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Abstract—Traffic operators in traffic control centers have The effects of non-recurrent congestion can be attenuated b
various measures at their disposition to control the traffic flows @ redirecting the traffic flows over a larger part of the network
motorways and on urban roads such as ramp metering, variable The gnerator of the traffic control center then has to assess t

speed limits, dynamic route guidance, opening of shoulder lanes, ; . . . .
etc. When having to determine which of these control measures severity of the situation, predict the most probable evofut

have to be applied and where they have to be applied for a given Of the state of the network, and select the most appropriate
traffic situation, the traffic operator should be able to predict measures. This is a complex task, which requires expert know
the effect of a control scenario in order to be able to select the edge and much experience, which can often only be obtained
best scenario. As on-line, real-time simulation of a large number after extensive training. As a result, the approaches uged b

of possible scenarios is usually not tractable for even relatively h traff t . | neith tructuread
small motorway networks, a fast method to predict the effects uman ftraflic operators are in general neither structured no

of control measures on-line is a key requirement for effectively Uniform. Therefore, the aim is to provide a decision support

applying traffic control. In this paper we develop a multi-agent tool to assist the operators in their decisions when they hav

case-based approach to assist traffic operators in evaluating or to take measures to deal with non-recurrent, non-predetab

predicting the effects of control measures. The proposed appach — ¢,ngestion. This decision support system should help the

is much faster than straightforward traffic simulation so that it . .

can be used for on-line and real-time evaluation of a large number Opera_tors to reactin a un'lform and St.rUCtured way to unusual

of different control scenarios. In addition, it is scalable so that Situations. Furthermore, in order to increase the acceptan

it can also be used for large networks. of the decision support system by the traffic operators, it
Index Terms—Traffic flow control, case-based scenario evalu- IS designed as an advisory and analysis tool that assists the

ation, coordinated control, prediction, multi-agent control, fuzzy —operators (instead of trying to replace them).

control. In short, the decision support system presented in thisrpape
works as follows. Given the current state of the network and
I. INTRODUCTION the optimization criterion (such as minimal total travehd,
i _ maximal throughput, or a weighted combination of several
Contemporary traffic control centers use dynamm traff iteria), the decision support system generates a ranked |
management measures such as ramp metering, DRIPS (e best control measures and presents them to the human
hamic route mformaﬂpn panels) or VMSs (variable mess,a%%erator of the traffic control center. If necessary, thectfof
signs) to control traffic flows on motorwgys and urban MNthese measures on the current traffic situation can be diedula
roads. The DRIPs can be used to display queue lengify ;s alized by an external simulation unit. The resgltin
mforma_tlon or indications of congestion, traffic jams an%utput of the overall system is a characterization of theast
alternative routes. VMSs can be used to show dynamic Spegd; .an pe taken and their predicted effectiveness in the
limits per lane, advisory speeds, or lane F:Iosurgs. Re'wrr,%urrent situation. As on-line simulation of a large numbér o
congestion can usually be managed saUsfgctorlIy. by USIBf¥erent control scenarios via microscopic or macroscapi
local control measures. I_—|owever, operators in traffic chbntrusually not tractable, the system proposed in this papes use
centers often face a difficult task when non-recurrent, n0Q-. se pase that is constructed off-line. The currenttsitua
predictable congestion occurs (e.g., as a consequence of en compared with the cases in the case base, and based

incident or due to unexpected weather conditions). In SUGR 6 similarity between the current traffic situation ahe t
situations, local measures are usually not sufficient atehof cases in the case base a prediction can be made about the
an intervention at the network level is required to manag@facts of a given control scenario

congestion and to return to a normal traffic situation.



The system described in this paper operates in a multi- Sittrj‘:tii‘(’)n
level control framework. At the lowest level we have semi-

autonomous local traffic controllers for, e.g., traffic ligtor

ramp metering. At a higher level the operation of several control database wit

local traffic controllers is coordinated or synchronized by objectives _ B historic data

supervisory controllers. The role of the fuzzy decisionmarp analysis

system in this set-up is to suggest whether a particulard loca traffic module :

traffic controller or control measure should be activatedair ’@erator Si;ﬁfé‘{%gﬂ
The number of cases in the case base should be sufficiently

large to cover a wide range of operating conditions and ¢

control measures. The system presented in this paper is a best control

major extension and improvement of the system we have measures

developed in [1]. As the latter system did not scale well, it
could only be used for small-sized networks and for a limitefélg. 1.  The overall traffic decision support system (TDSS)e TTCSES
number of traffic situations and control scenarios. In ord&pffic control scenario evaluation system is a part of thalysis module.
to obtain a scalable system we have now opted for a multi-
agent approach where the total network is divided in (p¢ssib . . : . o .
. : . using macroscopic or microscopic traffic simulation. There
overlapping) subnetworks, each of which has its own case b?s . . S S
’ . .fore, in practice, only a limited number of combinations can
and evaluation agent. In that way, we can effectively de#t wi . : .
S . be simulated. The aim of the subsystem we are developing
the combinational explosion of the number of cases that.ijs,™ . . . o
to limit the number of possible combinations of control

; [
requir ver th n ntrol m r s : . .
equ ed to cover the state and control measure space asrrﬁheeas:ures that should be simulated by using an intelligent
size of the network grows.

decision support system to rank the possible combinatibns o
Several authors have described decision support systetogtrol measures and to present the operator with a limited

for traffic management, such as FRED (Freeway Real-Tim@mber of possibilities that deserve further examinatigia (

Expert System Demonstration) [2], [3], [4], or the Santa Mora quick assessment based on the operator's experience or by a

ica Smart Corridor Demonstration Project [5], [6]. Howevekeal-time traffic simulation program). Afterward, the ogpker

these architectures do not use fuzzy logic in their decisi@an select the most appropriate control strategy.

process. Since we want a system with an intuitive operation

process that is able to generate decisions in cases thabtre n |||, THE TRAFFIC CONTROL SCENARIO EVALUATION
explicitly covered by the knowledge base, we have opted for a SYSTEM(TCSES)

fuzzy system. Other fuzzy decision support systems foficraf

control have been developed in [7], [8], [9]. A. Structure

Consider a traffic network consisting of several motorway
stretches (also called links). Traffic enters the network vi
aq_rigin links (e.g., on-ramps or motorway links coming from

The system we are developing is a part of a larger tr . g o
fic decision support system (TDSS) [10] that is currentl utside the network), and leaves the network via destinatio
inks (e.g., off-ramps or motorway links going out of the

being developed by the Dutch Ministry of Transportation, X \ ; o .

Roadworks, and Water Management. The structure of t}I§WOrk). The given traffic network will be divided into
system is depicted in Figure 1. The inputs for the Tps&actable subnetworks. Note that the subnetworks may aerl
are indicators of the current traffic situation, such asfitrafIn addition, each subnetwork will be divided into several

densities, average speeds, traffic demand, time of dayheeaSUPSUbnetworks. Let,, be the number of subnetworks.
conditions, incidents, etc. Furthermore, the traffic opmrean For each of the subnetworks a case base will be constructed
provide or adjust additional parameters and specify whietith cases that describe the traffic situation in the subod¢w
control objective should be used. Based on the measuremetite (predicted) boundary conditions (i.e., inflow demanals a
historic data and traffic simulation, the system predices tloutflow restrictions), the control measures, the incidéatus.
future traffic situation (more specifically, the TDSS uses th_et 1},..q be the period over which the prediction will occur.
METANET macroscopic traffic flow model [11], [12] to make 1o grycture of the cases in the case base is illustrated

a forecast of the traffic situation). In that way we can alsq Tapje 1. Consider subnetwork The current state:?) at
predict the performance of the traffic control measuresl’(sugme ¢ of the subnetworkj is characterized by the average
as ramp metering, lane closures, shoulder lane openingsgQfie (consisting of, e.g., densities, flows, speeds) i eac
rerouting via DRIP messages) that will be applied. subsubnetwork. The same holds for the “input’ boundary
Since in general a large number of traffic control measuresnditionsd?) in the period(t, t +Tpred], Where also the aver-
(and combinations of them) are possible, it is not tractéble ages for each subsubnetwork are taken. The “input” boundary
evaluate all possible combinations of traffic control measu conditions are those conditions that determine the ewwiuti

Il. OVERALL FRAMEWORK



TABLE |
REPRESENTATION OF THE STRUCTURE OF THE CASE BASE FOR SUBNETWRK j.

Case Time Initial Predicted boundary Control Incident Predicted | Predicted boundary
number state conditions (input) | scenario status | performance| conditions (output)
@ @) @) @ [6) @) @)
1 tcase 1 ‘rcase 1 dcase 1 ucase 1 anse 1 pcase 1 ycase 1
n] t((:‘;)sc ’I’LJ I((:Ja)SC 71] d((ija)SC nJ u((Ih;,)SC TLJ Z((I‘Ej-),gc n] p((l‘;)sc HJ y((:‘;)SC 71]

of the subnetwork irt, t + T},req] Such as the demands at thédase. So in the conventional case-based reasoning approach
origin links that belong to subnetwork the inflows coming only the traffic situation would be used to characterize &cas
from the other subnetworks, and the output restrictions ldbwever, since we use the case base to assign a performance
the destination links that belong to subnetwgriand on the indicator to a given traffic situation and control scenavie,
outflow links to other subnetworks. Traffic control measuresiso have to include the values of the performance indices in
are subdivided in globally operating measures (such agrotite characterization of the cases. Furthermore, sincehtor t
guidance) that have an effect in the entire network, and locaverall performance assessment we may consider an olgectiv
measures (such as ramp metering or variable speed limftg)ction J that is a weighted combination of various perfor-
that mainly influence the traffic flows within the subnetworkmance indicators (cf. Section I1I-C) and since the weighés a

If in the period|t,t + T,yeq] global traffic measures are activenot fixed but variable, we cannot directly relate an optimal
somewhere in the network, then these measures are inclodesdlution to each case (or traffic situation). O

the corresponding cases for each subnetwork. Local measure

are only included in the case for the subnetwork in whicB. Operation

they are active. The components of the control scenarimwect

«9) will vary between 0 (no control) and 1 (control active Once the case base is constructed it is used for scenario
during the entire periodt, ¢t + Tpea] @and in all controllable evaluation as follows. Suppose that the current time=sT".
traffic links of the network (for global measures) or of théirst, the current state of the network is recorded. Nextdé-
subnetwork (for local measures)). The incident stattis is mand and the outflow restrictions for the peri@d T + T}yed]

also recorded in a similar way, i.e., we determine the sgverpre predicted (e.g., based on historic data, current weathe
(capacity reduction caused by the incident) and the duratioonditions, and traffic measurements, etc.). If any indislare

of the incident. The performance vecid?) over[t,t+Tpq] Present, their severity and predicted duration are alsorded.
contains the average values for quantities such as velaisge IFinally, the control scenario to be evaluated is also setkect
hours, total travel time, total travel distance, total tispent, Based on this information, we can for each subnetwprk
average vehicle speed, total fuel consumption, etc. (s atonstruct a vectorX ) = (2(0) 40 4 2)) with the

the list of performance criteria in the screenshot of FigBike Same structure as the vectors in the case base and with all
The “output” boundary conditiong’) consist of the average components specified except for the infla#§ from the other
flows to the other subnetworks ift,t + Tp,..qa] and of the subnetworks, and the outflow restrictioai\%lt imposed by the
outflow restrictions for the other subnetworks[int 4 T,;.q]. other networks over the prediction peri¢d, T + T}eq] as

The cases can be generated in several ways, e.g. udfigse are not yet known and as they depend on the interaction
macroscopic traffic simulation, microscopic traffic sintiga, PeWeen the networks. These values are determined in an

or by considering actual measurements of traffic situatioff§rative way as will be discussed next.

during a given period. The initial case base will be generate As we have constructed a separate case base for each
off-line. Furthermore, once the system operates in a rafildr network, and as the predictions will be performed for each
control center, we can extend it with an adaptive learningetwork separately, we have to take care that the predgction
module. Then, if necessary, cases can be added on-ling, eage consistent, i.e., that the inﬂovgéj) and OutﬂOWSygl)t

if an encountered traffic situation is not sufficiently car between subnetworks predicted by the agent for subnetyvork
by the cases already present in the case base. For the ngivy, the “output” boundary conditions) are consisterthwthe
added cases, we could either use simulation or actual traffigput” boundary conditionsii(ﬂ/) andd¥") used by the other

out

evolutions. This results in an adaptive system that leaunsg  subnetworksj’ = 1, ..., ngu, j' # j for their prediction. To
operation. Such a system is also described in [13]. this aim we use the following iterative algorithm:

Remark 3.1 An important difference between the approach ¢ Inputs:

proposed in this paper and conventional case-based regsoni — tolerance:z > 0

is that in conventional case-based reasoning one usuadly ha relaxation parametett € (0, 1)

a fixed “solution” (for our application this would be a com- maximum number of iterations;, .,

bination of traffic control measures) for each case in the cas - X6 = (20) d0) 4 20)) for j =1,..., neuw



« Initialization : from O for no similarity at all to 1 for a perfect match.

— Set iteration indexi = 0 The membership functio ggsﬂ, for case: of the case base
- Setyi(ﬁ)o =0 for all j of subnetwork;j is defined as follows. We consider each

coordinate ofX) separately when defining the membership
functions. The overall membership functiqﬁﬁfgsyi for case

i is then defined as the méanf the membership functions
f(” for the separate coordinates:

- Setyglw to the maximal possible flow (i.e., capac
ity) of the corresponding links for alj
Set current errore = oo

« lteration mbs, i,
while ¢ > € and ¢ < i, dO )
. . 1 )
— for each subnetworl{ = 1,..., ng,, do @) _ (@)
() ©) Fanbs(X) = 5 D Ftnit(X0)
* Extract the values ofd;’ and dg; from the nx =1

vectorsy{) | anduy,/; for the other subnetworks ypere n{ is the number of components of ). For the

el lout i _
g'=1,....nsub, J' #J embership functionsf) ., we could take one of the

H “ mbs,i,¢
+ Use the case base (;[.? pred(lc_:)t theA(?)eW OUtpuE:andard trapezoidal or beli-shaped membership func(iees

o S
boundary cond|t|on$“,;+1 = ("yin,i+1vyout,¢+1) . also Section IV).
x Update the current “output” boundary conditions _
using relaxation: Now the predicted output and the performance over the
) ) o period [T, T + Tprea] for subnetworkj are determined as
yiil = /\giil +(1- /\)yij n;  (5) N0
Det . th y(]) Ziél fnllbsj (X(j)) yclase [
— Determine the error: = NG ;
Zi:l r(rfgs,z(X(]))

e = Z ||yi+1 -y, || p(]) _ i=1 mbs,z‘ case %
J=1 ity fr(xfgs (X))
— Increment the iteration index:= ¢ + 1 The total performance is determined as
« Post-processing Ngu j
Sety®) =y for j=1,..., new p= Zizi v
- — Y5 — Ly lbsu - Nsu ’
7 Z]:lb w]

— Determine the subnetwork performangé and the
similarity s; between the current situation and thavhere the weightv; > 0 expresses the relative contribution

case base fof = 1,..., ngu of subnetwork; to the total performance or the relative
— Compute the performangeof the total network and importance of subnetwork The similaritys; for subnetwork
the total similaritys j and the total similaritys are defined as
« Output: p, s s; = max Igfgw(X(j))
In the experiments we have run for the case study of Section 27’{;;, .
IV we have noticed that the algorithm converges rapidly, in s = #
about 4 to 8 iterations. In the next section we will discuss Zj;“1 wy

how the predictions for each subnetwork are done, and how
the similarity between the current traffic situation ande¢hees D. Ranking

in the case base is determined. )
Now that the case base and the performance evaluation have

been established, we move on to explain how the multi-agent
case-based scenario evaluation system can be used to tsuppor
In order to predict the performance and the output (“outhe traffic operators when they have to decide which control
put” boundary conditions) for a given vectoK) = measures will most effectively deal with the current traffic
(9, d9) u) 2(9)), we first have to determine for whichsituation and the predicted demand and traffic evolution in
cases the traffic situation corresponds best to the traffiesi [T, T + Tpred]-
tion qharacterized by (7). This is dor_le by us_ing a similarity_ First, the operator decides which control scenafigs.. .,
function based on fu.zzy membership f”r?c“c?”s t.hat desaneM should be considered. Furthermore, the operator can select
the degree of similarity between two traffic situations. to consider several performance criteda (such as vehicle
The similarity between the current traffic vectdil/) and loss hours, average travel times, queue lengths, etc.) or a
the traffic situationX’) = of casei of the case base for weighted suny/ = ). &;J;. The weightst; are not necessarily

case 1 | ) .
subnetwork; is characterized by (X)) where fY)_ i the fuzsy logic lierat | fon" op defined
. . . y . ) n the fuzzy logic literature, several “aggregation” ogera are define
is the membership f.unCtlon that corresponds to caddote such asminy, [],, etc. depending on the specific application. However, for

that the range off D s [0,1]. So the similarity ranges the TCSES application the mean operator seems to perform te be

(
mbs,

C. Prediction and performance determination
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Fig. 2. The network considered in the prototype consistshef ting- Fig. 3. Screenshot of the “Scenario Evaluation” tab of theSES-GUI.
road around Amsterdam, The Netherlands. The figure is a streteoabthe
“Network Viewer” of the TCSES-GUI.

limits, and shoulder lane openings. All these situationehav

fixed, but can be changed on-line by the traffic operatgreen simulated in the macroscopic traffic flow simulation

. , - rogram METANET for the period from 6.00 am to 11.00 am
depending on the current traffic management policies aref oth. .
: i : i.e., the morning peak hours). Note that the TCSES concept
considerations. Next, all data and control scenarios atéde

. . neric enough I llow other f simulation or
TCSES, and the predicted performance is evaluated. Note thsage efic enoug to aiso aflo othe types or's gato 0
i . L even the inclusion of real-life measured traffic evolution&
the multi-agent case-based approach we use is sufficierstfy f . :
. aye taken a prediction horizdh),..q = 1 hour. In total about

so that a large number of control scenarios can be evalual . . .

) . ; . . 0 simulations were performed (each resulting in 7 cases t
on-line. Finally, the scenarios are ranked according tar th%e i

ncluded in each subnetwork case base). Merging similar
performance and presented to the operator. The operator ¢an . : 0 .
. . case resulted in a reduction of about 40% of the resulting
then select theP top-ranking scenarios and more closel

. . " se bases. The final total size of the 5 subnetwork case bases
assess their performance (based on experience or usifig tra

simulation). AsP is much smaller than the total number OPaved in internal Matlab format is about 8 MB.

control scenarios\/, we can significantly reduce the timed For the scenario evaluation the user has to provide inpst file
needed in the final analysis process by removing from tfwith a format similar to METANET) that describe the current

detailed decision process those combinations for which tHaffic situation and the predicted demands and/or outflow

performance will probably not be satisfactory. restrictions. The scenarios can be evaluated in batch and/o
by the “Scenario Evaluator” of the TCSES GUI (see Figure
IV. PROTOTYPE OF THETCSES 3). Tests show that the prototype TCSES can evaluate a given

scenario in under 1s. Note that if we would implement the
In order to assess the technical feasibility of the approagiCSES in C, this execution time can be reduced even further.
proposed above, we have created a prototype TCSES fore METANET program, which is already implemented in C,
the ring-road around Amsterdam, The Netherlands and soreguires about 1 min for a scenario evaluation.

connecting motorways (see Figure 2). The network was dl-We have also included the option to change on-line

wd;d kl)ntotnsubk:?hsubtn(:twc;rks, ebacht cor|1(5|st|ng f?f 3(1;0 .the membership functions used for the scenario assessment
subsubnetworks. 1ne state ot .a subnetwork was chara e”%gf. Figure 4). Currently, we have implemented trapezoidal

by the average link densities in each of its subsubnetwor i . . ) )
The prototype of the TCSES has been implemented in t ?éd bell-shaped membership functions, which are defined as

mathematical software package Matlab (which includes a ,; 1 T —Ciyg 2
programming language and the possibility to create graphic Fritvs peiti,e (¥) = exp "2 \ o ( )
user interfaces (GUIs)).

() _ I e
The cases have been constructed using METANET simuladmbs trap.i.¢ (*) = PWA (<C%f 5 Veel(Zmax — Tmin), 0),
tions for several incident and control scenarios. The iewig (cis 1),

Tmax — Lmin

varied in duration from 30 to 60 min, and in severity from 1
25 % to 5@ reduction in link capacity. The following control Cie+ §Vr61($111ax — Tmin), 0))

measures have been considered: ramp metering, varialdd SRE; the rth component of case where the center; , of the

2For the prototype we built the TCSES evaluates a scenariess than membership fun((:,t,l)on corre(s)pond(s‘)to th?,)value( ,())f component
1s, whereas METANET simulation takes about 1 min. ¢ of the vectorX xV d’ uY 2V ), and

case i ( case 17 “case 17 “'case i’ “case 1
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scoring scenarios can then be assessed in more detail via,
e e.g., microscopic or macroscopic traffic simulation. Thérmma
advantage of the TCSES is its speed. In addition, the multi-
agent approach used in the TCSES, in which the network is
= IR split into several (possible overlapping) subnetwork eath
which has its own case base, makes the system scalable so
that it can also be used for large networks.

Currently, we have demonstrated the technical feasitulity
the system. In the next stage of the project we will thoroughl
et examine the performance of the system (for more traffic
+  Bell-shaped rel_nu . . . . .-
+ o — — situations and control scenarios than the ones describiisin
paper), see how the parameters of the system have to tuned to
improve the performance, and compare this performance with
“ | /| other traffic control strategies.

Fig. 4. Screenshot of the “Membership” tab of the TCSES-GUI.
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