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ABSTRACT

Resilience is a characteristic that indicates system per-
formance under unusual conditions, recovery speed, and
the amount of outside assistance required for restoration to
its original functional state. Resilience is important for
daily events, such as vehicle crashes, and more extreme
events, such as hurricanes and terrorist attacks. Transpor-
tation resilience has ten dimensions: redundancy, diversity,
efficiency, autonomous components, strength, collabora-
tion, adaptability, mobility, safety, and the ability to re-
cover quickly. This paper examines the influence of the
system optimal and user equilibrium traffic assignments on
the last four dimensions. No widely accepted measure-
ment of resilience is available for transportation systems;
this paper presents multiple metrics for the four examined
contributing components that will aid future development
of a single measure of resilience. An application of these
measures to a test network found that user equilibrium re-
sults in better adaptability and safety while system opti-
mum yields better mobility and faster recovery.

1 INTRODUCTION

Predicting transportation system performance during un-
usual conditions is an extremely challenging problem; how-
ever, such predictions are critical to planning for emergency
situations. Because the vulnerability of technological and
social systems cannot be completely determined (Foster
1997), system performance predictions must go beyond risk
assessments and consider resilience. In general terms, resil-
ience is the ability of a community or system to adapt to haz-
ards so as to maintain an acceptable level of service (Sub-
committee on Disaster Reduction 2005).

A resilient transportation system has ten properties:
redundancy, diversity, efficiency, autonomous compo-
nents, strength, adaptability, collaboration, (Godschalk
2002), mobility (Victoria Transport Policy Institute 2005),
safety, and the ability to recover quickly. Godschalk
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(2002) defines the first six terms as follows. Redundancy
indicates that multiple components serve the same func-
tion. Diversity means that the components are functionally
different. Efficiency indicates input-output ratio optimiza-
tion. Autonomous components have the ability to operate
independently. Strength indicates the system’s ability to
withstand an event. Adaptability implies that the system is
flexible and elements are capable of learning from past ex-
perience (Godschalk 2002). The remaining terms are de-
fined as follows. Collaboration indicates that information
and resources are shared among components or stake-
holders. Particularly pertinent to the transportation system,
mobility indicates that travelers are able to reach their cho-
sen destinations at an acceptable level of service. Safety
suggests that the system does not harm its users or unduly
expose them to hazards. Finally, the ability to recovery
quickly means that an acceptable level of service can be
restored rapidly and with minimal outside assistance after
an event occurs. The complexity of each of these ten di-
mensions and their interactions makes it difficult to obtain
a comprehensive measure of resilience.

The use of multiple metrics and simulation provides a
promising approach for addressing the complexity of resil-
ience. This paper addresses the measurement of transpor-
tation resilience through the evaluation of four of its di-
mensions and is the first to examine the impacts of traffic
assignment on resilience. This work uses simulation to
compare the user equilibrium and system optimum traffic
assignments with respect to adaptability, safety, mobility,
and recovery.

The remainder of this paper is divided into five sec-
tions. Section 2 provides a summary of the literature re-
lated to resilience, including perspectives from fields other
than transportation. Section 3 describes the specific prob-
lem addressed in this work. Section 4 provides the meth-
odology and defines the measures used to assess transpor-
tation resilience. Section 5 discusses the results of the
methodology applied to a sample network. Finally, section
6 summarizes this work and provides future directions.
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2  BACKGROUND

Resilience has been explored from the community, water,
power, and communication perspectives, but transportation
has been addressed only to a limited degree. This section
focuses on previous works from different fields that pro-
posed quantitative measures of resilience.

At a high level, Mileti (1999) suggests community re-
silience measurements in terms of extraordinary damage,
productivity losses, quality of life, and quantities of assis-
tance required from outside the immediate community. In-
frastructure analyses are more granular and specific than
the community level. For example, Chang and Chamberlin
(2005) measure resilience in terms of economic losses due
to the failure of water and power systems. Shinozuka et al
(2005) evaluate the power supply for each service area,
households without power, speed and efficiency for repair
and restoration, and employment loss. Like Mileti’s and
this last work, the current study uses several metrics.

Dolev et al (c. 2004) also propose multiple metrics, al-
though their work is focused Internet connectivity and not
on the effects of its loss. Connectivity is an important ele-
ment in assessing transportation resilience, however the
human element of transportation systems prohibits the di-
rect application of Dolev’s metrics. Furthermore, the
Internet is connected according to a scale-free power law
(Cohen et al 2000), whereas transportation networks are
specifically designed with a limited number of connections
at each node.

Buckle (2005) provides a loss model approach for any
infrastructure, including power, communications, and
transportation. Buckle’s approach involves measuring the
percentage decrease in infrastructure quality, residual ca-
pacity, and recovery time. In an associated paper, Werner
et al (2005) examine transportation resilience, measured in
terms of travel time increases after an earthquake.

Travel time and capacity are also factors in Murray-
Tuite and Mahmassani’s (2004) work, in which they de-
velop a disruption index for transportation networks. Al-
though not explicitly stated as such, this index combines
the resilience elements of redundancy, diversity, and mo-
bility. This index is among the first to combine multiple
resilience dimensions into one measure. However, addi-
tional resilience dimensions and their interactions need to
be thoroughly studied before integration with Murray-Tuite
and Mahmassani’s disruption index. The current paper ini-
tiates an exploration of four dimensions, only one of which
overlaps with the disruption index, and this dimension is
measured differently.

Like Murray-Tuite and Mahmassani (2004) and
Buckle (2005), Morlok and Chang (2004) evaluate the
amount of unused capacity in a network. Morlok and
Chang measure capacity flexibility through changes in de-
mand, including traffic quantities, commodity mixes, and
flow patterns. However, their work focused freight on rail
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systems, which have limited infrastructure and fewer rout-
ing choices compared to the road transportation system.

As noted by Allenby and Fink (2005), each system
faces a unique set of challenges. The unique challenges,
combined with differences among infrastructures and their
flows, lead to the inability to directly transfer analysis
techniques and measures across fields. However, some of
the measures, such as travel time, recovery time, and level
of service, are applicable. These measures, in addition to
several others, are used in this study to evaluate the impact
of traffic assignment on four resilience dimensions. All of
the previous resilience studies lack consideration of traffic
assignment, creating a gap that is addressed by this paper.

3  PROBLEM DESCRIPTION

This work compares the system optimum (SO) and user
equilibrium (UE) traffic assignments with respect to their
effects on adaptability, safety, mobility, and recovery. The
SO assignment minimizes the travel time for all vehicles in
the network, while the UE assignment minimizes travel
time for individuals. The vehicles travel on a transporta-
tion network G(N,A4) consisting of a set of nodes N and di-
rected arcs A. Each link a has a capacity ¢, and a posted
speed limit u,,.

A man-made event is envisioned which necessitates an
evacuation of the network’s residents during the evening.
In addition to the town’s residents, some evacuating
through traffic uses elements of the network. All evacuat-
ing vehicles are assigned one of two destination zones,
with the majority of each origin zone’s traffic traveling to
the nearest destination zone. In addition to this traffic, re-
sponse vehicles, such as police, fire, and medical service
vehicles, travel among the residential zones. The meas-
urement of adaptability, safety, mobility, and recovery in-
cludes all of this traffic. The notation associated with the
measurements is summarized below:

G(N,A): graph denoting the transportation network
consisting of a set of nodes N and directed arcs
A

A" set of directed special use arcs connecting ori-
gin node » with destination node s

a: index of the set A

b: speed threshold index

¢, capacity of link a

D:  total vehicle miles traveled

d; queue length i threshold

E: evacuation time

H:  number of vehicles exposed to hazards

L, queue length on directed arc a

my:  percentage of eligible vehicles that use special
lanes

my.  expected fatalities due to traffic incidents
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rs.

pw . path of vehicle w from origin node r to destina-
tion node s

q: average queuing time per vehicle

r origin node index

R: origin zone index

s: destination node index

S: destination zone index

t):  time point at which the queue length on link a
returns to a predetermined range

t":  time at which the speed on link a returns to or
exceeds the posted speed limit

t,”©  time at which the volume/capacity ratio on link
a returns to a pre-specified range

U, amount of time link a offers average speeds
lower than a threshold b of its posted speed
limit

u,:  posted speed limit

Vg volume of traffic on link a

w: vehicle index

@,;  binary variable taking the value 1 if path p con-
tains one or more special use lanes and 0 oth-
erwise

A fatality or incident rate

1%:  average travel time between zones R and S for
response vehicles

6": binary variable taking the value 1 if a path ex-
ists between origin node » and destination node
s that includes a special use lane and 0 other-
wise

0®:  standard deviation of travel time between zones

R and S for response vehicles.
4 METHODOLOGY

In this study, the traffic assignment-simulation methodol-
ogy DYNASMART-P generates SO and UE traffic as-
signments for a test network (discussed in Section 5). The
output of the simulations is then used to evaluate adaptabil-
ity, safety, mobility, and recovery according to the meas-
ures discussed below.

4.1  Adaptability

A network’s adaptability to an event or its impacts can be
measured through atypical uses of infrastructure, transpor-
tation modes, and demand management. This work con-
siders atypical uses of infrastructure. For any arcs (A;")
connecting origin node r with destination node s not nor-
mally used for general traffic, calculate the percentage of
vehicles using these lanes, as in Equation (1). Note that
special use lanes (such as high-occupancy vehicle) can be
modeled as links separate from general use lanes.
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where

P, is the path of vehicle w going from origin node r
to destination node s,

@, is a binary variable taking the value 1 if path p con-
tains one or more special use lanes and 0 otherwise,

6" is a binary variable taking the value 1 if a path ex-
ists between origin node » and destination node s that in-
cludes a special use lane and 0 otherwise.

4.2  Safety

Safety, in the traditional surface transportation sense, often
refers to the number of traffic incidents that occur along a
given road, or a similar measure. Since link level data may
be difficult to obtain, a rough estimate (m, = DA) can be
derived by multiplying the total vehicle miles traveled (D)
by the fatality or incident rate (4), publicly available from
the National Highway Traffic Safety Administration
(NHTSA). The units of the rate are often fatalities per mil-
lion vehicle miles traveled. NHTSA’s statistics are calcu-
lated for normal traffic conditions, but no evacuation sce-
nario statistics are available at this time (additional
research is needed to determine the transferability of the
fatality rates).

In situations where resilience is critical, a second es-
pecially relevant safety measure is the number of vehicles
(H) exposed to hazards. For example, during hurricanes,
this measure can be the number of vehicles who pass by
lakes and rivers prone to flooding. Under deliberate at-
tacks, H could be the number of vehicles driving by secon-
dary targets.

4.3  Mobility

In this work, mobility is measured in six different ways.
First is the amount of time E required to evacuate a town’s
residents. Second is the ability of response vehicles, such
as ambulances, to travel from one zone to another; this
ability is measured by the average travel time //*° between
zones R and S and the standard deviation 6®. Third is the
queue length L, on directed arc a, which can be evaluated
at various length thresholds d;. Fourth is the average queu-
ing time g per vehicle. Fifth is the amount of time (U,)
link a offers average speeds lower than a threshold b of its
posted speed limit (u,). The final measure is the volume to
capacity (v/c), for each link a.
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4.4  Recovery

Measures of recovery are case specific and depend on
whether infrastructure is damaged by the event. If infra-
structure is damaged, recovery can be measured by the
amount of time, money, and outside assistance required to
restore connectivity at an acceptable level of service, the
thresholds of which may also be situation dependent. In
the case where no infrastructure damage occurs, as in the
application in Section 5, recovery is measured by the
amount of time required to alleviate congestion. Corre-
sponding to the third, fifth, and sixth measures of mobility
in Section 4.3, three measures of recovery are used in this
study. Let ¢, be the time point at which the queue length
on link a returns to a predetermined range. Let ¢, be the
time at which the speed on link a returns to or exceeds the
posted speed limit. Finally, let ¢," be the time at which the
volume/capacity ratio on link a returns to a pre-specified
range.

5 APPLICATION AND RESULTS

Suppose an intentional, man-made event occurs in the
Washington, D.C. area that requires an evacuation from east
to west in the late evening. The resilience of a test network,
based on a simplified version of Reston, Virginia (a western
suburb of Washington, D.C.) is examined using the method-
ology discussed in Section 4. The selection of this network
is based on the flexibility offered by both separated airport
express lanes and high occupancy vehicle (HOV) lanes,
whose restrictions are in affect during the rush period in the
peak direction. Figure 1 shows the network, consisting of
147 nodes and 354 links. For the purposes of this study, the
network is divided into 14 zones. Two of these zones, con-
sisting of the two rightmost nodes, are strictly for generating
through traffic. Two others, consisting of the northernmost
and westernmost nodes, represent destination zones for all
traffic except response vehicles.
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Figure 1: Test Network
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According to the U.S. Census Bureau (2000), Reston
has a total population of 56,407, of which 33,333 are em-
ployed. Based on the 25,472 workers who commute by
driving alone and the assumption that half of the remaining
7,861 workers have vehicles, the number of vehicles that
would be evacuating the town is approximately 29,403.

Reston has a considerable amount of through traffic,
particularly along the Dulles Toll Road, which is shown as
the major east-west freeway in Figure 1, and Route 7,
which is the northwest — southeast road on the top right of
Figure 1 (labeled Highway 1). A moderate amount of
through traffic (approximately 12,700 vehicles) is included
in the simulation.

Using DYNASMART-P, the through, residential, and
response vehicle traffic is assigned first according to the
system optimum and second according to the user equilib-
rium. The entire planning horizon is 480 minutes.
Through vehicles begin at time 0 and have the first 30
minutes of the simulation to establish background traffic.
The Reston vehicles are generated over the next half hour,
along with response vehicles and additional through traffic.
Through vehicles continue to enter the network for an ad-
ditional 30 minutes. Response vehicles enter the network
from time 30 until 210. The results of these simulations
are then used to evaluate the resilience components
adaptability, safety, mobility, and recovery. The resilience
evaluation follows in the subsections below, but first, Ta-
ble 1 presents high level results for all vehicles in the simu-
lation. Over all vehicles, SO yields a slightly longer aver-
age distance, shorter travel time, and shorter average
stopped time. However, these aggregate results are too
close to draw any solid conclusions about resilience. More
detailed results are presented in the following subsections.

Table 1: Averages for All Simulated Vehicles

SO UE
Average Distance (mi) 7.719 7.690
Average Travel Time (min) 54.254 54.496
Average Stop Time (min) 36.190 36.747

5.1  Adaptability

Reston has two types of special lanes that require no infra-
structure modifications or additional instructions to use:
the HOV and airport express lanes. Contraflow lanes are
not considered in this scenario. Due to the evacuation,
HOV lanes are open to all travelers and not considered
special. Within the boundaries of the network shown in
Figure 1, the airport express lanes are only available to
through traffic. Under the SO assignment, 49.74% of the
vehicles that could use these express lanes for evacuation
purposes did so. For the UE case, 53.40% of the eligible
vehicles used these lanes, indicating that the UE traffic as-
signment exploits the system adaptability to a greater de-
gree.
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5.2 Safety

The first measure of safety is related to traffic incidents.
Virginia’s 2003 fatality rate is 1.23 per million vehicle
miles traveled (National Center for Statistics & Analysis c.
2005). Under SO conditions, a total of 316,148.34 miles
were traveled, yielding a value of 0.389 for m,. Under the
UE assignment, a total of 314,961.12 miles were traveled,
yielding a safety measure of 0.387. For this measure, a
lower value indicates a better score, thus UE gives a
slightly more resilient situation for this measure.

The second safety measure is related to the number of
vehicles exposed to hazards. Since the scenario under con-
sideration is related to an intentional man-made event, H is
measured as the number of vehicles passing potential sec-
ondary targets. For this study, the likely secondary targets
are contained within Reston’s town center, which includes
shops, mid-high-rise office space, and mid-high-rise apart-
ments/ condominiums. This area is contained within zone
10 and shown circled in Figure 2. No security measures
are assumed during this evacuation. Under the SO traffic
assignment, 15.05% of the total number of vehicles used at
least one of the circled links. For the UE case, 14.06% of
the vehicles traveled at least one of these links, suggesting
that for this particular scenario, UE traffic assignment is
slightly safer that the SO assignment. This result is case
specific and cannot be generalized to other scenarios or
networks.

Figure 2: Location of Likely Secondary Targets

5.3  Mobility

Section 4.3 describes six measures of mobility. The simu-
lation results for each measure are discussed in the subsec-
tions below.

5.3.1 Evacuation Time

The exact evacuation time depends on the definition of a
completed evacuation. Figure 3 shows a comparison of the
percentage of vehicles cleared at different times (keep in
mind that the first 30 minutes establish background traffic).
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If an evacuation is finished when less than 80% of the ve-
hicles clear the network, differences between the SO and
UE assignments are extremely small. At thresholds above
80%, UE performs slightly better than SO until the thresh-
old of 100% is approached.
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Figure 3: Network Clearance
5.3.2 Response Vehicle Travel and Queuing Time

The average response times for emergency vehicles
among the Reston-based zones (i.e. through traffic origin
zones are not considered) are determined by sending probe
vehicles from one zone to another at different times during
the simulation. Mean and standard deviation of both travel
and queuing times are calculated over different vehicle
start times, however, each start time under SO conditions
corresponds to a start time under UE conditions. UE mean
travel time is greater than SO mean response time for 58
(64.4%) of the 90 zone combinations; UE’s related stan-
dard deviation surpasses SO’s in 48 (53.3%) of the combi-
nations. The UE average queuing time exceeds the SO av-
erage queuing time for 52 (57.8%) of the zone
combinations; the related standard deviation is higher in 50
cases (55.6%). Thus, SO provides greater resiliency in the
system’s ability to address any secondary incidents or to
help residents in other ways.

5.3.3 Queue Length

Queue length severity is examined through different
thresholds for all of the freeway, highways, and major arte-
rial links in the evacuation directions. Table 2 presents the
maximum time that queues of different lengths exist.

The maximum queue length under SO conditions is
458.0 vehicles, while under the UE assignment, the maxi-
mum queue length is 464.4 vehicles (both for a 3.0 mile
long link). Since the maximum queue is longer under UE
conditions and Table 2 indicates that a greater amount of
time is spent under the most severe queuing conditions, the
SO assignment yields more mobility than UE, in terms of
queue length.



Table 2: Maximum Queue Durations

Queue Length SO UE

(vehicles) Maximum Maximum
Amount of Time  Amount of Time
(min) (min)

10.1-25.0 392 136

25.1-50.0 140 305

50.1-75.0 138 137

75.1-100.0 58 110

100.1-125.0 164 136

125.1-150.0 52 43

150+ 289 305

5.3.4 Average Vehicle Queuing Time

Closely related to the queue length measure, is vehicle queu-
ing time, the average of which is calculated for Reston’s
residents. Table 3 presents this time as well as the average
travel time. In light of Table 2’s results, it is not surprising
that Table 3 shows lower average queuing time. Thus, for
both queuing measures, SO indicates greater mobility.

Table 3: Average Resident Queuing and Travel Time

Traffic Average Queuing Average Travel
Assignment Time among Time among
Reston Residents Reston Residents
(min) (min)
SO 46.64 66.77
UE 47.15 66.92

5.3.5 Link Speed

The threshold selected for speed degradation is 10% below
the posted speed limit. As in Section 5.3.3, this measure is
applied to major links. Table 4 presents the top five links
with the longest speed degradation duration for each as-
signment. Due to different routing under each traffic as-
signment, the links corresponding to the ranks in Table 4
are not necessarily the same. The UE assignment yields
the maximum amount of time a link’s speed is degraded.
However, the magnitude of the differences among the top
five links makes it difficult to draw any conclusions about
which traffic assignment method results in greater mobility
based on link speed.

Table 4: Amount of Time the Speed on the Top Five Links
is Below 10% of the Speed Limit

Rank SO — Time in UE — Time in Difference

Deteriorated Deteriorated (SO-UE)
State (min) State (min)

1 336 347 -11

2 309 322 -13

3 260 263 -3

4 257 211 46

5 241 195 46
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5.3.6 Volume/Capacity Ratio

For the volume/capacity analysis, links are selected from
among those comprising freeway, highway, and arterial
roads, shown in Figure 1. The criterion for selection is the
minimum amount of time under free flow conditions,
based on the Highway Capacity Manual ratios. As noted
in Section 5.3.5, variances in vehicle paths can lead to dif-
ferent links faring worse under the two assignments. In
each case, the worst performing link of the major road is
presented in Table 5.

Table 5: Percentage of the Planning Horizon that Major
Roads are Within Different Volume/Capacity Thresholds

Road- v/c Limit
way 0.35]0.54 10771093 | 1.0 | >1
Freeway | SO | 783 | 1.5 | 42 |146] 02 [ 1.2
Express | UE | 77.5| 1.0 | 2.1 | 16.0| 04 | 2.9
E-W
Freeway | SO | 475 (162 | 94 | 6.0 [ 1.3 | 19.6
E-W UE | 519 | 112| 58 | 65 | 2.5 | 22.1
Hwy 1 SO | 740 | 5.6 | 11.5] 9.0 0 0
SE-NW | UE | 72.1 | 6.7 | 119 | 9.3 0 0
Hwy2 | SO | 485 ] 02 [488] 0.2 | 0.2 [ 2.1
NE-SW | UE [ 548 | 04 [427| 04 0 1.7
Hwy2 | SO | 438 ] 02 [479] 1.7 | 08 | 5.6
SW-NE | UE [61.2] 02 |315| 1.2 | 02 | 5.6
Arterial | SO [ 66.5| 1.0 [254 ]| 04 | 04 | 6.2
1 S-N UE | 53.3 0 |398]| 0 0 6.9
Arterial | SO | 29.8 0 32.1 | 18.5 0 19.6
1 N-S UE | 27.1 0 |319]196]| 04 |21.0
Arterial | SO | 604 | 0.6 [29.6| 2.5 | 04 | 6.5
2 S-N UE | 608 | 1.0 | 11.7]16.0] 0.8 | 9.6
Arterial | SO | 794 | 0.6 | 156 | 0.6 0 3.8
2N-S UE | 698 | 1.0 |223] 19 | 02 | 4.8
Arterial | SO | 669 | 0.8 | 156 | 2.7 | 04 | 13.5
3 S-N UE |681] 19 | 08 | 0.8 | 0.2 |28.1
Arterial | SO | 669 | 7.5 | 3.8 | 1.5 | 33 | 17.1
3N-S UE | 652 | 83 1.7 | 1.2 | 2.5 |21.0
Arterial | SO | 704 | 0.6 [21.0| 0.6 | 0.2 | 7.1
4E-W [ UE | 767 15| 50 | 0.8 [ 0.6 | 154
Arterial | SO | 81.3| 0.6 [ 13.1 ]| 0.6 | 0.2 | 4.2
4W-E | UE | 79.8 0 142 12 | 06 | 42
Arterial | SO | 154 | 80.6 | 4.0 0 0 0
SE-W | UE | 108|673 | 3.8 | 27 | 04 [ 150
Arterial | SO | 31.5]| 1.0 | 602 | 0.8 | 0.2 | 6.3
SW-E UE [ 285] 06 [627| 08 [ 04 | 6.9
Arterial | SO | 542 79 |[306| 1.0 | 04 | 5.8
6E—-W | UE [68.1]| 35 | 244 1.0 0 2.9
Arterial | SO | 744 | 0.6 | 133 | 2.1 | 0.8 | 8.8
6W-E | UE | 685]| 06 [225] 1.2 | 02 | 6.9
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As shown in Table 5, neither assignment consistently
yields a higher percentage of free flow conditions. Over
all of the selected links, UE has the minimum amount of
time under free flow conditions (arterial 5 westbound). SO
conditions yield a higher percentage of free flow condi-
tions for 10 of the 17 cases displayed in Table 5: the free-
way express lanes, highway 1, arterial 1 in both directions,
arterials 2 and 3 southbound, arterial 4 eastbound, arterial 5
in both directions, and arterial 6 eastbound. Thus, the SO
assignment provides greater mobility, in terms of the
amount of time in free flow conditions.

54  Recovery

In this study, three measures of congestion recovery are
used: queue length, speed, and volume/capacity ratio.
Each of these measures is discussed below with respect to
the SO and UE traffic assignments.

In terms of queue length recovery (z,), the same
thresholds as shown in Table 2 are used to determine the
last time point at which a major link enters the queue
length range (recovers from a greater queue length). As
shown in Table 6, the UE assignment requires a later time
point to recover to the indicated queue length range, thus
indicating that SO yields a faster recovery.

Table 6: Queue Length Maximum Recovery Time Points

Queue Length SO UE
(vehicles)
10.1-25.0 365 > 480
25.1-50.0 361 373
50.1-75.0 357 368
75.1-100.0 353 364
100.1-125.0 349 359
125.1-150.0 344 355

The second measure of recovery (¢, ) is the time point
at which the link speed returns to within 10% of the posted
speed limit. The maximum recovery time point for speed
is 380 for UE conditions and 370 for SO, again indicating
that SO recovers faster than UE.

The final measure (¢, ) is the maximum time point at
which the selected links in Table 5 dip below the vol-
ume/capacity threshold. Table 7 presents the results over
all of the selected links. These results support the other
two recovery measures, thus SO recovers faster than UE.

Table 7: Volume/Capacity Maximum Recovery Time
Points

v/c Limit SO UE
0.35 > 480 > 480
0.54 370 382
0.77 370 382
0.93 370 382
1.00 370 382

5.5 Results Summary
This section and Table 8 summarize the relative perform-
ance of the traffic assignment methods for each resilience

dimension and measure.

Table 8: Summary by Dimension and Measure

Dimension and Measure Better Performing
Traffic Assignment

Adaptability - use of special lanes UE
Safety — exposure to traffic UE
accidents
Safety — exposure to secondary UE
targets
Mobility — evacuation time UE
Mobility — response vehicle travel SO
time
Mobility — link queue length SO
Mobility — average vehicle SO
queuing time
Mobility — link speed Inconclusive
Mobility — volume/capacity ratio SO
Recovery — queue length SO
Recovery — link speed SO
Recovery — volume/capacity ratio SO
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The measures used in this study are not necessarily in-
dependent of one another. For example, a link’s queue
length can impede the travel time on that link. Therefore,
although SO has better performance on more measures, it
does not necessarily indicate greater resilience.

6 CONCLUSIONS

This paper provided several measures with which to evalu-
ate four of the ten dimensions of transportation resilience.
In conjunction with simulation, these measures were used
to compare the system optimum and user equilibrium traf-
fic assignments. In this study, user equilibrium performed
slightly better in terms of adaptability and safety. How-
ever, in terms of the measure “exposure to secondary haz-
ards,” the results were specific to the sample network and
cannot be generalized to any transportation system. Sys-
tem optimum performed better with respect to mobility and
recovery from mobility degradation. The close perform-
ance of the two traffic assignment methods, in terms of re-
silience, is potentially network and demand scenario spe-
cific. Thus, the traffic assignment methodology should not
be the only factor in assessing transportation resilience.
The other six dimensions, redundancy, diversity, effi-
ciency, autonomous components, strength, and collabora-
tion, will play a large role in determining the system’s re-
silience, though they are difficult to quantify.
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In the future, the measures presented in this paper will
be combined with measures for the other six dimensions
and additional metrics related to the four dimensions ex-
plored in this paper to form a comprehensive measure of
resilience. Tradeoffs among the dimensions will be explic-
itly determined. Finally, the comprehensive resilience
measure will address dependencies among the dimension
level metrics.

Additionally, three future directions specific to the
comparison of the SO and UE assignments will be ex-
plored. First, the sensitivity to measurement thresholds
will be examined. Second, the traffic assignments will be
compared for normal traffic conditions. Finally, a wide va-
riety of networks and demand scenarios will be examined
to determine whether SO and UE perform as closely as
they did in this study.
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