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Abstract

Currently used traffic control measures, such as traffic Sgmamp metering instal-
lations etc., are often not designed to influence the roubécetof drivers. However,
traffic control measures influence the travel times that aperenced in the network.
Since route choice, at least for a part, is based on expedanavel times, the measures
also influence the long-term route choice. This influencebesaseen as a side-effect of
the measures, but in this paper we will investigate the pdgis to explicitly use the
influence of the traffic control measures to change the radudéce. With basic traffic
flow and route choice models we investigate possible eqiutit turning rates for a
network with two routes. We use two different types of cohtspeed control and out-
flow control. The control method used is a simple controllaroh makes the analytical
investigation of the effects of the controller possiblet, te results can be extended to
more sophisticated control methods.

Keywords

Traffic control, route choice, user equilibrium
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1 Introduction

In road networks locations are nearly always connected e ri@an on route, which
means that drivers who want to go from an origin to a destindtave to choose which
route to take. When all drivers make such a route choice thigdteein a traffic assign-
ment that is preferred by the drivers. A traffic assignmemegithe number of drivers
that have selected each route. Such an assignment prelbgrtbd drivers may lead to
large traffic flows on narrow or dangerous roads, to sociailyasired situations (e.g. a
lot of vehicles in residential areas or near primary schoalsto too large flows near
national parks causing pollution and noise. To prevent inegaffects of large traffic
flows, road administrators can try to influence the routeaof the drivers, to reach a
traffic assignment with less traffic on some roads.

Different methods are available to influence the route ahoddt this moment, much at-
tention is payed to providing information, either pre-t@m-route, or post-trip. Further,
some experiments with traffic control measures have shoanthiese measures can
influence the route choice (Haj-Salem & Papageorgiou (0)99%iis has led to the the-
oretical development of methods to incorporate the effeekisting measures on route
choice (Bellemans et al. (2003); Karimi et al. (2004); Wang &#&georgiou (2002)).
Descriptions of possible equilibria with the current meastare given in (Taale & van
Zuylen (1999)). Taale and van Zuylen describe which equaliban emerge with exist-
ing settings of the traffic control measures. In this papevdwer, we investigate how
we can change the settings of the measures to steer towéedemt equilibria.

We investigate the possibilities of using traffic controlaseres like traffic signals, ramp
metering installations, and dynamic speed limits to infaestie route choice of drivers.
The traffic control measures influence the travel time thatltivers experience, and in
this way they influence the route choice. Note that the keyraption we make is that
the experienced travel time is the most important factooirte choice, which is also
argued for in Bogers et al. (2005).

To describe the properties of traffic that are useful for ificing route choice, two
models are required: a route choice model and a travel tindem8&ince the main goal
of this paper is to gain insight in the mechanisms regardomgrol of route choices,
we select simple models and controllers, to be able to peoaithlytical descriptions
of the behavior of the traffic flows, and to formulate intugtigxplanations. Moreover,
to obtain insight in what takes place when more realistic @®dre used, it is useful
to get insight in the underlying principles by using simpledsls first. Therefore, we
select models that are simple but have all relevant features

Furthermore, to keep the analysis simple, we select basitatlers which can only
change the parameters of route 1. Note that when howeveataengters of the second
route can also be changed, the actions on one of the routesflteence the traffic on
the other route, which will lead to multi-variable behavidrhis makes the analysis
much more difficult, without giving more insight in the prapes of the controllers.

In the next section we describe the small network with twdesuhat we use for our
investigation. In Section 3 we select a model to describeefperienced travel times,
and in Section 4 a model to describe the route choices. Inddebtwe look at the

equilibrium turning rates that are the results of the sekatodels, network and traffic
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demands. The next step is to apply outflow control, which scdbed in Section 6.
Speed control has slightly other possibilities, which akeeig in Section 7. At last,
some conclusions are drawn in Section 8.

2 Available routes and traffic demand

To obtain simple and intuitive results, we require a simpdénork. When working

with route choice, a network with two routes between an argid a destination is
the easiest. The network contains all features that arareghjfor route choice, but is
small enough to make intuitive understanding possible.hSuaetwork is shown in
Figure 1. We will use this network during the remainder of tfager. Drivers enter
this network at the origin and have to make their route chwgeediately. Then they
experience a travel time during their trip through the nekwand leave the network at
the destination.

Route

Origin ¢ Route 1 Destinatiol

RS
Traffic flow direction

Figure 1: Network with two routes

Each route- (r € {1, 2}) can be described by the following parameters, whieethe
counter for the days. The outflow limit and speed limit canngfeaeach day:

L, length (km)

Q.(d) | applied outflow limit at dayl (veh/h)
v.(d) | applied speed limit at day (km/h)
Q™ | minimum outflow limit (veh/h)
Q| maximum outflow limit (veh/h)

C, capacity (veh/h)

o™i | minimum speed limit (km/h)

v maximum speed limit (km/h)

T

The speed limit,.(d) gives the maximum speed that is allowed. We assume that this
speed limit is enforced, so all drivers have a speed thatwerdhan or equal to the
speed limit. The outflow limit),.(d) gives the number of vehicles per hour that is
allowed to leave the route. The outflow limit can be impleredniia e.g. ramp metering
installations or traffic signals. The maximum value of théflow limit, Q™ **, must be
equal to or lower than the actual capacity of the rog**™* < C,.. The minimum
value Q™" can be selected to prevent total closure of the road wheroautintrol is
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applied. Q..(d) gives the outflow limit that is applied at the current momemithout
outflow control we have),.(d) = C,. For the speed limits the same construction is
used.

Another characteristic of the routes is the free-flow tréiveé, which describes the time
that a vehicle needs to travel a route when there is no delag.ffEe-flow travel time
is given by:

TTfree — r ( 1)

We look at one part of the day, for example the morning peakrifiguhis peak we
assume that the demandveh/h) in the network is constant. The demand is distridbute
over the two routes according to the turning rate), which gives the percentage of
the traffic that selects route 1. The turning rate is compwigidthe route choice model
described in Section 4. To obtain an equilibrium, a sequefaays with the same
demand must be taken into account, to be able to eliminatsi@at effects.

3  Travel time model

We assume that travel time is the most important factor thifdences route choice,
based on Bogers et al. (2005). To describe the route choicthugeneed a model that
describes the experienced travel time that is the resultodi@ choice.

Travel times can be computed in two different ways: perfogra traffic flow simula-
tion and determine the experienced travel times, or compet&avel times directly as
a function of the number of vehicles on each route. Traffic ffiwulations that can
be used to compute travel times are described in QuadstooR)2PTV (2003); Bar-
celdo & Ferrer (1997); Messmer & Papageorgiou (1990); Dagan2084}), Lighthill &
Whitham (1955). Travel time models were described in FislB()9and an overview
is given in Carey & Ge (2003).

In this paper we use a basic travel time model, which is aslsiap possible to allow
easy understanding and simple analysis. This results iacewise affine model, which
describes the mean experienced travel time. We assuménéhtavel time on a route
has two components: the time spent in the queue, which cdenoegative, and the
free-flow travel time:

TTy(d) = max(0, TTM"(d)) + TT}

Note that the fact that the time in the queue cannot be negativich makes the model
piecewise affine instead of affine. In our model, the queuvesertical, and located at
the end of the routes. We assume that the vehicles drive tbieewbute without delay,
experiencing the free-flow travel time. At the end of the epubhe vehicles enter the
vertical queue and wait in this queue until they can leavedbée. The free-flow travel
time TT is already described in Equation 1. The time in the queuertipen the
number of vehicles in the queue. During one peak period, tleeig)grows as shown in
Figure 2. The length of the peak periodlis N (t) gives the number of vehicles in the
queue, andi(d)q gives the flow on route 1. When the free-flow travel time hasguss
the first vehicles reach the end of the route. In Figure 2 tleuguength is plotted for
different demands. When the demand is less than the outfloiy i< C7, no queue



4 TRAIL Research School, Delft, November 2006

. —— [(d)g medium

/ - - f(d)qlarge
s oo B(d)g < Gy

TTlfree T
— = time (t)

Figure 2: Queue length on a link during one day

appears. When the demand is larger than the outflow limit aeystuts to grow, with
rate3(d)q — C;. When the demand is larger, the queue length will increagerfas

In Section 4 we will describe a route choice model that rexputhe mean travel time
for each day. To obtain this mean travel time, we have to céeniine average number
of vehicles in the queue. The average number of vehicles&ndy the area below the
graph of Figure 2 divided by the period in which the queuetsxis

(B(d)g — C)(T — TT)
2

N (d) = if 5(d)q < C\

The travel time in the queue is given by the time that a velmekds to reach the down-
stream end of the mean queue when it enters at the upstrear8iendC’, vehicles are
leaving the queue each hour, the time that the last vehialethe queue is given by:

= NFean(d) _ (5(61)(] - Cl)(T — TTlfree)

Cl 2Cfl
The same computations can be done for route 2. Note howeaghthtraffic that enters
route 2 is given by(1 — 3(d))q, which results in:
(1= B(d))g — Co)(T — TT3)
20,

Tquueue (d)

TTQqueue<d) —

The model describes vertical queues, without a maximum glength. Since it is
a piecewise affine model, non-linear effects such as thecagpdrop or longitudinal
waves are not modeled. The use of a piecewise affine travelrmiodel with constant
demands makes that the predictions are restricted to staffic assignments, and thus
unable to handle varying traffic demands.

4  Route choice model

Different models exist to describe how many drivers selacheoute. Traffic assign-
ment models (Daganzo & Sheffi (1977); Bliemer (2000); PeetadghMassani (1995))
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compute an equilibrium traffic assignment for the whole rmekwRoute choice models
(Bogers et al. (2005); Mahmassani et al. (2003); Ben-Akivd.€11891)) describe the
route choice of drivers at locations where a route must kecsesd. We develop a route
choice model, that requires little computational efford avery intuitive.

Route choice is in equilibrium when no driver can change itggavithout increasing
its costs, as described by Wardrop (1952). Route choice malbehot automatically
result in such a user equilibrium, but the route choice maaetievelop here does. We
assume that the route choice only depends on travel timesierped earlier (Bogers
et al. (2005)). The mean experienced travel times are asbtonbe known by all
drivers, which leads to the assumption that all the drivezsrdormed drivers, meaning
that they know the travel times on both routes, independehea selected route. Since
the historical mean travel times lead to a learned turnitg ([&hich is the result of the
route choice model) this turning rate is the only variabk thould be updated when
new mean travel times are available. This leads to the faligunodel:

prierded(d + 1) = B(d) + n(TTy(d) — TTi(d))

whered is the counter for the day that the trip is made, and the pasmaes used
to translate the time difference into a percentage of tréfit changes its route due to
the travel time difference. Here we assume thhas a constant value, but note that in
many studies a logit function (Dial (1971)) is used to ddsetihe fact that for larger
travel time differences exponentially more drivers chatiggr route.

Drivers are often slow in changing their habitual route ceqBogers et al. (2005)) so
we include a learning factar, which describes that drivers update their route choice as
a function of the previous route choice and the adapted chdie:

Bd+1) = (1 —w)B(d) +wp™™%(d + 1)

Merging the two equations, and setting= wn gives:

B(d+1) = B(d) + k(TTy(d) — TTi(d))

5  Equilibrium turning rates

Although this paper focuses on investigating the possinfieences of control mea-
sures, we first describe the situation where no control ifieghpl he travel time model
and route choice model combined are used to describe the@ibebéthe traffic. The
total model then looks as follows:
1 —B(d))g — Co)(T — TTiree
2
(B(d)g — C1)(T — TT{)
20"

—max(0,

) + TTeree o TTlfree> (2)

This model leads to an equilibrium traffic assignment whengarameter is within a
certain range, outside this range oscillations occur. &lossillations can happen when
for example drivers react too strongly on travel time diéfeces or when the capacity
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of one of the roads is relatively low. To compute the equilibr turning rates we set
B(d + 1) = B(d). The value of the equilibrium turning rate depends on the-flew
timesTT;(d) andTT;(d) of the two routes, and on the traffic demand\ote that we
use a fixed demand, which together with the selected trawelitnodel results in a static
traffic assignment. This allows for the use of basic anadyticethods to describe the
resulting equilibria.

In the next sections, we investigate situations where rbigehe shortest route, where
route 2 is the shortest route, and where both routes arelgdmad). For each of these
situations, we examine a low demand< C., a demand that leads to a queue on one
routeq > C, & q¢ < C7 4+ Cs, and a demand that leads to a queue on both routes
q> Cl + CQ.

5.1 Shortest route is route 17T < TTiree

When the free-flow travel time of route 1 is shorter than the-ftew time of route 2,
route 1 will in general be the most desired route. When thé damand is lower than
the capacity of route 1, all the traffic will take it:

pr=1if ¢<C
where°? is the turning rate during the equilibrium.

When the demand is larger than the capacity of route 1, but alenthan the total
capacity 7 + (), most of the traffic will take route 1, which will result in aigue on
this route. When the travel time on route 1 exceeds the freetfevel time on route 2,
a part of the traffic will divert to route 2. In this case, Eqaat2 can be reduced to:

B(d+1) = B(d) +r( — (B(d)g — C;)CSIT _ e

since there is only a queue on route 1 and not on route 2. §éttiht 1) = 3(d) =
gives:

+ TTZfree o TTlfree)

(- (B°9q — C)(T — TT{™)
2C,
which leads to the following equilibrium turning rate:
66(] — ﬁ + (TTeree — TTlffree>201
q q(T' = TTy™)
The first term of this equation describes the turning rateldzals to a traffic flow that
is equal to the capacity. The second term gives the extriactfadw, which will lead
to the formation of a queue. It can be seen that this amounbwf diepends on the
difference of free-flow times of the two routes, comparedhi® tapacity of the first

route. It corresponds to drivers that make a trade-off betwdriving an extra distance
or waiting in a queue.

+ TT2free o TTlfree> =0 (3)

if ¢>C1 & ¢<C1+Cy . (4)

When the demand is larger than the total capacity, the traffides itself over the two
routes. On both routes a queue is then formed. Equation Zheartie rewritten as:

(1= B(d)g — Co)(T — TTy)
20,
(B(d)g — C1)(T — TTy™)

o TTfree _ TTfree>
2 Cl + 2 1

B(d+1) =p(d) + &(
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which at equilibrium, with3(d + 1) = (d) = [° leads to:

_01Q(T — TTeree) + C1CL((T — TTlfree) — (T - TT2free>>
N q(C(T — TTgree) + Oy(t — TTlfree))
20, Co(TToree — T'Tfree)
q(CL(T — TTE®) + Co(T — TThree))
if ¢>Ci+Cy . (5)

T

5.2 Shortest route is route 2:7Ti¢ > TTiree

In this case route 2 is the shortest and most desired routbdairivers. The possible
equilibria are computed using the same equations as inddesti, but with the two
routes, and the turning rate, reversed. When the demandjer ldran the capacity of
the second route, this gives:

Cq—Cy  2Cy(TTiee — TTH)

e if ¢>Co&q<Ci+Cy . 6
B 7 q(T—TTeree) q=0Cy&q= 0Ly 2 (6)

The other equations can be obtained in a similar way from gju@tons in Section 5.1.

5.3 The routes are equally longZ T = TT5ee

When both routes have the same free-flow travel time, theibquih turning rates can
depend on the turning rate at the beginnifity, This is because drivers in this case will
only change their route when a queue is formed.

A gueue on a route is formed when the turning rate at the begymesults in a flow
larger than the capacity on this rout#’q > C; for route 1 or(1 — 3°)q > C, for route
2. In these cases the turning rate changes until the flow gtluakapacity flow:

ﬁeq:% if ﬁeqz%&q>01&q§01+02

when a queue is formed on route 1 and

&

q

if B0<1—2&q>Ch&q<Cy+C,
q

when a queue is formed on route 2.

When no queue is formed, so whéfy < C; and(1 — 3°%)q < Cy with ¢ < C) + C,
the turning rate does not change:

B — 3 if 606[1—%,%]&q§01+02

This means that all values in the interyal- %, %] can become the equilibrium turning
rate when the demand is larger than eitbgror C5. When the demand is lower than
both capacitiesy < C; andq < (s, the equilibrium turning rate is equal to the initial
turning rates?, and can have all values in the intery@l1].
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When the demand is larger than the total capacity, the routieeldepends on the ratio
between the capacities of the two routes, since the freetfivel times are equal and
thus the capacities determine the queue lengths:

G

ﬁeq:m |fq>01+02
1 2

Note that in general the equilibrium turning rate does nqtethel on the parametet
This means that the time constant (or learning rate) doemfioénce the equilibrium
that is reached.

6  Outflow control

Traffic can be controlled in different ways, and the traffioirol system can have many
different goals, e.g. improve throughput, reduce travegtidecrease the delay, reduce
gueue lengths, etc. Goals directly related to route choieef@ example reducing
pollution in specified areas, creating traffic diversiorauaud accidents or maintenance
works, or reducing traffic flows in densely populated areast €dntroller focuses on
steering the flow on route 1 to a desired flgitF*¢. Thisg!*i*d can for example be the
maximum flow that can safely drive through a residential aNgzte that in most cases
the goal should be to keep the flow below this desired flow. @utroller however,
tries to reach this desired flow exactly, which means thattmroller tries to increase
the flow when it is lower than the desired flow. More advancedradiers can solve this
problem but are less intuitive, so we decided to use a basitalter. When the desired
flow is selected, it should be lower or equal to the capacithefroute gleired < (.

The model described earlier allows us to describe two furedaatly different ways of

control: outflow control and speed control. In this sectianexamine the possibilities
of outflow control with respect to influencing route choicadan the next section we
investigate speed control. Outflow control means that the i@t is allowed to leave
a link (or in our case a route) is limited below the capacitydetermined by the road
layout. Possible traffic control measures that can be uskwhitathe outflow are ramp

metering installations, main stream metering instalfegjar traffic signals.

We apply a simple linear controller that is only able to inflae the outflow limit of
the first route,;(d). This outflow limit is allowed to vary between a minimum and
maximum valueQ™ < Q,(d) < QP = (). The outflow limit for route 2 is kept
constant(,(d) = Cs. The control law is as follows:

Q1(d + 1) = Qi(d) + P(¢i™"* — B(d)q) (7)
whereP > ( is the proportional gain.

When a controller is applied, the equilibrium traffic assigmts described in the previ-
ous section can change. We again look at the different caatibims of free-flow times

and demands, and determine the equilibrium turning réteésnd the corresponding
values for the outflow limit); (d).

6.1 Shortest route is route 17T} < TTiree

When the demand is lower than the desired flpw; g, the outflow limitQ,(d)
has no influence on the route choice, and so the controllerrals no influence. This
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means that all the traffic enters route 1/8% = 1. Since the desired flow is not reached
the controller keeps increasing the outflow limit, which €ng at its maximum value:

613q — ernax — Cl if q S qiiesired
When the demand is larger than the desired flow, the capadiywered until the de-

sired flow on route 1 is reached. This equilibrium value ihea when),(d + 1) =
Q1(d) = Q}*. Together with Equation 7 this gives

P<q§iesired o ,6(d)q> =0 — B(d)q — q(liesired
which can be substituted in Equation 3:

/{( _ (qilesired - Ql(d))(T — TTlfree)
2Q1(d)

and results in:

+ TT2free o TTlfree> =0

q q?esired (T o TTlfree)

— If > desired & < desired C
1 (T _ TTlfree) + Q(TTeree _ TTlfree) q aq q>4q + 2

The resulting flow on route 1 is exactly equalggss*? which results the following
equilibrium turning rate:

desired

5eq — q1 |f q > qiiesired & q S qiiesired 4 02

When the demand exceeds the sum of the desired flowwanithe controller decreases
Q1(d) in such a way that a long queue appears at this route, whiclitseéa most
drivers taking route 2, and so the desired flow on route 1 ¢hbetattained. This leads
to the desired equilibrium turning rafis? = gdlesired /g, sogfesired = 3°dq, which can be
substituted in Equation 5. This gives the correspondinge/ébr @, (d):

cq qcliesired (T _ TTlfree)
1 — _ desired _ free
(g—q§ C)éT TT5°) + (T _ TTlfree) _ (T _ TTeree) + Q(TTeree _ TTlfree)
if q> q(liesired 4 CQ ) (8)

6.2 Shortest route is route 2:7Tr¢ > TTiree

In this case all the drivers want to take route 2, and thusesdmt seem very useful to
limit the flow on route 1. For some demands this is indeed tke.c&/hen the demand
is lower thanCs, the controller has no influence at all, leadingsté = 1 if ¢ < C5 and

to a maximum value of); (d): Q7" = Q7" because the controller tries to increase the
flow on route 1 by increasing the outflow limit, but it is limitdy Q7**.

When the demand is slightly higher and exce€gut not the total capacity{*sid +
Cs, the controller has also no influence, and the same turnilgafaEquation 6 is
reached. The desired flow is still not reached, and the clbetiacreases the outflow
limit on route 1 to its maximum value.

A demand that is larger thagi*s™d + C, leads to a turning rate gf¢d = gfesired /¢,
with an outflow limit as given in Equation 8.
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6.3 The routes are equally longT'Tire¢ = TTiree

If the routes are equally long the drivers will not changertreute choice until the flow
on a route reaches the outflow limit of this route. The coldratan only lower the
outflow limit on route 1, resulting in sending more traffic tmte 2. The reverse action
is not possible because we assume dtl) = Cs is constant.

The controller is not able to change the turning rate whertrtféc flow on route 1 is
lower than the desired flow. This happens in three cases:

e The total demand is too low; < gdesired

e The demand towards route 1 is too low:
-(1—50)q§ Cg&q> CQ&(]S(]?eSired—i‘CzthUSﬁo > 1—%
- ﬁoq < qtliesired & q> q?esired &q S q(liesired + CQ thUSﬁO S qtliesired/q

In these cases, the turning rate does not change, and thiel@meaches the maximum
value:

34 = 50 and Q‘iq — ernax
with 5 € [0,1]if ¢ < Q1(d) & q < Cy, and withg= € [1 — &, 2] if 50 lies in
this interval.

Problems arise when the total capacity is still sufficientMshen the first turning rate is
such that the flow on route 1 is larger than the desired flows iappens in two cases:

° ﬁog1—%&q>02&q§qf%ired+02

desired

° 60 > 91 . & q> q?esired & q S q?esired + 02

In these cases the controller tries to reach the equilibtiuming ratesed = gfesived /¢,
Figure 3 shows the turning rate as a function of the days wh#tow control is applied
in this situation. The turning rate corresponding to theréesflow is shown in Figure
3 with the dotted line.

When the flow on route 1 is larger than the desired flow, the obletrdecreases the
outflow limit of route 1, until the flow on this route is lowerah the desired flow. But
a property of the kind of controller used is that it can haveeaindershoot. This
means that, depending on the valuefyfthe turning rate first becomes lower than the
desired turning rate. With a linear system, the turning witeincrease again, and
reach the desired value. The dashed line in Figure 3 showesstiation of the turning
rate for a linear system. The number of days is plotted albeghbrizontal axis and
the corresponding turning rate at the vertical axis. Our @hbdwever is a piecewise
affine model. With our model, the controller can only lowee fltow on route 1 and
thus cannot correct for the undershoot, and the flow stays o This means that the
equilibrium turning rate will also be lower thag®" /q. This is plotted with the solid
line in Figure 3. The value of the outflow limit, shown in theesed graph in Figure
3, first decreases until the undershoot is at its minimumhistioment the controller
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Figure 3: Turning rate and capacity on route 1 as function of days, where ‘real’
targets the turning rate with our model, ‘desired flow’ targets the turning rates
that result in the desired flow, and ‘linear’ gives the turning rates when a linear
model is used.

will try to increase the flow on route 1 again, and so the outflovit starts to increase.
Since the turning rate does not change as a reaction on thésaise, the controller keeps
increasing the outflow limit until the maximum valag*® is reached.

For really high demands, the fact that the routes are egloadty has no real influence,
and the turning rate is given b§fd = gdesired /¢, and the corresponding outflow limit is
given by Equation 8.

7  Speed control

The second way to influence traffic that we describe is speattalo When speed
control is applied, the speed of the traffic is changed, fangxe via the use of speed
limits displayed on variable message signs along the road.

Speed control changes the free-flow travel time for the my@ted in this way it changes
the route choice. We again consider the different comtonatof free-flow travel times
and demands. For categorizing we use the real free-flow Tiffig®°, but due to the
control method the actually experienced free-flow travekti' 77> (d), which is
required to compute the equilibrium turning rates, changes

h
v1(d)

whereT Tl () > TTiee pecause; < v,
Again we use a very simple control method:
vi(d+1) = v (d) + K (7" — 5(d)q)

whereK is the gain of the controller. The goal of the controller is #ame as with the
outflow control: reaching a desired flow at route 1.

TTlfree,control (d) _

7.1 Shortest route is route 1:TT}r¢ < TTiree

Since route 1 is the shortest, all the traffic wants to takeerdu When the traffic
demand is lower than the desired flow, this leads to a turrateyaf 1. In this case, the
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desired flow stays higher than the realized flg#;™ > 3(d)q, so the speed limit will
increase until it reaches its maximum vakj&™>.

When the demand is larger than the desired flow, the speednithitecrease, until the
desired flow is reached. In this case, Equation 2 can be siatpto

(B(d)q = C1)(T =TT (d))
2C4

ﬁ(d+1) — ﬁ(d)+/€(_ +TT2free_TTlfree,control(d>)

In order to compute the equilibrium value far(d), v;%, we can assume that the desired
flow is reached, s@(d)q = ¢d*d, Substituting this, and 7"\ (q) = 1, /v; (d)
into the equation, results in

ll (qfesired o 301)
(qilesired _ Cl>T _ chTTeree

eq __
V1 =

The corresponding turning rate/#d = g{eird /.

A demand that exceeds the total capaajty; ¢l + C,, leads to queues on both
routes. This leads to an equilibrium speed of

ll (q?esired _ 301)
(q(liesired _ Cl)T _ 201TT2free _ g_;((q _ qtliesired) _ 02)<T _ TTeree)

9)

vt =
with the corresponding turning ratsd = gfesired /g,

7.2 Shortest route is route 2:TTiree > TTiree

All the traffic wants to enter route 2, which will lead to a turg rate of3°? = 0, as long
as the demand is lower thar,. The speed limit on route 1 will reach its maximum,

When the demand is larger thah, but still less than{s*ed + (,, the controller has
no influence. The equilibrium turning rate of Equation 6 saleed, and the speed limit
increases te}? = v,

The largest demand leads to a speed limit according to Exu@fiwith the equilibrium
turning ratesed = gdesired /¢,

7.3 The routes are equally longT'Tire¢ = TTiree

The controlled free-flow times of the two routes can be eguahg in this case. The
controller can only increase the free-flow time of route 1ljohlwill make route 2 the
shortest route. The difference with the case where routevayal is the shortest route
(TTEee > TTie) lies in the fact that the turning rate stops changing whg# is
reached.

If the total demand is lower than the desired flow, the coldrdlies to increase the
flow on route 1, by increasing the maximum speed. This can e daotil v** is
reached. At this moment the turning rate does not change @amyrhe actual value of
the turning rate thus depends gt +¢ and in general also on the rate of change of the
turning rate .
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When the demand is larger thah but smaller thag{e*ed + (C, the actual turning rate
depends on the start value for the turning rafte If 3° is smaller than the equilibrium
turning rate of Equation 6, the flow at route 1 is lower thandesired flow. As a result,
the controller will increase the speed limit, until(d) = v***. Since the speed limit
cannot increase further, the equilibrium turning rate thaeached will be equal to the
turning rate computed with Equation 6. 4 lies between the turning rate computed
with Equation 6,3, andggesird /4

desired

80 < g <D 7
q

the desired flow is still not reached. The controller keegsaasing the speed, until
vi"* The turning rate also increases, but stops at the moment;thi = v***. When
[0 > gfe=sired /g, the flow on route 1 is too high. The controller lowers the spiémit
to decrease the flow. When the flow comes below the desired floavt@@undershoot,
see Section 6.3), the speed limit starts to increase agéinturas reached™. The
turning rate first decreases. When the minimum flow is readhedurning rate starts
to increase. From the moment thatd) = v]"** the turning rate stays constant.

With a large demand; > ¢{*=i*ed + (), the resulting speed limit is given by Equation
9’ andﬁeq —_ qilesired/q.

8 Conclusions

In traffic networks origins and destinations are often cated with more than one
route, and drivers select a route based on for example ttemek on the different
routes. These travel times are influenced by the control nneasat these routes. In
this paper we have investigated how control of these measane influence the route
choice of the drivers.

The main goal of the paper was to get insight in the phenomeatatdke place when
conventional control methods are used to influence routeehdo obtain this insight,
we first have selected simple models to describe the trameltion two routes and the
route choice behavior of the drivers. We have determineédudibrium route choices
that are reached when no control is applied. These eqgaildpxie reason to believe
that: drivers select the shortest route when both routeeeedrivers make a trade-off
between waiting in a queue on the shortest route and drii@dpnger route without a
gueue when there is a queue at one route; and drivers selaatieaas a function of the
capacities and free-flow travel times when both routes comtgueue.

Next, we have investigated two types of control: outflow coinand speed control.
In both cases we used basic linear controllers, which cayiafibence route 1, with

as goal to reach a desired flow at the first route. When outfloviralowas applied

(with traffic signals, ramp metering or mainstream meterithg equilibrium turning

rate could only be influenced when route 1 was shorter thate rbuand the demand
was larger than the desired flow at route 1 or when the demaadanger than the total
capacity. In these cases the resulting turning rate gavddbieed flow at route 1. A
special case was when both routes have the same free-fl@l/tirme. The effect of the
controller then depended on the turning rate at the begynoirthe simulation. When
the turning rate was too low, the controller had no influence.
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Speed control influences the free-flow travel time of theesutThis control method

also influenced only the cases where route 1 was the shaatesiither the demand
was larger than the desired flow or larger than the total aggpad/hen the routes are

equally long, the possible equilibrium turning rates layaminterval and depended on
the start value. As a result, flows that are lower than thee@g$iow occurred.

The fact that the controllers could only influence the traffispecific situations did not
really limit the use of the controllers. This was becausewesituations in which the
controllers were effective were the situations where adnttas most useful, because
the large demands that were present in these situations ted heed of improvements
obtained by the controllers.

The results obtained for the simple control methods showttietraffic assignment
can be influenced by available control methods. When the dereaceeds the total
capacity the controllers can have the most influence on tite ihoice. In most cases
the turning rates that can be reached with outflow controegtel to the turning rates
with speed control. Only when the routes have the same foeetfiavel time some
differences occur. But for both control methods an interyaquilibria is possible in
this case, depending on the initial value of the turning.rate

The insight obtained with the simple models and controléens be useful to interpret
results of more advanced controllers. These advancedatiensrcould be able to solve
the problems where the basic controllers are ineffective imeffectiveness of the basic
controllers can clearly be seen. First, the decision thbt the parameters of route 1
can be influenced reduces the influence of the controllemdJsicontrol method that
can also influence route 2 will be more effective. This wilkolge the whole system
in a multi-variable system. Second, the controllers arg wdking at the current state
of the traffic, and react on it. This means that the undershsatescribed in Section
6.3 cannot be prevented. A solution for the problems withaetrollers can be the
introduction of predictive controllers. With more soplsated controllers the goals of
the control can also be changed. Possible goals are e.gmining the flow on one
route, minimizing the total travel time, minimizing the queelength, etc.

In our future work we will investigate the use of more advathaeeodel-based predictive
control methods. We will also look at traffic control using moealistic traffic models,
multi class route choice models and more advanced contrasunes, e.g. information
panels, dedicated lanes, in-car devices, etc. Some attesitould also be paid to inves-
tigating stability regions, and on introducing larger fiahetworks with more available
routes.
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