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ABSTRACT

The quality of a road network should be that i®iffreliable connections between origins
and destinations under all prevailing conditionsVvEl time and connectivity reliability are
most important quality items. This is why robusgieéa network is as main aim for road
network managers these days, is becoming an impatady area for transportation
scientists now. This paper studies one specifieaspf robustness: the consequences of the
blocking of a link in a road network using a traf§imulator. In dynamic traffic simulation
program, sequentially links are blocked from a@egi size network used as case study. The
simulation program determines the network perforreaboth with a fixed route choice and
an adaptive route choice. A special feature iméhe simulator proposed here is that the
representation of spillback can be switched onafidhus, effects of spillback can be
examined explicitly. Road network robustness aratatteristics of vulnerable links are
evaluated for both spillback and non-spillback sa¥ge conclude three things. First, the
correlation of the vulnerability of links betweemsilations with spillback and without
spillback is low, implying that any study to iddgtvulnerable links should include spillback.
Second, network performance drops most if a fredwmyis blocked. Only if simulated with
spillback, freeway junction links also have a bigpact. Finally, computations show that
route adjustments are more effective if no spilkbscsimulated.
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INTRODUCTION

The reliability of road networks is valued by bataivelers and network authorities (1, 2).
Bates found that one minute reduction of standaxdadion of travel time and two minutes of
actual travel time are equally valued (3). Bogerd ¥an Zuylen (4) showed that drivers
avoid routes that are on the average the quickedidve a probability if exceptional high
travel times. Robustness of networks is the abilitg network to cope with variations in
demand or network capacity without much influent&avel times and is as such a corner
stone for travel time to reliability. The mentioneatiations can be caused by normal daily
fluctuations in demand and supply as empiricalipvam by Tu et al. (5) . Another cause for
this variation is the blocking of a link by an ident of road maintenance. This is not part of
the normal daily fluctuations and reduces the ciypac

This paper analyzes this reduction of performar@ereetwork caused by an incident.
Different research projects assessing road netvatrlistness use different traffic simulation
models. The models differ in the dynamics of t@ffow and congestion. Due to the
complexity of the network modeling, sometimes $gitlk, i.e. congestion propagation to a
more upstream link, is not modeled. This contrilmuttompares link network robustness for
scenarios with and without spillback in order teess the impact of proper spillback
modeling on network perfromance. This is done blymamic model. This study makes a
distinction for cases in which road users adapt tioeite choice to the new situation with a
blocked link and congestion and a situation in Whiwey do not. It is also investigated for the
blocking of which links the network performanceparticularly sensitive.

The method we use is as follows. We sequentiatiglohll links, one at a time, and compare
the results in network performance. The robustiseswerse proportional to the number of
links that reduce the network performance in a id@rable way. The robustness of the
network depends on the internal structure andltvesfin the network.

Different models, with and without spillback, pretdifferent traffic states. This paper
discusses the quantification of these differen€hs.main aim is to compare the conclusions
from two models and conclusions about robustnedgasperties of important links: do they
differ and how much. The next question is if rolbests studies using network models without
spillback have any practical value. It is foundtttiee robustness assessment differs much for
the two approaches. Therefore spillback should &émodeled in robustness studies.

The paper is set up as follows. First, it invegggavhich approaches to robustness are used.
We will then formulate the mathematics of one applo This mathematical framework can
be applied to simulation studies. The section fizdfow modeling” describes the differences
between these studies. We will compare the sinmridgchniques in a case study that is
described in the next section. In the last twoisastpresent the results and the conclusions.

STATE OF THE ART

A considerable part of the delays, about 25% ait|escaused by incidents (6). In this article,
we discuss these delays in detail. The robustrgggast link failure is usually approached in
one of the following two ways

The first one, used in (7, 8), is an analyticaingaheoretical approach in a static assignment.
An “evil entity” wants to destroy a network andgisen the possibility to destroy a limited
number of links, whereas the user wants to minirthizerisk. The road users choose their
routes in order to get a short travel time. Usyadtlis assumed that drivers take the route such
that they can not unilaterally change their route get a higher utility, usually based on

travel time (9). Those links that reduce the neknmrformance most if they are blocked are
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called vulnerable. The lower the effect of the dnatpof links, the more robust a network is
considered to be. In this approach, results arechas an analytical approach and a
mathematical framework is set; in both articlesinaple network is used as test case. The
same approach is also used in (10), but hererdkieltimes also depend on the flow on the
links.

The other approach found in literature, is the fifieation of vulnerable links in a real-size
network, for instance using simulation. In (11)pmperties of vulnerable links are presented
based on a simulation study. A method to find vidbée links quickly in large networks is
proposed in (12), but in an aim to reduce compandiime, the traffic dynamics are not
captured correctly. In (13) a method is presentesktect the most vulnerable links in
different stages. The first stage selects potéypwalnerable links and links that do not need
to be reconsidered for being very vulnerable. Ting$ selection is based on link flow
properties in the every day situation.

Our research aims at problems in a real-world nétwbhis study uses the mathematical
concepts of the analytical studies, but we usenajc traffic assignment. Thus, also
spillback effects in a non-equilibrium situatiomdae studied.

MATHEMATICAL APPROACH
In the remainder of this section, we will use tbkofwving notation:

Tablel1 List of used symbols

Symbol Meaning

B Blocked link

G The network

Gp The network with link b blocked

I Path

Ss Spillback simulation: is in the simulation dpalck simulated or not
UE(S) Set of optimal static paths in network G

Ti{G) Equilibrium paths in network G

A Number of travelers arrived at the end of theudation

A(TtG,ss) Number of travelers arrived at their destinatiothatend of the simulatiof

given route choicer, network G and whether spillback is simulated dr no

A(MG),G&,,ss)| Number of travelers arrived at their destinatiothatend of the simulation
if link b is blocked and the route choice is basadn undisturbed, free
flowing network

A(T(Gp),Gp,ss) | Number of travelers arrived at their destinatiothatend of the simulation
if link b is blocked and the route choice is basadhe actual traffic
situation

There are two (groups of) actors in the situationaad: on the one hand the travelers all
wanting the best path through the network and erother hand an “evil entity” wanting to
harm the performance most by blocking one link. maevork robustness studied here can be
easily related to the performance of the evil gntfta link is blocked, the evil entity wants

the network performance to reduce a lot. Road userthe other hand, all aim for a short
travel time independent of the link blocking. Tiudlective result of the trips of all travelers is
a measure for the network performance. As roadsusant to optimize their individual trip
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under for all circumstances, the aim for the caoilecof road users is a robust network,
although in general the individual optimal rout@icle does not lead to a collective optimum.
The situation is studied in two ways here. The firay is that the road users choose the
initially fastest routes and do not deviate fropreiten if their route is congested or blocked.
In the second way, a road is blocked and road we&éradapt their routes according to the
new situation.

Static, predetermined routes

In this scenario, the best routes through the nétare determined first. Routes are chosen
according to a user based optimum. Everyone tdlesoute that is fastest in his perception.
These routes are referred to7gs (G), in whichG is the network these routes are based on.
For reasons of simplicity, routes are in this daased on an undisturbed network and free
flow travel times which is indicated with the subpt0. The travel times are subject to
personal valuation and perception, even if theybased on free flow conditions. Therefore,
in the simulation program, a number of sets of tiialvel time perceptions are drawn. The
link travel time is drawn from a normal distributiavith the calculated travel time as mean
and a standard deviation of 10%. This value comma the qualitative calibration of the
network we will use as case study (see below). Batbf link travel time drawings
determines a set of routes from each point to dastination. A large number of drawings
can be considered representative for the wholelptpn and so routes are assigned via a
probit procedure.

For the trips from every node in the network toledestination a route choice is now made.
Then, one link is blocked and the netw@lchanges int@y. For every link blocked, a
separate simulation is run. For the evaluatiornefgerformance of a network an indicator
should be used. We want this performance indidatbe lower if people need to take a
detour, come later or do not arrive at their desiom at all. We opted for the total number of
travelers that arrive at their destination in timuation time as performance indicatér,We
preferred this over average travel time as mea3in&t would need extra care in
interpretation and calculation as it needs to kmdael for which number of travelers the
average is calculated and comparisons would be nwmplicated. It also differs from the
total time spent in the network as in our perforoemeasure, a few cars that are blocked for
the whole simulation period, do not influence tie¢éwork performance much. This resembles
better the reality as in reality, the cars mightabe to reverse or turn around.

The network flows and therefore also the netwomguenanceA can be different for the
scenario in which spillback is modeled and the aderin which no spillback is modeled, so
it depends also on the simulation of spillbassk,

The performance of the network in this scenariorman mathematically be expressed as:

A(*(G), G, ss). 1)
The most vulnerable link* is the link for which the network performanceasvest if it is
blocked:

b* :arg;nin(A(zTO *(G),Gb,ss)) . 2)

Dynamically adapted routes

Here, the simulation starts with blocking link heTtravellers respond to that action by
changing their routes and therefore, their actamesdifferent for every different link blocked.
The road users adapt their behaviour to the nemdisaged situation in the blocked network,
and will also change their routes during the siraddime due to congestion. In this case, the
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routes are based on the actual traffic situatich wiblocked link. People will choose the
route that is in their view the fastest at the motad choice, at the moment: (Gp). No
iteration is applied to account for the congestiothe coming time period. User equilibrium
is not likely to occur in a non-recurrent situatwith an incident. The assignment is, similar
to the other scenario, done by a probit assignniém.routes are now updated every time
period of fifteen minutes due to congestion. Incfce, this is for example possible by regular
in-car information of the speeds.

Link travel time is computed from link distance angkerage speed on the link, which, in turn,
is the calculated flow divided by density. Travelehoose a route to their destination that
takes the shortest time in their view. In this stém the same probit procedure is applied for
the route choices. The error in travel time perfiogpis still normally distributed wit a
standard deviation of 10%. Now, however, at the@&ral period, this assignment is redone
with updated speeds. Half of the travelers wilblssigned to a new route; the other half will
choose the old route for the coming period. Iffiaetion of people that take a different route
is too small, the route choice effect cannot b&xs@a the other hand, a too large share is
unrealistic (1).

As network flows will differ for scenarios with andthout spillback, the network
performance can also differ dependent on the stoual@f spillback.

For this scenario, the network performance functi@t needs to be evaluated is

A(m(G,). G, ss). 3)

This function is calculated for each choice of kleat link b, so that the most vulnerable link
b* can be found:

b* =arggnin(A(n*(Gb),Gb,ss)). (4)

In terms of a mathematical game, this lstkwould be the Stackelberg optimum for an evil
entity to block if he was given the opportunityiiock one link.

TRAFFIC FLOW MODELLING

Analysis to road network robustness can be done twiv types of simulations. Both
microscopic simulations, in which vehicles are widisally simulated, and macroscopic
simulations are used.

Simulation studies that cover a larger area ofs@nraacroscopic models to reduce
computation time. With these models, it is an igsuenplement the congestion flow crossing
a link border in a correct way. Often, queuing msa@dee used to describe queues. In vertical
gueuing models, traffic jams do not occupy any sp#¢hat matters for the traffic flow, is
that flow at the upstream link is not influencedtbg queues on the (downstream) link.

In reality, the queue will grow more upstream ttiaam end of a link.

This can be captured by a horizontal queuing mddehis model, the head of the queue is
fixed at the bottleneck and the queue can onlytlisfrom the tail. Often, a fixed space per
car is assumed. The queue dynamics of this modgdlatted in Figure 1a. In the upper
figure, the space-time diagram of the queue iggdofThe queuing area is shaded. In the
lower figure, the number of cars in the queue adtpd.

In reality, the queue will, possibly dependent @&ific conditions, dissolve from the head,
while the tail of the queue still moves upstreamseen in Figure 1b and c. Figure 1b give the
representation of the correct traffic behaviomat bottleneck, but without spillback: the
gueue remains at the links of the bottleneck. gufé 1c, also the spillback is captured
correctly: the queue grows also on the upstreakndimd the growing on the tail is faster as
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soon as it crossed the link border. This study @mepthe situation without spillback (as in
Figure 1b) with the situation of spillback as shawirfigure 1c.
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Figure 1Congestion dynamicsin a space-time plane. From left to right: a) implementation of a horizontal
queuing model, b) shockwave theory without spillback, c) shockwave theory with spillback

Shockwave theory is needed to describe the rdfittstate (Figure 1c) behavior sufficiently
accurate. We use a continuum LWR-model that weeseith a Godunov scheme (14).
Second order effects (e.g. from synchronized flowvide moving jams) have some minor
influences (15) that we will neglect in the remaindf this article.

CASE STUDY DESCRIPTION

The best way to compare the results of the vulrilisabf links in a spillback and in a non-
spillback simulator is to use one simulator that aan simulations both with and without
spillback. In this way, there are no differencesystematic errors.

We used a simulator DSMART developed at Delft Ursitg of Technology. The working of
the simulator is discussed briefly here; for mog&ads, we refer to (16). The macroscopic
simulator splits links in cells. In each cell, tihensity and the average speed are assumed
homogeneous; these two variables determine the ctalhe cell. A fundamental diagram
gives a relation between density and flow; we wsé&thngular shaped fundamental diagram
(17). This fundamental diagram is used in a Godwaieme (18): according to the density
and this fundamental diagram, every cell has aredutput demand, increasing with
density, and a supply ability, decreasing with dgn3he minimum of the demand of the
upstream cell and the supply of the downstreamisétle flow from one cell to the adjacent
cell:

Q... =min{demand ,supply} . (5)
If at junctions the combined demand of the upstréaks to one downstream link is larger
than the supply of the downstream link, the trassion flow from all upstream links is

reduced with an equal factor (19). In this way,igkds queue at the upstream link and so
congestion propagates upstream and spillback isygbe model.
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A modification of the model excludes spillback frahe model. In this changed model, the
supply of the most upstream cell of a link was gsyandependent of the congestion state,
capacity. In this model, a traffic jam on the dotweam link does not influence the traffic
state on the upstream link.

As a case study, we use the network of freewaysfanhain roads of the underlying road
network around the Dutch city of Rotterdam (aro600.000 inhabitants, see also Figure 2).

Figure 2 Map of the city of Rotterdam

468 links are modeled. The network model and theadhic OD matrices are calibrated

gualitatively on a morning peak period. Our simiolatcovered a morning peak from 6.30 to

9.30 am.

The incidents are modeled as follows. During theltsimulation, the capacity of a link is

reduced. The new capacity of the blocked road fsesssed mathematically as:

nrlanes—2

C =C,y, max;————,0 6
blocked old { nrlanes } ( )

in which C stands for the capacity of the linksisTimeans that at most two lanes will be

blocked.

RESULTS

Four different scenarios are compared:

* no spillback, static route choice;

* no spillback, dynamic route choice;

» spillback, static route choice;

» spillback, dynamic route choice.
In this section, we compare the results of theseilsitions, starting with some general
findings. Then we analyze the advantage of patlatgsdn cases with and without spillback.
In the next subsection, we compare the networkswilass in cases with and without
spillback. In the last two subsections, we asdesatpact of the blockings of the individual
links. First, we see that the blocking of a freewaly has the most impact on the network
performance. In the last subsection, it is sewdut a network performance reduction
computed without spillback does not give informatan the network performance reduction
with spillback simulated.
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General findings

Comparing the results of two situations only difigrin spillback (so the same link blocked,
same settings for route choice), in the simulatuthout spillback, more travelers arrive at
their destination in the simulation time. At thedesf this section, we will discuss this result,
more extensively. Comparing the results of twoatibns only differing in path update (so
the same link blocked and the same spillback mosiedl), in the simulation with path update,
more people arrive (in almost all cases). Bothltesure obvious and according to the
expectations. More relevant and interesting resalisbe found in the next subsections.

Performance increase due to route updates

If the results are analyzed more closely, thereeapfo be interesting differences between
several scenarios. From the results we computerkthtive advantage of updating the paths:
adV(b, SS) - A(n-*(Gb)’ Gb’ $) B A(”E)*(G)! Gb’ SQ ] (7)
A, *(G), G, s9)
For both cases of spillback simulation, we simuth&enetwork with each of the 468 links
blocked (sequentially). Per scenario, we then §8tvalues for the network performance, one
for every blocked link. These values were orderadl @lotted, as cumulative distribution, in
Figure 3. It shows that the advantage of updatathgis computed to be much bigger if
spillback is not simulated.

1=

— — — — no spillback .7

0.9 spillback b

0.8

0.7

0.6

0.5

0.4r

Cumulative distribution

0.3r

0.2r

0.1

0 |
-0.05 0 0.05 0.1 0.15 0.2
Relative increase of network performance as result of path updates

Figure 3: Cumulative distribution function of the advantage of the network perfor mance when applying
path updates

The possibilities to take alternative routes getdnaf congestion spillback is not present in
the simulation. So, the advantage of the path @pdatigger in the case with spillback than
in the case without.

Networ k robustness with and without spillback simulation

The assessment of the robustness of the netwddnis by evaluating the impact of blocking
single links. In Figure 4, the cumulative distrilomt function of the performance indicator
relative to the maximum number of each scenamatied. Note that this plot is not a
distribution function of thebsolute network performance.
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Figure 4 The cumulative chances (vertical axis) that the network perfor mance decr eases morethan a
certain level (horizontal axis) if a randomly chosen link isblocked.

From this figure, we can see what the (relativejgeance of the network is if a randomly
chosen link is blocked. This can be related to stitess in the following way. We will take a
threshold value for the network performance de@eawl find the probability that the
decrease is more, given that one randomly choskridiblocked. If that probability is small,
the robustness is high.

This threshold value should be a typical valuettierperformance reduction if link is

blocked. This depends for instance on the netwiaekand chosen performance. In the case at
hand, a good value is 4% drop of performance coetpar the maximum performance
obtained in the scenario (generally no link bloglkedept a possible Braess'’s paradox (20)).
This is the 0.96 mark at the x-axis. The accordiages at the y-axis indicate the chance that
if a randomly chosen link is blocked, the decrezfshe performance compared to the
maximum performance is more than 4%. In Table Bwethese values that can be read from
the graph are stated.

Table 2 Percentage of casesfor which lessthan 96% of the maximum number of travelersarrive

Spillback| No spillback modeled

No path update 41 % 13 %

Path update 42 % 20 %

From this table, we can see that without spillbacideled, a big error is made. If congestion
spillback is not taken into account, the perforneareduction caused by the blocking of one
randomly chosen link would in (at most) 20% of tases exceed 4%. This percentage of
vulnerable links will increase sharply if spillbaskmodeled: it doubles from at most 20% to
more than 40%. Keep in mind that the indicatedgrerfince drop is the drop a certain
scenario. So, the difference in vulnerability is not a camsence of the natural lower
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performance of a simulation in which spillbacknsluded. Also, the natural higher
performance of a network with path update doesnihtence these numbers.

Blocking of freeway links causes problems

For each of the links blocked, the network perfamoeacan be calculated. The impact of the
blocking is dependent on the link. This impacthewn in Figure 5a,. A red link means that
the network performance decreases heavily if ih&ti§ blocked, while the blocking of a
green link has a low impact on the network perfaroga The figure is the mean impact of the
four scenarios.

From the data, we see that heavily used freewaysratependent of the scenario, the most
vulnerable. If one of these links is blocked, tieéwork performance drops most.

For one type of link, the difference in impact tbe scenarios with spillback and without
spillback is bigger than for other types. Thesetleeconnecting links in freeway junctions. If
they are blocked in a non-spillback scenario, tiuey out not to be that important. However,
if one of these connecting links is blocked in dlisapck scenario, the network performance
reduced considerably more. Figure 5b shows therdiffce in calculated impact of link
blocking. The shown freeway junction is the junotio the oval in Figure 5a. The links for
which the impact factor differs the most, are cetbred.

Figure 5 a) theimpact of the blocking of alink b) the differencein link impact caused by spillback
modeling

No correlation in robustness value of link computed with and without spillback

Finally, we compare the impacts of the blockinghef distinct links on the network
performance for both the spillback and non-spilkeases. This is plotted in Figure 6. We
carry out a correlation analysis to see how waldbmputed impact of the blocking of a link
can foretell the impact of the blocking of the liflspillback is included.
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Figure 6 Comparison of network performanceswith and without spillback

On the x-axis of the figure is the number of arditeavelers in a case without spillback
modeled indicated, the y-axis gives the numberrmfed travelers in a case spillback is
modeled. A marker in this area indicates the resafltwo simulations, with and without
spillback, in the same settings for route choibe (tvo different settings are indicated with
different markers). As indicated in the beginnirighos section, it is obvious that the network
performance without spillback modeled is highenthathout the spillback modeled. A
possible exception is that a queue has less irdiidnt is located further upstream due to the
position in the network. Almost all results fromraase study indicate that the performance
in the non-spillback case is higher. Note thatakes are not equal.

Let us now consider both routing cases separatelyesaluate the predictive value of the
arrivals in the non-spillback case for the arrivialshe case with spillback. To check the
correlation between these two values, we perforankakar regression analysis on both
(paths fixed and paths update) clouds in FiguMY&.only consider each of both path update
scenarios separately. The data points for thew#akepath update have a higher value than
those without, but that is not the regression wesitter here. The two regression lines are
also plotted.

The resulting regression coefficienté &e 0.20 for the case with path update and 0.8&é&
case without a path update. These values meanriha20% (39% for the case without
rerouting) of the variation in arrivals in the cagi¢h spillback can be explained by the
variation in arrivals in the corresponding scenarithout spillback. The conclusion is that
simplified simulations that do not take spillbaokoi account have very limited value for the
assessment of network robustness.
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CONCLUSIONS AND FURTHER RESEARCH

We simulated a morning traffic flow on a real, @wl sized, network for which sequentially
one of the links was blocked. The dynamic traffradator had the possibility to make
choices about both path update and spillback. Rathisl be adapted to the situation or not
and, independently, spillback could be switcheduod off.

The first conclusion is that in a network with algldemand the advantage of rerouting is
bigger without spillback modeled than with spillkanodeled. This is because without
spillback modeled, congestion on a limited numbgrlaces can be well avoided.

Secondly, we analyzed the decrease of network peégfioce due to a drop out of a random
link compared to a fully operational network. Thexe difference in the estimation of
performance loss relative to the performance ofulg operational network. The loss is
considerably lower when the estimation is based simulation in which spillback is not
taken into account. Consequently, robustness igetimated if spillback is not simulated.
Thirdly, we compared the impact of the blockindinks on the network performance in
scenarios with and without spillback. That showeat there is at most a very weak
correlation between this impact if computed wittwathout spillback. Therefore, any realistic
study of the impact of the blocking of a singl&klmust include spillback.

In this paper only two route choices were consideReople could either take the route that
appeared to be the fastest in free flow conditmmhey would adjust the route to the actual
traffic situation. In further research, the fixemites can be made dependent on the daily
congestion pattern. Also a third route choice camdded. In this case, road users, aiming for
reliability, anticipate on a possible drop out dirk.

In further research also the horizontal queuing @h@gigure 1a) can be examined more
closely. The difference between this model andsthitback model considered in this
research is mainly the location of the queue. Wiaas the location of the queue have a big
influence?

In the study only one link was blocked at a timbee Tonsequences of blocking two or more
links simultaneously are interesting. Blocking eaombination of links and evaluate the
network performance would be computationally topaensive. Further work could use the
findings in this paper as basis and combine diffevaluable links that have on their own a
big impact. Of course, only a spillback scenariedwto be considered.

The study showed that the robustness decreagafibbsk is included, regardless of the
inclusion of path updates. Further research codittesss the point with which measures of
Traffic Management the robustness can be increased.

It would furthermore be very interesting to perfaamesearch similar to this one but applied
to an urban network. In short streets with manffitréights spillback seems an important
source of delay. Density waves and shock wavesagate over long distances throughout the
network.
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