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1. INTRODUCTION

Issues of transport reliability and road networkneuability are now receiving increasing and
much needed attention. An important question is kmwodel and assess the consequences
of a disrupting event in the network, here in terofisncreased travel time. As in most
transport modeling, there is a trade-off betweensike of the area to be studied and the level
of detail in the analysis that is feasible for catgional reasons. At one end of the scale,
there are the micro-simulation models, which fullgpture the dynamic aspects of an
incident. These models, however, require highlyaided data, careful calibration and long
computation times to produce useful results. Atdtieer end, there are the static equilibrium
models, which calculate the travel times basedhenassumption that the users have perfect
information about the network conditions and thaiffic quickly adapts to a new user
optimal situation (e.g., Nicholson and Du 1997)tHair simplest form, no congestion effects
are accounted for either (Jenelius et al. 2006 JoFagnd D’Este 2004). In return, these
models require relatively few data and short coraaon times, which make them attractive
for studies in very large networks.

One issue that has been largely overlooked wheie siguilibrium models have been
applied is the duration of the disruption. In rgalthere usually occurs a period of disorder
and suboptimal behavior before a state resemblingcailibrium settles. If the duration of
the disruption is short in relation to this tram$ieperiod, the static models likely
underestimate the consequences of the disruptitso, Ahe presence of good alternative
routes increases in value with the duration ofdiseuption.

In this paper we propose a dynamic extension oluex equilibrium model without
congestion (i.e., shortest paths or all-or-noth&isgignment). The model handles both the
case when there are alternative routes and thendasethere are no alternative routes during
the closure. The purpose of the extended modeloigyite a better estimate of the
consequences of a road closure, while requirindittes extra computations as possible
compared to the basic model (henceforth called‘ttiaglitional” model). The new model is
thus intended to be applicable in studies of eViekyin very large networks. In contrast to
the traditional model, the new model does not asstimt the users immediately find new
optimal routes after a disruption. Instead, itasdd on the fact that it takes some time before
the users are informed of the event and can acotrdiogly. During this period of information
spreading, there is a transition from a suboptsitahtion to a new equilibrium.

2. THE MODEL
2.1. Basic assumptions

Consider, for simplicity, a single origin and destinatiord and assume that the travel
demand frono to d is x vehicles per unit time, constant and inelasticsukse also that there
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is originally at least one route betweerandd, that the travel time is independent of the
traffic volume and that all users choose to tralenhg the shortest routgig.

Suppose now that linkk is located along the routeyg At t=0, this link is
unexpectedly closed for all traffic. The processndbrming the users of the closure takes a
certain time, independent of the duration of thesate. At time, the shara(t) of all users
who start their trip have been informed of the gtes We assume thaft) = 0 fort < 0. At
some timetqins and henceforth, all users have been informed efctbsure and(t) = 1 for
t > toinr. Between 0 anting, a(t) is nondecreasing.

At topen the link is reopened and a similar informationgass begins. At timg the
shareb(t) of all users who start their trip have been infed of the reopening. We assume
thatb(t) = 0 fort <tgpen b(t) is Nnondecreasing fdrQ [topen toping) @andb(t) = 1 fort > topins. If
topen> teinf, all users will be informed of the closure wheme tink reopens. Ifopen< teint,
however, some share of the users will still be warawnof the closure. Both these cases are
handled by the model. When the users have depathey, cannot receive any new
information (thus ignoring the possibility of infoation via the radio).

During the closure, there may be either no oradtlene alternative route froorto d.

We will consider these two cases in turn, startitty the latter.

2.2. Case 1: Alternativeroutes

Let zoig denote the travel time of the original shortesttes,g. When linkk is closed, the
traffic must find new routes. The users who havenb&formed of the closure will choose
the route that is now the shortest, denatggh At timet, this share of the usersag). Let
short denote the travel time ofno The uninformed users, meanwhile, will travel @ogg
until they reach the near end of likkFrom there they will be required to take the sisir
route tod. Letrong denote this route frora to d and letrong denote the travel time ofng. It
always holds thadiong > zshort> Zorig- IN SOMe casessnotMay be equal togng.

Whent > topenand linkk has been reopened, it is again possible to take rgiq. The
behavior of the users will depend on what inforomatihey have. First, all those who have
been informed of the reopening will choosgy. Second, those who have been informed
neither of the closure nor the reopening will atdmoserig. Third, those who have been
informed of the closure but not of the reopening whoosergho: At timet, this last group
constitutes the shaggt)(1 —b(t)).

The total increase in vehicle travel time during iiterval [0 topin) IS thus

t

open

BT, = X [ QO e~ L) + A AN Trrg = Tl +
ton)in (1)
# [ 30 BO) Tarr = Tur ).
topen
topen topinf
If we introduceA= j a(t)dt andB = Ia(t)(l— b(t))dt, we get
0 topen
ATk = X[(A+ B)(Tshort - Torig) + (topen - A)(Tlong - Torig )] ' (2)
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The traditional model assuming perfect informatiamout the current network status is
obtained in the limit when ©- tgins andtopen<— topint. IN this caseA =tqpen B =0, and the
total increase in travel time would be

ATkt e = Xtoper{fshort— Torig)- (3)

It is easily shown thaf\T, = AT.". Thus, the new estimate of the consequences oa r
closure is at least as high as the traditionairest.

2.3. Case 2: No alternativeroutes

A link that has no alternative routes around it wiodosed will henceforth be calledcat
link. When such a link is closed, the users who haea ldformed of the closure will delay
their departure until they receive the informatibat the link is opened again. Meanwhile,
we assume that the users who are uninformed afitisaire will travel to the closed link, find
that it is closed and return home to wait for thi®imation that the link is open again. Thus,
the informed and the uninformed users will recdlve same increase in travel time (we do
not consider the extra cost of traveling back amth).

The increase in travel time during the closure =ia®f two parts: the delay from the
desired departure time until the link is reoperad] the delay from the reopening until the
user is informed of it. For the first part, we nthat since the travel demand per unit time is
constant, a user will on average be delayggd/ 2 time units. For the second part, we wish to
calculate the time until the user is informed oé tleopening. Observe thbft), t > topen
represents the cumulative probability distributadrbeing informed of the reopeningtatme

topinf
units aftertopen The expected delay for each user is ti@-b(t))dt . Since the total number
topen

of users wishing to depart during the closuredigen the increase in vehicle travel time

during this period is
2 topinf

t
ATE = 0 22w, O @ bOYGE | (4)

open

t

open

When linkk has been reopened, it is again possible to take rgig. The users who
have been informed of the reopening, as well asetiwdho are uninformed of both the closure
and the reopening, will make their trip as planngédwever, those who have been informed
of the closure but not yet of the reopening willagetheir journey. Consider such a user who
was supposed to depart at tietopen Thenby(s) = (o(s) —b(t))/ (1 —b(t)), s>t represents
the cumulative probability distribution of beinganmed of the reopening atime units after
t. The expected delay is thus

1-b(s)
} 1-b@)

topinf topinf

j @-b(s)ds= (5)

Since the share of these users iata(t)(1 —b(t)), the increase in vehicle travel time during
this period is



Incorporating Dynamics and Information in a Congggqe Model for Road Network Vulnerability Analysis
Erik Jenelius

t t t t

AT = J' a(t)(L- b(®)

t

opinf

1 = —
=60 j: @-b()ds|dt=x [ a®) [a-b(e)dst. (@)

-opinf opinf

t t

open open

topinf topinf
Finally, with notations E(t) :I(l—b(s))ds,c = E(t,pen)and D = ja(t)E(t)dt, the total
t t

open

increase in vehicle travel time is

open

t2
AT, = AT+ AT X" = x|: ; +toperC + D}. )

If we assume perfect information, the users woully be delayed until the link reopens, and

2

XtO en
AT = —2" : (8)

3. LINEAR FUNCTIONS

The simplest and perhaps also most reasonable pgeans that the functiona(t) andb(t)
are linear during the information spreading proess$hus, let

0 t<0 0 t<topen
_ t _ t- topen
a(t)=y— O0=st<ty, and b(t)=¢———— t ., St<t . (9)
clinf opinf - open
l t 2 tclinf 1 t 2 topinf

For brevity, we will here only consider the caseewkypen> teint, i.€., all users have been
informed of the closure before the reopening. Téseovherpen< teins Yields slightly more
complicated expressions. Whpen> teiint,

topen Lelint Lopen
t.
A= J' a(t)dt = I LI I 108t =t, -9t (10)
0 clinf toins 2
topinf topinf
topinf -t topinf _topen
B= j a(t)(1-b(t))dt = j Ly = e (11)
topen topen topinf topen
topinf topinf
topinf -S (topinf _t)2
E(t)= | @-b(s))ds= ds = ot <t<t (12)
—t Z(t —t ) open opinf
t opinf open opinf open
toin — &
C = Eltopen) == (13)
t t o
opinf opinf t . —t 2 t . —t 2
D= [aEQ = [ 15 Copnt 71"~ Qopor ~Lopn) (14)
2(topinf _topen) 6

tc>pen tc>pen
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Figure 1 Example network

For the case when there are alternative routestting (10) and (11) in (2) gives

X

ATk = E[(topen + topinf - tcIinf )(Tshort - Torig) + tclinf (Tlong - Torig )] b (15)
For the case when there are no alternative rousasiting (13) and (14) in (7) gives
X
ATk = E[tcfpen + topentopinf + tgpinf ] : (16)
4. EXAMPLE

Consider the small example network in Figure 1. ®hginal shortest routgyg from o to d

is (ki, ks, ks). Suppose that the duration of the closure is d2rd) that it takes 6 hours to
inform all users of the closure and 2 hours to rimfichem of the reopening. That is, let
teiinf = 6, topen= 12 andtqpins = 14. Let the travel demandfrom o to d be 500 vehicles per

hour and assume thaft) andb(t) are linear.

Suppose that links is closed. Then by using lirdg it is still possible to reacH. In
this casefsnort iS (K1, Ks) While riong is (K1, ks, ks, ks). That is, the uninformed users have to
traverse linkks in both directions (which we assume takes equaltg time) on their route.
We get togig =71+ 73+ 75 = 1.0 hour, tshor=71 + 74 = 1.5 hours,tong=71+ 273+ 74 = 2.0
hours, and insertion together withs, topen@ndtopins in (15) gives

AT, =5008 = 4,000 vehicle hours. a7
With the assumption of perfect information, (3)@gvhat the increase would have been
AT, = 5006 = 3,000 vehicle hours. (18)

Suppose instead that the cut liakis closed, so that there are no alternative rogtes
d. Insertingtopen andtopint in (16) gives

AT, =500(84 + 2/3) = 42,333 vehicle hours. (29)
With the assumption of perfect information, (8)&g\wthat the increase would have been

AT, = 50072 = 36,000 vehicle hours. (20)
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New measure, 8 hours closure New measure, 24 hours closure

Delay per trip (hours) Delay per trip (hours)

[ ]0.04-03 [ ]0.05-0.57
[ ]0.3-0.49 [ 057-1.26
I 049 - 1.19 Bl 126-2.73

119-2.15 Bl 273-582
Bl 2.15-2.95 Il 5.82 - 8.45

0 100 200 300 400 Kilometers 0 100 200 300 400 Kilometers

Figure 2 The wor st possible consequences for each municipality of closing onelink
according to the new measure and for two closure durations

5. APPLICATION: NORTHERN SWEDEN

We have compared the new model with the traditionatlel in a case study on the largely
uncongested, rural road network of northern Swedemelius et al. 2006). The network
consists of 14,922 links and 5,553 nodes, includintd6 centroids. For each of the 69
municipalities in the region we have calculated wuest possible consequences of closing a
single link. The consequences are measured asvdrage increase in travel time per trip
starting in the municipality during the affectedipd [0, topin). This increase gives a measure
of the exposure of the municipality to the worsseacenario that this link should be closed.
The measure has been calculated for two closumidos, 8 and 24 hours. In both cases we
have assumed that the closure information procekest6 hours and the reopening
information process takes 3 hours.

For long closures such as these, the assumptioanstant demand (per unit time) is
not very realistic. However, if the variation dugithe day is not too extreme the average
demand during the closure should be acceptablesdo ln this study we have assumed the
same average demand for both closure durationgdbas an estimated average weekday
demand matrix used by the Swedish Road Administnati

The calculations show that the rankings of the mipalities according this exposure
is very similar using the new and the traditionaldals. In particular, it is generally the same
link that comes out as being the most importanafanunicipality using both measures. This
is because the most important link under the studigations is for most municipalities a cut
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link, and for such links the new and old measurdg differ by a term that is the same for all
links, compare (7) and (8).

The duration of the closure has a larger impacthenrankings of the municipalities,
as shown in Figure 2. The longer the duration,nttoee valuable is the possibility to choose
an alternative route instead of having to waittfoe link to reopen. This can be seen from
(16) where the consequences are proportional tostjuare of the closure duratidgpen
compared to (15) where the proportionality is lmd@or longer closures, the municipalities
where there are no alternative routes when the muzirtant link is closed are consequently
ranked higher.

That the most important links are often cut linksew the closure duration is 8 hours
or longer suggests that the focus of vulnerabgditydies should primarily be on such links. If
a new road would be built to provide alternatives & cut link, the consequences would
generally be reduced greatly even if the altereatioute would mean a long detour. The
study also shows that prioritization among the ropailities is somewhat sensitive to what
closure duration is assumed. Preferably, this shbalbased on observed data from previous
incidents. One could then build an empirical proltgtdistribution function for the duration
and base the analysis on this, using the expectes wr different quantiles. At the present,
however, we lack the necessary data for such agtwe.

6. VARIATIONS AND EXTENSIONS

There are several possible variations on the assomspof the described model. We will
outline a few possibilities.

6.1. Long travel times

In the described model it is assumed that the kranee from o to the closed linkk is
insignificant in relation to the duration of theslre. It is possible to include the travel time
7ok betweero andk explicitly if we assume that the users receivenaw information during
this time.

The users departing in the intervatds-min(topen— 7ok, 0)) Will arrive atk while it is
closed. If there are alternative routes, thesesuadl have to take the routgng instead of
loig- Conversely, the uninformed users departing ininkarval [max{open— 7ok, 0), topen) Will
arrive afterk is reopened and will be able to take rowg instead ofriong. For all other
departure times the routes will be the same dsaméscribed model.

Similar arguments will give the consequences wihenet are no alternative routes. In
all cases, the total increase in vehicle traveétill be larger than in the described model.

6.2. Beforehand information

The described model assumes that the link is sugldgrened again with no beforehand
information. Alternatively, we may assume that thi@rmation proces$(t) begins at some
time tophgn < topen This may change the response of the users gfdogitweertopogn andtopen
Suppose first that there are alternative routessér starting att [ [topngn topen WhO
has been informed of the time of the reopeningataose whether to take routg, or to
wait until roig is available. The delay will be Migor— Torig, topen—1t), cOmpared tozgnor—
Torig) IN the described model. Similarly, a user whanshformed of the closure and arrives at
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the closed link can choose whether to continueooiterr;ong Or to wait untilrqrig is available.
The delay will be minfong — Zorig, topen—1t), cOmpared tozfong — 7orig) i the described model.
Thus, the increase in vehicle travel time will hbeesmaller.

Suppose then that there are no alternative roBesause of the earlier information,
the time from the reopening until a user is infodnoé the reopening will be shorter than in
the described model. Hence the increase in vetiekel time will be smaller.

The beforehand information can also be combinetl e long travel times, which
gives slightly more cases to consider.

7. CONCLUSION

We have presented a model for calculating the asmren travel time caused by a road
closure. The model extends the user equilibriumehadthout congestion (shortest paths) by
incorporating slow information spreading and dymamser response. By including the
closure duration in the model it is possible tmadlandle the case when some users have no
possibility to reach their destinations during thesure.

With the traditional model two shortest path cadtians per OD pair are necessary,
one fromo to d in the undamaged network and one froro d with link k closed. With the
new model only one more shortest path needs taloelated, from the near end bto d
with link k closed. If linear functions are chosen &ft) andb(t), only two extra parameters
need to be estimatetins andtoping.

Because of the assumption of no congestion, tivelttames of each OD pair can be
considered independently. Without this assumptibe, model would have to be modified
(since the route travel times become time-dependend the calculations would be much
more time consuming.

The case study shows that for relative comparisonsprioritizations at aggregated
levels the traditional model may be sufficient,ceinthe new model does not alter the general
picture much. As the example shows, however, thgnimade of the consequences of a
closure may differ considerably between the two emdWe believe that the new model is
closer to the truth than the traditional model. §hwhen the analysis calls for more accurate
estimates of the consequences, such as in specditario analyses and estimations of the
socio-economic costs, the new measure should berpred. That being said, however, these
models should ideally be only the first phase dfilavulnerability analysis, to be followed
by more refined studies of the areas that was igigted in the initial phase.
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