,
Wdt(Np, Nq) is obtained by the min-max calculation over
series of links. Using Zadeh’s operator ∧(min), at each
time slot, Wdt(Np, Nq) can be represented by

Wdt(Np, Nq) =
∑

k

[(RAt(li(k)
1 j

(k)
1

)∧

RAt(li(k)
2 j

(k)
2

) ∧ · · · ∧ RAt(li(k)
r(k)j

(k)
r(k)

) ∧ Ck)] (3)

where l
i
(k)
s j

(k)
s

∈ Ft, s = 1, 2, . . ., r(k), and Ck repre-
sents the connectivity of normal (non-disrupted) links cor-
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responding to the conjunctive term, k is the number of dif-
ferent paths connecting Np and Nq.

As for the example of network in Fig. 4, let Ft =
{lCE, lEF, lFG, lGP} be the set of impaired links at time
slot t, and Θ = {(NS, NT ), (NA, NI)}, (3) can be instan-
tiated as

Wdt(NS , NT ) = (RAt(lSB) ∧ RAt(lBC)∧

RAt(lCE) ∧ RAt(lEF) ∧ RAt(lFT)) + (RAt(lSB)∧
RAt(lBC) ∧ RAt(lCD) ∧ RAt(lDF) ∧ RAt(lFT))+

(RAt(lSB) ∧ RAt(lBC) ∧ RAt(lCE) ∧ RAt(lEF)∧
RAt(lFG) ∧ RAt(lGQ) ∧ RAt(lQH) ∧ RAt(lHT))+

(RAt(lSB) ∧ RAt(lBC) ∧ RAt(lCE) ∧ RAt(lEF)∧
RAt(lFG) ∧ RAt(lGP) ∧ RAt(lPH) ∧ RAt(lHT))+

(RAt(lSB) ∧ RAt(lBC) ∧ RAt(lCD) ∧ RAt(lDF)∧
RAt(lFG) ∧ RAt(lGQ) ∧ RAt(lQH) ∧ RAt(lHT))+

(RAt(lSB) ∧ RAt(lBC) ∧ RAt(lCD) ∧ RAt(lDF)∧
RAt(lFG) ∧ RAt(lGP) ∧ RAt(lPH) ∧ RAt(lHT))+

(RAt(lSG) ∧ RAt(lGP) ∧ RAt(lPH) ∧ RAt(lHT))+

(RAt(lSG) ∧ RAt(lGQ) ∧ RAt(lQH) ∧ RAt(lHT)). (4)

Fig. 4 An example to show the conjunctive normal formation rep-
resentation

It can be rewritten as follows:

Wdt(NS , NT ) = (RAt(lCE) ∧ RAt(lEF) ∧ C1) + C2+

(RAt(lCE)∧RAt(lEF)∧RAt(lFG)∧C3)+ (RAt(lCE)∧
RAt(lEF)∧RAt(lFG)∧RAt(lGP)∧C4) + (RAt(lFG)∧
C5)+(RAt(lFG)∧RAt(lGP)∧C6)+(RAt(lGP)∧C7)+C8.

(5)

Similarly,

Wdt(NA, NI) = (RAt(lFG) ∧ RAt(lGP) ∧ C′
1)+

(RAt(lFG)∧C′
2)∨ (RAt(lCE)∧RAt(lEF)∧RAt(lFG)∧

RAt(lGP)∧C′
3)+(RAt(lCE)∧RAt(lEF)∧RAt(lFG)∧C′

4)

(6)

3.2.3 Sorting the links by utility based on
conjunctive clauses

The derivation in (5) and (6) provides typical instances to
learn how the constraints among the impaired links and
normal links go into effect. Considering there are multi-
ple O-D pairs of interest in Θ , the recovery of this link
may contribute in more than one O-D pair. The decompo-
sition into conjunctive clauses shows that, if other impaired
links remain their current states (i.e., unrepaired), the con-
tribution of the specified link recovery to the overall criti-
cal functionality can be delineated by a piecewise function
whose curve comprises a series of connected straight line
segment with the slope being an integer.

It can be seen from (3), that if the recovery of a link
has reached a certain value, the additional increment will
be futile with respect to the specific O-D pair. This implies
that, as the recovery goes on, the marginal utility of a link
will decline. Fig. 5 demonstrates the outline of the curve.
Some inflection points emerge as the hinges that connect
the segments, and the slop of the segment decreases as the
residual availability grows.

Fig. 5 Piecewise curve of the increment critical functionality against
one link recovery

For a given link lij ∈ Ft, let TTRt(lij) be the time to
recovery (in time slots) for the link, and Gt(lij) is rede-
fined as FΘ (t + TTRt(lij)) − FΘ (t), i.e., the increment
of critical functionality by the sole repairment of lij . We
assume that the recovery process is linear, i.e., the reco-
very speed of a link is constant. In this regard, when time
factors are taken into consideration, the raw recovery utili-

ty of lij at time slot t is defined as
Gt(lij)

TTRt(lij)
, also de-

noted by RUt(lij) for simplicity. Parallel to the scheme
illustrated in Fig. 3, the recovery utility is used as a ma-
jor quantitative factor to select the link that deserves the
current preparation. In the real circumstance, TTRt(lij)
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is of two-folded meaning. First, it is estimated by epis-
temic knowledge, and it can also stand for the actual time
spent on the link to its full functionality. In the schedul-

ing scheme, RUt(lij) =
Gt(lij)

TTRt(lij)
is calculated for link

selection, where TTRt(lij) is the estimated value.

3.2.4 Pairwise modification of recovery utility
among links

The recovery utility stands for the direct contribution of a
link if the recovery chance is granted to it. However, the
constraints among the links may give rise to the crossed
complexity that is caused by the positions of the links
within the multiple O-D pairs.

Considering the simple example in Fig. 6, the reco-
very of li2j2 is limited by the current residual availability of
li1j1 regarding the pair (Np2 , Nq2), otherwise, the recovery
of li2j2 will provide more connectivity for the overall criti-
cal functionality. Similarly, the recovery of li1j1 is limi-
ted by the current residual availability of li3j3 regarding
the pair (Np1 , Nq1). Therefore, the recovery precedence of
li1j1 over li2j2 results from a global preference with respect
to the current restrictions, i.e., simultaneous consideration
of (Np1 , Nq1) and (Np2 , Nq2). This suggests the hint that
the raw recovery utility of lij should be further modified
by a factor to reflect the “second order” contribution.

Fig. 6 A simple case of precedence due to compromise

Let li1j1 , li2j2 ∈ Ft be two impaired links, Gt(li1j1) be
the recovery gain of li1j1 , and Gt(li2j2) be the recovery
gain of li2j2 . Let Gt(li1j1 , li2j2) be the increment of criti-
cal functionality when link li1j1 , li2j2 are recovered to their
full capacity wi1j1 , wi2j2 while the other impaired links re-
main their states of time slot t. Thus a quantitative term is
needed to describe the relative mutual restriction between
the two links, and this is derived by the empirical and
pre-defined coefficient constants by repeated simulation
experiment.

Definition 2 The relative recovery gain of li2j2

over li1j1 is
Gt(li1j1 , li2j2) − Gt(li1j1)

Gt(li1j1)
, and is equally

denoted by RGt(li2j2 |li1j1) provided Gt(li1j1) �= 0;
inversely, the relative superiority of li1j1 over li2j2 is

Gt(li1j1)
Gt(li1j1 , li2j2) − Gt(li1j1)

, and is equally denoted by

RSt(li2j2 |li1j1) provided Gt(li1j1 , li2j2) �= Gt(li1j1).
Intuitively, RSt(li2j2 |li1j1) describes the “goodness”

that li1j1 should be recovered ahead of li2j2 . However, four
extreme cases should be noticed as follows:

Case 1: Gt(li1j1 , li2j2) = Gt(li1j1) �= 0
In this case, the recovery of li2j2 after li1j1 is zero. It

can be easily seen that if li2j2 is recovered ahead of li1j1 ,
Gt(li2j2) is 0. Therefore RSt(li2j2 |li1j1) is set to be +∞.

Case 2: Gt(li1j1) = 0, Gt(li1j1 , li2j2) �= 0
In this case, the recovery of li1j1 before li2j2 is futile,

therefore RSt(li2j2 |li1j1) = 0.
Case 3: Gt(li1j1 , li2j2) = Gt(li1j1) = Gt(li2j2) = 0
In this case, neither li1j1 nor li2j2 can contribute to the

overall critical functionality. Set RSt(li2j2 |li1j1) = 0 for
conformation.

Case 4: RGt(li1j1 |li1j1) is set to be 1
Considering that the value range of RSt(li2j2 |li1j1) is

[0, +∞], to obtain a computable and controllable term, the
normalized relative superiority is introduced as below.

Definition 3 The normalized relative superiority of
li1j1 over li2j2 , denoted by RSt(li2j2 |li1j1), which maps
the relative superiority to the interval [0,1] by hyperbolic
tangent:

RSt(li2j2 |li1j1) = tanh[RSt(li2j2 |li1j1)]

where RSt(li2j2 |li1j1) = 1 if Gt(li1j1 , li2j2) =
Gt(li1j1) �= 0, corresponding to Case 1.

Literally, RSt(li2j2 |li1j1) illustrates the confidence that
li1j1 should be recovered ahead of li2j2 . If Ft = {lisjs},
s = 1, 2, . . . , S, which has S impaired links, the modifica-
tion matrix is used to refine the raw recovery utility of the

links. Correspondingly, RUt(li1j1) ·
S∑

τ=1

RSt(liτ jτ |li1j1)

indicates the integrated confidence that li1j1 should be
given the recovery priority among all the links. Referring
to the heuristic scheme delineated in Fig. 2, the current link
recovery at time slot t should be link liυ̂jυ̂

such that

υ̂ : max
υ

{
RUt(liυjυ ) ·

S∑
τ=1

RSt(liτ jτ |liυjυ )

}
.

3.2.5 Uncertainty in recovery time of links

In practical operation, the recovery time for a link is usu-
ally associated with uncertainty. In this regard, TTRt(lij)
is a stochastic variable. As the recovery time for a link
is subject to diverse factors, it is normally predicted
with empirical or epistemic knowledge. If the TTRt(lij)
can be known to conform to a certain distribution, i.e.,
P (TTRt(lij) = k) = pk (k = 1, 2, . . .). Obviously,
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pk is dependent upon lij , and the current degree of sta-
tus RAt(lij). With this stochastic setup, the optimization
problem can be interpreted in the sense of expectation, as
follows:

max E

[
Tc∑

t=td

(FΘ (t) − FΘ (td))

]
.

To obtain a revised dynamic scheme for the op-
timal problem, we simply redefine the RUt(lij) =

Gt(lij)
E[TTRt(lij)]

and keep most of the previous scheduling

principles unchanged.

4. An illustrative example based on Monte
Carlo simulation

4.1 Background of the illustrative example

Fig. 7 demonstrates the backbone network of Wuhan, a
metropolis in the geographic center of China. The city is
divided by Yangtze River and its branch Han River. Cur-
rently, there are seven bridges on the Yangtze River to
share the high demand of cross-river traffic. Meanwhile,
there are several regional transit points on both sides of the
Yangtze River inside the city, and traffic among these tran-
sit points constitute a major demand that shapes the traffic
patterns. The backbone roads are subject to some aleatory
disruptions such as vehicle accidents, temporary construc-
tion or maintenance of road assets, which cause degrada-
tion to the overall connectivity.

Fig. 7 Backbone road network of Wuhan

Fig. 8 focuses on one of the typical traffic patterns to
investigate the recovery strategy in terms of throughput

across the network. Thirty nodes and 46 links are extracted
to characterize the backbone road network. The numbers
in the brackets indicate the width of the links, and the
non-bracketed numbers are the labels of the nodes. The
one-way pattern reflects the traffic from the west (north
side of Yangtze River) to the east (south side of Yangtze
River). Let the O-D pairs of interests be Θ = {(N5, N24),
(N5, N25), (N5, N30), (N7, N25), (N7, N30), (N4, N27),
(N4, N28), (N8, N30)}, the set shows the special con-
cern with the connectivity among some of the local transit
points across the Yangtze River. The road network features
the multi-state for each link of the graph, and this implies
that the increment of a link’s residual availability will con-
tribute to the critical functionality of the whole network.

Fig. 8 Graph representation of the network focusing on one-
direction traffic

4.2 Basic practicability of the scheme

To demonstrate the validity of the proposed scheme, the
basic configuration of the simulation is set as follows: the
links are subjective to a common random failure rate (i.e.,
undergoing a disruption); when a link is randomly selected
as disrupted, its instant residual availability confirms to
half-normal distribution (i.e., the absolute value of a nor-
mal distribution) with truncation to the interval (0,1), in-
dicating the percentage of availability; the recovery time
is also generated by half-normal distribution with a coeffi-
cient of (1 − RAt(lij)) to show that lower residual avail-
ability leads to longer recovery time in average; the epis-
temic uncertainty of recovery time is the “true recovery
time” deviated by a stochastic term ε conforming to a trun-
cated normal distribution.

Fig. 9 shows the result of 20 repeated simulations when
a randomly generated impaired ensemble is fixed. The
Monte Carlo simulation includes the epistemic knowledge
about the recovery time and the random sequence in the
non-optimized scheme. The advantage of the proposed
scheme over the pure random scheme is obvious in terms
of recovery efficiency, as is compared in Fig. 10.
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Fig. 9 Critical functionality of Monte Carlo simulation

Fig. 10 Comparison of dynamic resilience

4.3 Dependence on the epistemic uncertainty

The simulation test described in the previous section pro-
vides a glance at the feasibility of the proposed algorithm.
In real circumstances, the states of the impaired links are
partially known, i.e., we can know about which links are
affected by the adverse event, while the recovery time
of the links can only be estimated. This gives rise to the
epistemic uncertainty when the proposed scheme is imple-
mented.

When combined with the aforementioned epistemic un-
certainty, two concerns of the scheme should be of special
interests: first, if the recovery time can be accurately ob-
tained, what will the performance of the scheme be like?
Second, what is the sensitiveness of the performance of
the scheme with regard to different epistemic knowledge?
As the proposed schemed is largely heuristic, Monte Carlo
simulation is once more used to test the two aspects of the
problem.

Fig. 11 provides an exhaustive experiment against the

proposed scheme. Eight links are randomly selected as be-
ing impaired, with the residual availability and the reco-
very time generated by rules described in Section 4.2. With
all these configurations fixed, the permutation of recovery
orders are all tried, in addition to the recovery order cal-
culated by the proposed scheme. This is to say, 40 320 re-
coveries options are exploited. The red line shows the crit-
ical functionality calculated by the proposed scheme, other
blue lines represent the critical functionality of the rest re-
covery options. Although the proposed scheme is heuristic
in principle, its performance is very promising in this test
case.

It is worth mentioning that, in this test, the residual avail-
ability and the recovery time is presumed to be complete
and accurately known, which constitute the input to the
proposed scheme. However, in real circumstances, this as-
sumption will yield its way to epistemic uncertainties and
estimation errors. Hence further experiment is conducted
to test the stability of the scheme against the uncertainties.
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Fig. 11 Performance of the proposed scheme compared to exhaustive trails

4.4 Dependence on the epistemic uncertainty

Several suits of tests are performed to investigate to what
extent the deviation of the recovery time estimation for the
impaired links can affect the results calculated from the
“perfect knowledge”. In these tests, 16 links are randomly
selected as the impaired links, with similar simulation con-
figuration as described in Section 4.2. To determine the
TTRt(lij) at each step, some distortion is added to the true
recovery time of the link to simulate the epistemic uncer-
tainties about the actual value, which is presented by two
parameters, namely the mean (M) and the variance (Var).
M refers to the ratio of the estimated time against the ac-
tual time, and Var indicates the deviation of the simulated
TTRt(lij) from its mean. For each suit of test, 20 inde-

pendent repetitions are conducted. Table 2 summarizes the
10 variations of the inputs and the corresponding output re-
sults. The results suggest that the proposed scheme is very
stable regarding the error between the epistemic estimated
and the actual TTR. The variance of epistemic errors in-
dicated in the far-left column causes very slight degrada-
tion of the results in terms of mean dynamic resilience and
variance. Fig. 12 displays the sample critical functionality
curves generated by the configurations. The curve in thick
red refers to scheduling by perfect knowledge, and many
curves overlap into one, which further implies the stabi-
lity of the proposed scheme. It should be noticed that some
extreme cases still exist, which shows considerable degra-
dation in dynamic resilience.

Table 2 Simulation of the epistemic TTRs for 16 impaired links to test the stability of the proposed scheduling scheme

Input Output
Mean and variation

of the epistemic
knowledge about

recovery time

Mean of dynamic
resilience

Mean of dynamic
resilience compared

with perfect
knowledge

Variation of
resilience

M=1.4, Var=0.12 0.819 0.999 0.002
M=1.2, Var=0.12 0.817 0.997 0.004
M=1.0, Var=0.12 0.815 0.994 0.005
M=0.8, Var=0.12 0.806 0.984 0.010
M=0.6, Var=0.12 0.781 0.953 0.035
M=1.4, Var=0.03 0.819 1.000 0.000
M=1.2, Var=0.03 0.819 1.000 0.000
M=1.0, Var=0.03 0.819 1.000 0.000
M=0.8, Var=0.03 0.818 0.998 0.003
M=0.6, Var=0.03 0.818 0.998 0.003
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Fig. 12 Simulation of sensitivity test caused by epistemic error about TTR

4.5 Some remarks on the proposed scheme in contrast
with the previous CI study

As introduced in the literation review, CI has influenced
previous research [28]. In fact, CIM has been a classi-
cal research topic in system reliability studies [29,30],
and some stereotyped measures are formed, such as Birn-
baum’s measure, and Fussell-Vesely’s measure [31,32].
These studies mainly focus on the ex-ante analysis, with
strong dependence on structural nature of the system and
the prior knowledge (such as prior probability) about the
survivability of individual components.

Recently, driven by the system resilience research for
critical infrastructures, a shift of paradigm emerges in CIM
study [19 – 21], which is referred to as resilience-based
CIM in the sequel. The resilience-based CIM study gene-
rally consists of two phases: firstly, the goal is to search
for the strategy of the recovery process that can reach
the maximization of system resilience; secondly, based
on the recovery priority of the individual components, the
resilience-based CIM can then be calculated according to
the rankings of the component priority by predefined cri-
teria. The presented work in this paper can be categorized
into the optimization phase, in which the order of compo-
nent recovery is rendered by the scheme. It is worth men-
tioning that the recovery order of the links is subject to se-
veral factors, including the topology feature of the im-
paired links, the magnitude of the damage to the links and
the time cost of each individual link. Thus, the resilience-
based CIM of the links strongly depends on the post-

disruption scenario of the adverse event. This will result
in more dynamic CIM values compared to the classical ex-
ante CIM.

4.6 Advantages of dynamic scheduling

The basic idea of the proposed scheme is to adopt dynamic
selection of the most critical link instead of determining a
static scheme of restoration, i.e., a fixed order of link re-
covery. This paradigm has shown its advantage in the ex-
haustive tests as have been discussed in the previous sec-
tion.

In the real circumstances where uncertainties have to
be taken into consideration, the strengths of the dynamic
scheduling can also be obvious.

In the fixed recovery method, the priority of link reco-
very is sorted by the CIM. In prior research, the Copeland
Score method is widely employed to calculate CIM for link
importance [20,21]. To test the validity of the proposed
scheme, the Copeland Score method is also used as a can-
didate scheme.

Let li1j1 , li2j2 ∈ Ft be two impaired links, the kth com-
parison of the link is given by

Ck(li1j1 , li2j2) =⎧⎨
⎩

Ck−1(li1j1 , li2j2) + 1, qk(li1j1) > qk(li2j2)
Ck−1(li1j1 , li2j2) − 1, qk(li1j1) < qk(li2j2)
Ck−1(li1j1 , li2j2), qk(li1j1 ) = qk(li2j2)

C0(li1j1 , li2j2) = 0

where k = 1, 2, . . . ,Ω stands for the specific attribute of
the links, and totally Ω attributes are considered.
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In the context of the problem, the kth attribute of the
links are the kth recovery percentile starting from the
residual availability. At time slot t, the associated qk is
the gain of overall critical functionality when the link lij
is recovered to its partial capacity, i.e., Res(lij) + k ·
RecoveryStep, while the other links remain unchanged.
Res(lij) stands for the instant residual availability of the
link, and the RecoveryStep stands for the mount of
progress in the recovery process, as is depicted in Fig. 13.

Fig. 13 Attributes of a link

The Copeland Score of a link is finally computed by

CS(lij) =
∑

lpq �=lij

CΩ(lij , lpq).

The Copeland Score of a link reflects the static impor-
tance of the link. Therefore, from the static point of view,
the recovery order of the links is determined by the CS
value of the link.

In the Monte Carlo simulation, eight links are randomly
selected as impaired, and the disruption results in the par-
tial functionality of the links as illustrated in Table 3. The
Copeland Scores of the impaired links are depicted in
Fig. 14. The recovery order thus is implied by their im-
portance value.

In the further simulation tests, the recovery time of the
links are also given by half-normal distribution. Since the
precedence of the links <6→7>, <6→13>, <16→27>

and <22→26> are equal in terms of their Copeland Score,
the simulation tests include some permutations of the four
links.

Table 3 Configuration of the Monte Carlo simulation

Link Disruption

Half-normal
distribution of
recovery time

eT (30,1)

5→10 0.617 (1−0.617) eT

6→7 0.033 (1−0.033) eT

6→13 0.819 (1−0.819) eT

7→13 0.107 (1−0.107) eT

8→15 0.211 (1−0.211) eT

16→27 0.707 (1−0.707) eT

21→25 0.486 (1−0.486) eT

22→26 0.866 (1−0.866) eT

Fig. 14 Static importance order of the impaired links

Fig. 15 demonstrates the time requirement against the
degree of network restoration in a typical test suit. The
red curve demonstrates the proposed scheme, and the blue
curves stands for the Copeland Score methods. The advan-
tage of the proposed scheme is very evident. In this typical
test suit, the recovery scheme calculated by the proposed
scheme is <21→25>, <8→15>, <7→13>, <5→10>,
<6→13>, <6→7>, <16→27>, <22→26>. There is
considerable difference between the proposed result and
the recovery strategy based on the Copeland Score as de-
picted in Fig. 14.

Fig. 15 Comparison of system restoration time requirement
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5. Conclusions

This paper aims to devise a practical scheme to sche-
dule the recovery process such that the dynamic resilience
performance of the network system can be optimized. A
heuristic scheme is proposed and tested by various confi-
gurations of Monte Carlo simulations. The simulation re-
sult shows that the proposed scheme can produce very
promising result, and good accommodation with epistemic
errors. For the future study, two endeavors will be carried
out: firstly, the scheduling and resources allocation for par-
allel recovery among multiple links; secondly, construct-
ing a larger scale of simulation tests to find the patterns of
resilience-based CIMs among links which can in turn shed
light on the ex-ante CIM.
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[11] GAO J X, BARZEL B, BARABÁSI A L. Universal resilience
patterns in complex networks. Nature, 2016, 530(7590): 307 –
312.

[12] ZHANG X G, MAHADEVAN S S, SANKARARAMAN S, et
al. Resilience-based network design under uncertainty. Relia-
bility Engineering & System Safety, 2018, 169: 364 – 379.

[13] REGGIANI A. Network resilience for transport security: some
methodological considerations. Transport Policy, 2013, 28(7):
63 – 68.

[14] BHAVATHRATHAN B K, PATIL G R. Quantifying resilience
using a unique critical cost on road networks subject to re-
curring capacity disruptions. Transportmetrica, 2015, 11(9):
836 – 855.

[15] WHITSON J C, RAMIREZ-MARQUEZ J E. Resiliency as
a component importance measure in network reliability. Re-
liability Engineering & System Safety, 2009, 94(10): 1685 –
1693.

[16] NATVIG B, HUSEBY A B, REISTADBAKK M O. Measures
of component importance in repairable multistate systems-
a numerical study. Reliability Engineering & System Safety,
2011, 96(12): 1680 – 1690.

[17] ROSE A. Economic resilience to natural and man-made disas-
ters: multidisciplinary origins and contextual dimensions. En-
vironmental Hazards, 2007, 7(4): 383 – 398.

[18] ROSE A. Defining and measuring economic resilience to dis-
asters. Disaster Prevention & Management, 2004, 13(4): 307 –
314.

[19] BARKER K, RAMIREZ-MARQUEZ J E, ROCCO C M.
Resilience-based network component importance measures.
Reliability Engineering & System Safety, 2013, 117(2): 89 –
97.

[20] BAROUD H, RAMIREZ-MARQUEZ J E, BARKER K, et al.
Stochastic measures of network resilience: applications to wa-
terway commodity flows. Risk Analysis, 2014, 34(7): 1317 –
1335.

[21] FANG Y P, PEDRONI N, ZIO E. Resilience-based compo-
nent importance measures for critical infrastructure network
systems. IEEE Trans. on Reliability, 2016, 65(2): 502 – 512.

[22] MARSEGUERRA M, ZIO E, PODOFILLINI L, et al. Optimal
design of reliable network systems in presence of uncertainty.
IEEE Trans. on Reliability, 2005, 54(2): 243 – 253.

[23] WU B, YAN X P, WANG Y, et al. An evidential reasoning-
based CREAM to human reliability analysis in maritime acci-
dent process. Risk Analysis, 2017, 37(10): 1936 – 1957.

[24] ERIC D V, MARK A T, NATHANAEL J K. Optimal recovery
sequencing for enhanced resilience and service restoratioin in
transportation networks. International Journal of Critical In-
frastructures, 2014, 10(3/4): 218 – 246.

[25] HENRY D, RAMIREZ-MARQUEZ J E. Generic metrics and
quantitative approaches for system resilience as a function
of time. Reliability Engineering & System Safety, 2012, 99:
114 – 122.

[26] LU C C, ZHOU X, ZHANG K. Dynamic origin – destination
demand flow estimation under congested traffic conditions.
Transportation Research Part C: Emerging Technologies,
2013, 34: 16 – 37.

[27] PANT R, BARKER K, ZOBEL C W. Static and dynamic met-
rics of economic resilience for interdependent infrastructure
and industry sectors. Reliability Engineering & System Safety,
2014, 125(5): 92 – 102.

[28] ZIO E, PODOFILLINI L. Importance measures and ge-
netic algorithms for designing a risk-informed optimally bal-
anced system. Reliability Engineering & System Safety, 2007,
92(10): 1435 – 1447.

[29] ZIEGEL E R. System reliability theory: models, statistical
methods, and applications. Technometrics, 2003, 46(4): 495 –
496.

[30] KUO W, ZHU X. Some recent advances on importance mea-
sures in reliability. IEEE Trans. on Reliability, 2012, 61(2):
344 – 360.



1008 Journal of Systems Engineering and Electronics Vol. 29, No. 5, October 2018

[31] BORGONOVO E. Differential, criticality and Birnbaum im-
portance measures: an application to basic event, groups and
SSCs in event trees and binary decision diagrams. Reliability
Engineering & System Safety, 2007, 92(10): 1458 – 1467.

[32] MENG F C. Relationships of Fussell-Vesely and Birnbaum
importance to structural importance in coherent systems. Reli-
ability Engineering & System Safety, 2000, 67(1): 55 – 60.

Biographies

WANG Yang was born in 1976. He received his
B.S. degree in mathematics from Wuhan University
in 1997, M.S. degree in applied mathematics from
Shanghai Jiao Tong University in 2000, and Ph.D.
degree in computer science from Huazhong Uni-
versity of Science and Technology in 2008. He is
currently an associate professor in Intelligent Trans-
portation Systems Research Center of Wuhan Uni-

versity of Technology. His main research interest is transportation
safety, including system resilience, risk assessment and emergency dis-
position. He is also conducting research on the human factors in the
transportation system by developing simulation environment for human-
machine interaction measurement and group performance modeling.
E-mail: wangyang.itsc@whut.edu.cn

FU Shanshan was born in 1987. She received her
B.E. degree in logistics engineering, M.S. degree in
intelligent transportation engineering and Ph.D. de-
gree in vehicle operation engineering from Wuhan
University of Technology in 2010, 2013 and 2017
respectively. She was a research assistant at National
Engineering Research Center for Water Transport
Safety, from 2012 to 2016. She is currently a lec-

turer in the College of Ocean Science and Engineering, Shanghai Mari-
time University. Her main research interests include resilience analysis of
transportation systems, risk modeling of arctic shipping and uncertainty
modeling in quantitative risk assessment.
E-mail: fushanshan lemon@163.com

WU Bing was born in 1986. He received his B.E.
degree in navigation technology from School of
Navigation, M.E. degree in traffic information engi-
neering and control from School of Navigation, and
Ph.D. degree in traffic engineering from School of
Energy and Power Engineering, Wuhan University
of Technology in 2008, 2012, and 2016 respectively.
During the period from 2014 to 2015, he was a joint

Ph.D. student in University of Lisbon. He is currently an assistant pro-
fessor in Intelligent Transportation System Center of Wuhan University
of Technology. His main research interests include risk analysis, decision
making and human reliability analysis for transportation systems.
E-mail: bing.wu@whut.edu.cn

HUANG Jinhui was born in 1992. He received his
B.E. degree in energy power system and automa-
tion from School of Energy and Power Engineer-
ing, Wuhan University of Technology in 2015. He
is currently a master student in major of traffic and
transportation engineering at Wuhan University of
Technology. His main research interests include traf-
fic accident modeling, organization resilience anal-

ysis, performance evaluation of emergency disposal and related fields.
E-mail: huangjinhui@whut.edu.cn

WEI Xiaoyang was born in 1990. He received his
B.E. degree in navigation technology from School
of Navigation, M.E. degree in communication and
transportation engineering from School of Energy
and Power Engineering, Wuhan University of Tech-
nology in 2014 and 2017 respectively. He is cur-
rently a Ph.D. student in Department of Civil and
Environmental Engineering, National University of

Singapore. His main research interests include machine learning, risk
analysis and accident consequence assessment for transportation systems.
E-mail: weixiaoyang@u.nus.edu



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


