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Traffic Flow Modeling of Large-Scale
Motorway Networks Using the Macroscopic
Modeling Tool METANET

Apostolos Kotsialos, Markos Papageorgiéallow, IEEE Christina Diakaki, Yannis Pavlis, and Frans Middelham

Abstract—This paper employs previously developed modeling, The second approach is based on the fact that the capacity pro-
validation, and stimulation tools to address, for the first time, vided by the existing infrastructure is practically underutilized,
the realistic macroscopic simulation of a real large-scale mo- j o it js not fully exploited. Thus, before building new infra-
torway network. More specifically, the macroscopic simulator truct the full loitati fth, read isting infrast
METANET, involving a second-order traffic flow model as well as structure, the Tull exploitation of the already exis _'ng Intrastruc-
network-relevant extensions, is utilized. A rigorous quantitative ture should be ensured. Recent developments in control, com-
validation procedure is applied to individual network links, munications, and computer technology has made this task fea-
and subsequently a heuristic qualitative validation procedure is sjble and financially viable. Indeed, in many metropolitan areas
employed at a network level. The large-scale motorway network Tyaffic Control Centres (TCC) operate performing a variety of

around Amsterdam, The Netherlands, is considered in this inves- task h traffi itori dicti d trol It i
tigation. The main goal of the paper is to describe the application asks such as traflic monitoring, prediction, and control. 1L 1S

approach and procedures and to demonstrate the accuracy and within this framework that reliable traffic models become im-
usefulness of macroscopic modeling tools for large-scale motorway portant for any of the following tasks:

networks. «Simulation A traffic flow model is needed when the traffic
Index Terms—Modeling, motorway networks, simulation, traffic ~ Process has to be simulated for a number of different scenarios
flow, validation. and conditions. For example, when the impact of adding a

new link to a network, thus adding capacity, or performing
road works, thus reducing capacity, has to be studied, then
simulation of the traffic flow process, under different scenarios,
NE OF THE major needs in the area of intelligent trangs vital for sound and efficient decision making.
portation systems (ITS) is the modeling of the traffic flow «Traffic prediction The purpose of traffic prediction is to pro-
process in large-scale motorway networks. The notoriously iide reliable forecasts of the traffic conditions that will occur in
creasing number of vehicles that use the provided network egnetwork over a predetermined future time horizon. Traffic pre-
pacity has lead to severe problems in the form of recurrent agidtion may be performed on-line so as to enable operators of a
nonrecurrent congestion resulting in serious economic and enpEC to anticipate the impact of various events that take place in
ronmental problems, as well as increased public frustration ath@é network, such as incidents or high demands at certain loca-
discomfort. tions. The successful performance of this task calls for a realistic
Two complementary approaches for solving problems causgsific flow model able to anticipate the short-term traffic con-
by motorway congestion phenomena are possible without ditions that are likely to prevail.
verting demand to other modes of transportation. The first one«Traffic control Traffic control operations in the context of
is to construct new motorways, i.e. address the problem by pepTCC aim at ameliorating traffic conditions through the sys-
viding additional capacity to the networks. Land availability issematic use of control measures applied to the traffic process,
sues, especially in and around large metropolitan areas, andgtfeh as ramp metering, motorway-to-motorway (mtm) control,
vironmental considerations render this approach little attractiveute recommendation (via Variable Message Signs (VMS) or
appropriately equipped vehicles), variable speed limitation, etc.
A traffic model is required either for the off-line study of the
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traffic flow modeling in motorways was laid. A potentially ‘ motorway link m
more accurate second-order traffic flow model was proposed in
[3] which was extended in [4] and [5] to improve its reliability [

1 fees i ce N
in merging areas, i.e. around on-ramps or at lane-drop loca- J ! j o
/segment\\

tions. A macroscopic modeling concept that allows traffic flow
models to be embedded in a network context, with multiple f
origins, multiple destinations, and multiple routes for each :
origin-destination couple was developed in [6]. A humber of Qm,i—l——i—-—u Um,i ’ Qm,i
macroscopic simulators such as METANET [7], METACOR i Prm.i i
[8], NETCELL [9], STRADA [10] are based on that concept.

An essential issue related to motorway traffic modeling iSg. 1. piscretised motorway link.
model validation. Previous validation efforts were based on

traffic data from various motorway stretches ([11], [4], [Smode. When traffic assignment is an issue, it operates in the
[12]) and aimed at optimal estimation of the model parametefssination-oriented mode

so as to maximize the modeling accuracy. _ ~ The motorway network is represented as a directed graph
This paper employs previously developed modeling, validgmereby the links of the graph represent homogeneous mo-
tion, and simulation tools to address, for the first time, the '€rway stretches. Each such motorway stretch has uniform char-
alistic macroscopic simulation of a real large-scale mmorw%)éteristics, i.e., no on/off-ramps and no major changes in ge-
network. More specifically: ometry. The nodes of the graph are placed at locations where a
» the macroscopic simulator METANET, involving amajor change in road geometry occurs, as well as at junctions,
second-order traffic flow model as well as network-relesn-ramps, and off-ramps.
vant extensions, is utilized;
« arigorous quantitative validation procedure is applied 1. Definition of Basic Traffic Variables

individual network links; _ The macroscopic description of traffic flow implies the defi-
* a heuristic qualitative validation procedure is used at @iion of adequate variables expressing the average behavior of
network level; traffic at certain times and locations. The time and space argu-
* the large-scale motorway network around Amsterdarpents are discretised. The time discretization is global, but the
The Netherlands, is considered in this investigation.  gpace discretization is defined for each link separately. The dis-
The main goal of the paper is to describe the application agrete time step is denoted By A motorway linkm is divided
proach and procedures and to demonstrate the accuracy andigge-V,, segments of equal length (Fig. 1). For each segment
fulness of macroscopic modeling tools for large-scale motorway each linkm at each timeinstartt=k -7,k = 0,1, ..., K,
networks. where K is the time horizon, the following macroscopic vari-
The rest of this paper is organized as follows. Section Il dables are defined.
scribes in some detail the modeling approach employed. Sec-. Traffic density pm.i(k) (veh/km/lane) is the number of
tion 11l describes the model application to the Amsterdam mo-  yehicles in Segme'mof link mn attimek - T divided by the
torway network while Section IV presents the validation proce-  |ength of the segmerit,,, and by the number of lanes,,.
dure followed along with the obtained results. Finally, SectionV . pMean speetv,,, ;(k) (km/h) is the mean speed of the ve-
discusses the main conclusions drawn from the reported effort  pjcles included in segmentof link m at timek - T.
as well as future work. « Traffic volume or flow ¢, ;(k) (veh/h) is the number of
vehicles leaving segmeritof link m during the period
[k-T,(k+1)-T], divided byT.
Furthermore, for the destination-oriented mode of operation,
A. Model Overview the following variables are introduced:

The Amsterdam network was modeled using the modeling * Thepartial densityp,,, ; ; (k) is the density of vehicles in
tool METANET, see [7]. METANET is a deterministic macro- segment of link m at time# - 7" destined to destination
scopic modeling tool for simulating traffic flow phenomenain  jeJm, WhereJ,, is the set of destinations reachable via
motorway networks of arbitrary topology and characteristics, ~ link m.
including motorway stretches, bifurcations, on-ramps, and ¢ The composition ratey,, ; ;(k),0 < v, (k) < 1,is
off-ramps. This modeling approach allows for simulation of  the portion of traffic volumey,, ; (k) which is destined to
all kinds of traffic conditions (free, dense, congested) and of  destinatiory e J,,.
capacity-reducing events (incidents) with prescribed character-
istics (location, intensity, duration). Furthermore METANETS: Link Model
allows for taking into account control actions such as ramp Five types of links are used when a motorway network is
metering, route guidance, and mtm control. modeled. First, there are theotorway linkswvhich are used for

METANET has two distinct modes of operation. When traffithe representation of homogeneous motorway stretches. Traffic
assignment (i.e. the drivers’ route choice behavior) aspects aomditions therein are described by the aforementioned basic
not considered, then it operates in ti@n destination-oriented traffic variables. Second, there are théagin linkswhich receive

IIl. MODELING APPROACH
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traffic demand (volume) from outside the network and forwarconstant parameter estimated from the quantitative validation

it into the main network. An origin link is characterized by itof the model.

flow capacity and its queue. Third, there are the destination linksAdditionally, in the destination-oriented mode, the partial

which receive traffic flow from inside the network and push itlensities for each reachable destination in every link are

outside. Traffic conditions idestination linksre influenced by calculated from conservation considerations

the corresponding downstream traffic conditions. Fourth, there T

are store-and-forwardliinks which are characterized by their Prmii(k + 1) = pm i (k) + T\

gueue length, their flow capacity, and their constant travel time. - (k-)qm Z(k) — i () g (K]

Finally, there arelummy linkswith zero length, which are used T AT AT

in order to decompose complex network nodes. ®)
1) Motorway Links: The basic equations used to calculatg;,

the traffic variables for every segmeraf motorway linkm are

the fO”OWing: 'Ym,z’,j(k') = pm,i,j(k')/pm,i(k)- (6)

2) Origin and Store-and-Forward LinksFor origin links,

LinAm i.e., links that receive traffic demand and subsequently forward
Gm,i(k) = i (k) - v i(E) - A (2) it into the motorway network, a simple queue model is used.
T Origin links are characterized by their flow capacity and their
Vm,i(k +1) = vm,i(k) + — {VIpm.i(k)] = vm,i(k)} queue length. The outflow, (k) of an origin linko is given by
T
+ g, B Bt (8 = v (1) 0o(8) = o) win L) + 24 o)) )
v-T pm,i+1(k) - pm,L(k> (3)
L, pomi(k) + 5 whered, (k) is the demand flow at time periakl at origin o,
1 (k)™ w, (k) is the length (in vehicles) of a possibly existing queue at
Vipm,i(k)] =vfm - exp [—a— <p—> } (4) time periodk, gmax.o (k) is the flow capacity at the specific pe-

riod andr, (k) € [rmin, 1] is the metering rate for origin link at

wherew; ,, denotes the free-flow speed of link, pe,.,, de- Periodk.Ifr,(k) =1, no ramp metering is applied. if (k) <
notes the critical density per lane of limk (the density where 1 then ramp metering becomes active. The flow capacity de-
the maximum flow in the link occurs), ang, is a parameter of pends on th(_a density of the primary downstream leavinggink
the fundamental diagram (eqn. (4)) of link. Furthermorey, N the following way:
a time constanty, an anticipation constant, amg are constant ;
. _ Qo if ﬂu,l(k) < Per,u

parameters same for all network links;. ..., per.m» @m, 7, ¥, Imax,o(k) = {Qo p(k) else (8)
andx are constant parameters which reflect particular charac-
teristics of a given traffic system and depend upon street geonwhereq, is the (constant) flow capacity of the origin link and
etry, vehicle characteristics, drivers’ behavior etc. The parawik) is the portion of@), that can enter linlu, where
eter values are determined via a quantitative validation proce- 0 — pua(k)
dure such as the one described in Section IV-C. p(k) = Pmex — P\ 9)

Additionally, it is assumed that the mean speed resulting from Prmax = Per.p
(3) is limited below by the minimum speed in the netwogk,. with p.... the maximum possible density in the network’s links.

Equation (1) expresses the vehicle conservation principlEqus, egs. (8), (9) reduce the (geometrical) flow capa@ity
while (2) is the flow equation which results directly from thewvhen traffic conditions on the mainstream become congested.
definition of the traffic variables. (3) is the empirical speed The conservation equation for an origin link yields
equation which describes the dynamic evolution of the mean
speed of each segment as an independent variable (hence the wo(k +1) = wo(k) + T - [do (k) = ¢o(K)] - (10)
model is of second order). Equation (4) is also an empiricalIn the destination-oriented model, the notion pértial

equ_anon k_nown_ as the fundame_ntal d|agra_m and_expresse(ijguesis introduced. Partial queues at an origin link evolve
static relationship of the speed with the traffic density. according to the relationship

Additional terms may be included in (3) for the mod-
eling of lane drops and merging phenomena near on-ramps ;(k + 1) = w, ;(k)+T - [9,.(k) - do(k) =70, (k) - ¢o (k)]
[5]. In order for the speed calculation to account for the (11)
speed decrease caused by merging phenomena, the term
—0Tqu(k)vm1(k)/(LmAm(pm,1(k) + k)) is added in (3), wherew,_ ;(k) is the number of vehicles in the queue of origin
whereé is a constant parameter determined by the validatitink o with destinationyj, v, ;(k) = w, ;(k)/w.(k), and
process,; is the merging link andn is the leaving link. ¥, ;(k) is the portion of the demand originating énat period
In order to consider speed reduction due to weaving phe-and havingj as its destination.
nomena resulting from lane drops in the mainstream, the termin order to enable the model to consider mtm control
— T AN N,, (k)0 N, (k)2 /(L Amper,m) is @dded in (3), measures and also to approximately consider urban zones, the
where A\ is the number of lanes being dropped, afids a store-and-forward links are used. These links are characterized
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by their flow capacity, their queue length, and their constalgaving links, then the upstream influence of density has to be
travel time. For the determination of their outflow and theitaken into account in the last segment of the incoming link (see
queue length, equations similar to (7)—(11) hold. (3)). This is provided via
3) Destination and Dummy LinksTraffic conditions in des- )
tination links are influenced by the downstream traffic condi- 1 (k) = 2 €0, Pu (k)
tions which may be provided as boundary conditions for the o Zueon pu,1(k)
whole time horizon. If no measurements for boundary condi- _ _ )
tions are available, it is assumed that the downstream traff€r€pm. .. +1(k) is the virtual density downstream of the en-
conditions are uncongested. Dummy links are auxiliary link§"ng linkm to be used in eqn. (3) far= N, andp,, 1 (k) is
of zero length. They do not affect traffic dynamics and they atB€ density of the first segment of leaving link The quadratic
used to decompose complex network topologies or to represiih is used in (18) to account for the fact that one congested

(18)

very short motorway connections. leaving link may block the entering link even if there is free flow
in the other leaving link.
D. Node Model When a node: has more than one entering links, then the

. .. downstream influen f h kenin nt ac-
Contrary to the link model, the node model does not eXthcIth strea uence of speed has to be taken into account ac

any dynamic behavior. Lap, (k) be the total traffic volume cording to (3). The mean speed value is calculated from
entering a motorway node at periodk. Then theturning rate Zueo v, (k) - qun, (K)

B (k) is the portion of traffic volume),, (k) which leaves node vm,o(k) = Z k) (19)
n at periodk through linkm € O,,, whereO,, is the set of links ne0y, N

leaving noden. Let I,, be the set of links entering node The wherew,, ¢ is the virtual speed upstream of the leaving Ik

following equations hold: that is needed in (3) far = 1.
Qu(k) =Y qun, (k) Yn (12) E. Model Summary
“fy{” From the previous sections, a nonlinear dynamic model of the
Gmo(k) = B, (k) - Qu(k) Vm € Oy 13)  form
whereg,, o(k) is the traffic volume that leaves nodevia out- x(k+1) = £ [x(k), c(k),d(k)], x(0) =xo  (20)

link m. Equations (12) and (13) provideg, o (k) needed in (1)

fori=1. In the destination-oriented mode, the notion of turningan be obtained for the entire motorway network, wherie
rates is generalized to the notiongglitting rates LetQ,, j(k) the state vector; is the control vector, and is the disturbance

be the total traffic volume entering a motorway nedat period vector.

k thatis destined to destinatignThen, the splitting ratg;” ; (k) In the non destination-oriented mode, (20) is obtained by sub-
is the portion of traffic volume,, ;(k) which leaves node  stituting (2), (12), (13) into (1); (4), (18), (19) into (3); and (7),
at periodk through linkm € O,,. In the case where route guid-(8), (9) into (10). In this case, the state vector consists of the
ance takes place at nodewith respect to destinatiop (with densities)m7i and mean speed@m of every segmenitof every

the use of VMS or other means};"; is used to describe thelink m, and the queues, of every origin and store-and-forward
resulting splitting. In the presence of VMS, an indicating splitink . The control vector consists of the ramp metering raes
ting 5¢y1s .., May be defined; if the sign guides drivers towardf every on-ramp and store-and-forward link metered. The dis-
Jj viam (the main route)ys ,, ; = 1, elsef{ys,.; = 0. turbance vector consists of the demardst every origin link
The relation betweefiy;s ,, ; and the resulting splitting rate is o and the turning rateg™ at every bifurcation node.In the

modeled by the following equation destination-oriented mode, eq. (20) is obtained by substituting
. . . (2), (15)—(17) into (5); (4), (18), (19) into (3); and (7)—(9) into
Bri = (1= €)X nj + Bimis n i€ (14) (11). In this case, the state vector consists of the partial densities

wheree is the compliance rate to the route recommendatiof&" of every segmentand reachable destinatigrfrom link
. . ] , the mean speed,, ; of every segmentof every linkm, and
(0 <e < 1),andpy, ; is the portion of vehicles that take thef[n P ’ y sed yinxm

main route in absence of any route recommendations.
The following equations hold for any network node

he partial queues), ; of every origin and store-and-forward
link o. The control vector consists of the ramp metering raies
of every on-ramp and store-and-forward limkand of the split-

) ting rates3;"; for every bifurcatiom where route guidance with
Qn,j(k) = Z 9N, (K) YN, (R) ¥, ) (15) respect to destinationtakes place. The disturbance vector con-

el sists of the demands, at every origin linko, the composition
Imo(k) = Z Bri(k) - Qn (k) Ym € O, (16) rates of the demand, ; (OD matrix), the splitting rateg)";
GE€Tm at every bifurcation node where no route guidance is applied,
(k) - Qn (k) _ and the drivers’ compliance rates.
Ym,0,5(k) = T(k) Vm € On ¥j € Jm. (17) The state space formulation described is very usuful since it

allows for the use of well known methods from the automatic
Equations (15)—(17) providg. o(k) and~yn o ;(k) which are control theory to the problem of motorway network traffic con-
needed in (5) foi = 1. When a node: has more than one trol, see [13].
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TABLE |
MODELED MOTORWAYS

Motorway From (km) To (km) Length (km)

A10 1 33 32x2
A8 0 5 5 X2

A4 0 5 5 X2

A2 31 37 6 x 2

Al 4.5 8.5 4x2

A9 5 12 7% 2

A9 22 34.5 12.5 x 2

A8, Sl 410, Tkm
A8, Okm 210, 33km

A10,315km

A10, 11km
“A1,4.5km
Al 8km
49, Skm

Fig. 2. Amsterdam motorway network.

I1l. M ODEL APPLICATION TO THEAMSTERDAM NETWORK

Ao A9 22km

A. Description of the Amsterdam Motorway Network
Fig. 3. Amsterdam network representation.
The objective of this section is to describe the Amsterdam test
site consisting of the Amsterdam Orbital Motorway (A10) an8. Model of the Amsterdam Motorway Network

certain parts of the regional motorway network. An overview of Each motorway of the Amsterdam network was modeled in

the Amsterdam test site is shown in Fig. 2. both directions. Table | shows the limits of the motorways that
The central feature of the site is the Amsterdam Orbitglere considered. The total length of the network is 143 km (both
Motorway (the A10). The A10 simultaneously serves locadjirections), and its main part is the A10 ring road which engulfs
regional, and inter-regional traffic and acts as a hub for traffigmsterdam. The total number of links that was used to model
entering and exiting North Holland. To the North, the A8he motorway network is 654 (all types of links). This number
motorway feeds into it, carrying a large amount of commutingcludes 249 motorway links, 231 store-and-forward links, and
traffic to Amsterdam. To the Southwest, the A4 carries most @74 dummy links. The motorway links were divided into a total
the traffic between the North of the country and attractors in tl’dﬁ 291 Segments_ The |ength of each Segment ranges from 400
South such as Schiphol Airport, The Hague, and Rotterdafs.800 m. Taking into account the total motorway length con-
South of the A10, the A9 forms a bypass for traffic betweegidered and the number of segments used, the average segment
the North-east on the one hand and the Centre of the coungiigth is 491.4 m. Fig. 3 depicts the resulting modeled network,
as well as the region between Amsterdam and The HagM@ng with the kilometer numbers at the points where the mo-
(including Schiphol airport) on the other. A2 connects the Al@rways are connected.
to the A9 bypass and connects the A10 with the Centre of theat the North, the 5-km section of the A8 considered may be
country. Finally, to the South-east, the Al connects to the Alésen. The ring road A10 is the dominant (and most important)
and serves traffic between the North and Centre of the countgyotorway. Connected with A10 to the South are (from left to
The A10 contains two tunnels, the Coen Tunnel at thgght) the A4, the A2, and the A1 motorways. The A9 further to
North-west of A10 and the Zeeburg Tunnel at the North-easihe South connects these four motorways thereby forming two
which effectively divide the orbital motorway into two sectionssecondary rings.
the “North Ring” and the “Ring West/South/East”. Adjacent to the motorways and in the center of the three rings,
The network is subject to considerable recurrent congestiairtual origins and destinations are placed, each representing an
Congestion is especially heavy on the north-western andban zone. These virtual nodes are used in order to model the
southern parts of the A10, but less so on the north-eastern penfluence of the corresponding urban zones on motorway traffic,
Due to the network structure and the current network loaparticularly with regard to route choices of drivers. Origins and
route choice is a factor of influence on this network, whicdestinations in the modeled area may be connected via a purely
presents a potential for dynamic traffic management. motorway or mixed path. In order to take into account the urban
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connections in a simplified way, virtual links and nodes are suitharacteristics, drivers’ behavior, etc., is calibrated so as to fit a
ably introduced. The links that are used are of store-and-forwaepresentative set of real data with the maximum possible accu-
type. Each such link is attached to a virtual node and has the taaky (parameter estimation). In the second stage, the developed
of either receiving flow from the network and pushing it out omodel is applied with the estimated parameter values and the re-
it, into the urban area, or receiving flow from the urban area asdlts are compared with sets of traffic data different from those
then pushing it into the network. From a specific stretch andused in the parameter estimation stage (model verification).
given direction of the motorway, the on- and off-ramps are mod- « Qualitative model validatiomims to represent traffic con-
eled as store-and-forward links which start/end from/at a virtuditions not for isolated motorway stretches, as in the case of
urban origin/destination. This is the reason for the large numkée quantitative validation, but for the entire motorway network.
of store-and-forward links used. The goal is for the model to capture the network-wide dynamics
Urban origins/destinations are placed in the network wheoé traffic congestion, i.e. to be able to predict the location, du-
there is a high concentration of on-ramps or off-ramps. An urbaation, and propagation of congestion. While in the quantita-
origin node concentrates all the demand originating from thige validation only isolated motorway stretches are considered,
corresponding urban zone and distributes it to several adjactmd qualitative validation aims at enabling the network model
motorway on-ramps based on suitable dynamic traffic assigo-consider the interactions between the motorway stretches.
ment considerations. Similarly, a destination node collects tfibe process of qualitatively validating the model consists of
outflow of several adjacent motorway off-ramps that is desaanually calibrating a number of parameters (i.e., turning rates,
tined to the corresponding urban zone. This approach has #mel store-and-forward links’ capacities and travel times) via re-
advantage that there is no need to model in detail the urban nEated computer simulations. After each simulation the results
work, which would result in a significantly more complicatedaire compared against real data from locations around the net-
system. Moreover the aggregation that is performed this we#prk, particularly those where congestion appears, and a suit-
at the on-/off-ramps results in the significant reduction of thable manual adjustment of a number of (or a single) parameters
required origin-destination matrix dimension. In Fig. 3, the viris performed based on the observation of whether or not con-
tual urban nodes are placed within the loops, i.e. in the urbgastion is predicted sufficiently accurately. Because neither a
areas. This feature of the model is not utilized in the presemantitative measure nor a rigorous optimization is used during
application. It is part of future work that will be conducted fothis procedure, the results are qualitative in nature (hence the
the study of traffic assignment and route recommendation (Mirm qualitative validation).
VMS or equipped vehicles) control measures. Nevertheless, the
network’s model remains unaffected from this fact since it opel3- Available Data
ates in the non destination-oriented mode for the validation andeor the model validation procedure, data from loop detec-

the internal urban routes are not considered. tors for four consecutive days (June 3—6, 1996) were available.

Additionally, store-and-forward links are used to model thenese data consisted of one-minute measurements of flow and
interaction between two or more merging motorways. In thigyeed for the whole day. They were used in order to determine
case store-and-forward links are placed as connection linkg disturbancies to the traffic system, and to provide the neces-
at motorway junctions. The queuing model of store-and-fogzry houndary data. As boundary data, the traffic flow, the mean
ward links provides a sufficient approximation for the traffigpeed, and the traffic density were used in the quantitative val-

process at these points, and also facilitates the modelingi@tion, while only the traffic flow was provided to the model,

IV. M ODEL VALIDATION C. Quantitative Model Validation

The model validation procedure aims at enabling the whole The quantitative validation aims at estimating model param-
motorway network model to represent traffic conditions witgters through a well-defined straightforward optimization pro-
sufficient accuracy. The methods used to this end are quantfgdure. The detailed results of this effort are reported in [14].

tive and qualitative in nature, and both procedures are presented) Parameter Estimation Procedurézrom the motorway
in this section. traffic flow process model described in Section Il, a nonlinear

dynamic model of the form

A. Model Validation Overview x(k+1) = £ [x(k), u(k), 2] , x(0) = xo 1)

The macroscopic model presented in Section Il includes a
number of parameters which have to be estimated in orderdan also be obtained for individual motorway stretches, where
accurately model the traffic flow of a particular network. The is the state vectom is the boundary-conditions vector, and
model validation for this particular case was performed in twais the parameter vector. This can be done by substituting (2),
successive phases, the quantitative and the qualitative. (12), and (13) into (1); (4), (18), (19) into (3); (7), (8), and (9)

* Quantitative model validatioaims essentially at estimatinginto (10), for the non destination-oriented mode of operation.
model parameters through a well-defined straightforward proce-The estimation of the unknown parameters for a motorway
dure, and is carried out in two stages. In the first stage a growaffic system is a nontrivial task, since system equations are
of parameters that reflect particular characteristics of a givarghly nonlinear in both the parameters and the state variables.
motorway stretch and depend upon highway geometry, vehidlee most common approach for the identification of nonlinear
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systems is the minimization of the discrepancy between the ( START )
model calculations and the real process in the sense of
guadratic output error functional. Y

Lety be the output vector of the nonlinear system (21), with | Initialize z |
y(k) = glx(k).2]. (22) |
. . m Simulation of traffic flow
Then the parameter estimation problem may be formulated a _u | with parameter vector z
the following least-squares output error problem:

Given the time sequences of measured H&tak) (measured Optimization search
boundary conditions)y”™ (k) (measured process output),= v Y algorithm :
0,1,..., K, and the initial state, find the set of parametegs —>| Calculation of J(z) new choice for z

minimizing the cost functional A

Further
improvement of J(z)
possible ?

K
T(z) =" ly(k) —y™ (k) Iig (23)
k=1

subject to (21) witth(k) = h™(k), and (22).

The model parameters’ = [v¢, per, ag, ¢, v, 8,0, K,
vmin] (When a unique fundamental diagram is used for all
segments) are selected from a closed admissible region of Jt:pe
parameter space which may be defined on the basis of physm%l
considerationsQ is a positive definite, diagonal matrix. When
measurements are taken from locations in the motorway TABLE I
stretch, theryT — [q1v1 e Ue]- PARAMETER SETS FOR THEA10 MOTORWAY

The determination of the optimal parameter set must be per-

4. Functional sketch of the parameter estimation procedure.

Motorway Stretches

formed by means of a nonlinear programming routine whereby 1 D) 3 4

for each choice of a new parameter vectathe value of the From (km) 10.7 22.0 281 13.5

performance criterion (23) is computed by a simulation run of =~ _To (km) 19.7 330 167 3.4

the model equations driven by the measured inputs according to _Parameters

Fig. 4. Per,m 3593 2875 33.25 27.65
(veh/km/lane)

An approach to the solution of the formulated optimization

. L . Common values for all stretches
problem is via application of the Complex algorithm of Box

A 2.34
[15]. The advantages of this algorithm are summarized as fol- 4, (km/h) 102
lows. 7 (seconds) 18
» The algorithm does not require the calculation of the J T—h 0.012
derivatives of the cost functional like competitive gra- ;( m’/h) 26(;
dient-based methods. v (/) =1
» The algorithm has grater chances of finding the global % (veh/km) 10
(or at least a “good” local) minimum than gradient-based
methods.

The algorithm starts with an initial complex (group) of pointselected from the ringroad and for each one of them a set of
z which are randomly scattered throughout the admissible @ptimal parameters was established. The summarized outcome
gion in the parameter space. Then, at each iteration step, dti¢his effort is presented in Table Il. The first two rows indicate
parameter set with the worst value of the cost functional is rehere each particular stretch starts and ends. In the ringroad,
placed by a new parameter set which is chosen appropriatéhe kilometers increase clockwise, with zero placed just after
The procedure is terminated when the complex paimsach a the A8.
sufficiently small region around the optimum so that no further From Table Il it can be seen that the critical density is a cru-
improvement of the performance criterion can be achieved bial parameter of the model. For the four motorway stretches
further iterations. Even with this algorithm, however, it is nothe parameter set is identical save for the critical density. Based
easy to decide whether the global optimum has actually beem the sets of parameters shown in Table Il, examples of the
reached. For this reason it is useful to repeat the procedure witbdel output for a single location can be seen in Figs. 5 and 6.
different sets of starting points. More precisely, Fig. 5 depicts the volume trajectory determined

2) Results and Model VerificationFor the identification by the model as compared with the flow measurements for the
procedure, four measurement sets (corresponding to fa@ame location in the second motorway stretch. For this partic-
consecutive days) were available from the A10 ringroad afar location, Fig. 6 depicts the speed trajectory determined by
Amsterdam. These data provided flow and speed measureméimesmodel and compared with the actual speed measurements.
on a minute-by-minute basis. Four motorway stretches weBeth figures are indicative of the model’s ability to represent



KOTSIALOS et al: TRAFFIC FLOW MODELING OF LARGE-SCALE MOTORWAY NETWORKS 289

6000 T T T T T T 4500 — T T T
4000 - i
5000 |- —
3500 meas. ——
model ~--
4000 | bt | 3000
|
£
z \ £2500 |-
3 i =1
23000 e
z 32000 -
Iy S
2000 | 1500 |- i
1000 F-y A}
1000 | R
500
o . . . .
0 : ! L L : L 0 50 100 200 250 300

150
0 50 100 150 200 250 300 350 Time (minutes)

Fig. 5. Stretch 2, measured versus predicted flow, quantitative validation. Fig. 7. L26, measured versus predicted flow, qualitative validation.

120 ' . w . w . cation of a motorway, spills back into another motorway, then
the model should be able to reproduce this propagation.

In order to make the network-wide traffic flow model to
comply with this requirement, all the cases of recurrent conges-
tion observed in the motorway network were recorded and for
each one of them the location and time of its creation, as well as
the its duration and propagation to other motorways was noted.
Three main cases of recurrent congestion were identified.
Some of them were strongly related due to their geographic
proximity, while others were independent from each other.
One of the major origins of congestion on the A10 ringroad is
the spillback of congestion created at off-ramps (either due to
existence of traffic lights at the end of the off-ramp or due to

restricted outflow capacity).

° - 00 P 200 250 P 50 The most severe congestion of all appears upstream of the

Time (minutes) Coen Tunnel at the 30th km of the A10 ringroad in the counter-
ig. 6. Stretch 2, measured versus predictive speed, quantitative validatio|0Ckwise direction of the A10 (thiedirection as opposed to the
clockwiser-direction). Congestion at the Coen Tunnel begins at

the 30th km and propagates backward on the A10 to the 32nd

traffic conditions in each of the motorway stretches based ®Fh and to the A8 up to 3.3 km. This area is congested from 6:20
the estimated parameters. AM. until 10:00AM. ' ' '

. L The second main congestion appears at the southern part of
D. Qualitative Model Validation the A10. It begins at 17.6 km at 8:80., in ther-direction, and

The scope adopted in the qualitative model validation extenpiopagates backward until 13.6 km of A10 until 1028 It
from individual network parts (motorway stretches in quantitanust be noted that in this highway stretch spillback phenomena
tive validation) toward the entire network. The goal of this phadeke place causing the congestion that appears apg8i0@t the
is, by manually calibrating a number of parameters, to enable tecific location. A bit later, severe congestion due to limited ca-
model of the whole network (Section 111-B) to sufficiently reprepacity appears at the 2.4 km of A4 in the direction of flow that
sent the network-wide dynamics of traffic congestion. The maleaves Amsterdam. This congestion propagates backward to the
ually calibrated parameters include turning rates at bifurcatiéi0, it catches up with the previously mentioned congestion,
junctions, and capacities and travel times of store-and-forwaadd combined they create a severe congestion that begins from
links. The calibration was performed through repeated simuldee A4 and propagates up to the A10, reaches the A2 and prop-
tions via trial-and-error until the appropriate parameter valuagates into it until the 31.5 km.
were obtained. The parameter values were deemed as appréwmnother congestion that appears in the southern part of A10,
priate when the model was able to reproduce with sufficient dadt this time in thel-direction, begins at the 18th km at 8:00
curacy the time and location of recurrent congestion, its duratiam. and propagates backward up until the 24.2 km of A10. This
and propagation. Particular attention was paid to the main jurc@ngestion propagates to A4 in direction where the flow enters
tions of motorways, e.g. A8 with A10, as quantitative validatiothe A10, and propagates in the A4 up to the 4th km.
did not focus on motorway interactions at major motorway in- After manually calibrating the model parameters, the model
tersections. When a real congestion, that occurs at a certaind@s able to predict the network traffic conditions (free, critical,
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Fig. 9. L11, measured versus predicted flow, qualitative validation. Fig. 11. L72, measured versus predicted flow, qualitative validation.

T T T

and congested) for the period from 6:0®. to 11AM. For the
motorway parts without any congestion there was no problel g ©
for the model to reproduce the traffic conditions. Figs. 7 and
show, respectively, the flow and speed trajectories of link L2!
(28.489-28.911 km) of AlQ-direction compared with the or
real measurements from the same location. For the congesi-
motorway parts that do not exhibit spillback phenomena fror% 60 |
off-ramps, the model is able to predict the location and duratiog
of congestion with sufficient accuracy. Figs. 9 and 10 depic
the flow and speed trajectories, respectively, for link L11
(22.950-23.721 km) of A1Q@-direction, compared with real |
measurements taken from the same location. 20 ]
For the congested motorway parts that do exhibit conge:
tion coupled with spillback from off-ramps, the model is not . . , ‘ ‘
very accurate in predicting traffic conditions. Figs. 11 and 1:  ° % 0 e (minutes) 290 800
show, respectively, the flow and speed trajectories of link L72
(18.2-19.5 km) of A10r-direction where spillback from an Fig. 12. L72, measured versus predicted speed, qualitative validation.
off-ramp occurs. Notice that in reality congestion appears much
earlier than the model anticipates because spillback limits thvshing to exit, may occupy the outmost right lane of the main-
available capacity sooner than in normal conditions. It appeatseam throughput. However, if the queue grows further, some
difficult to provide a theoretical basis for the description of thexiting drivers may also attempt to use further mainstream lanes
impact of off-ramp spillback on the mainstream traffic. Drivergvhich may lead to a breakdown of the mainstream traffic flow.

——
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Fig. 14. Simulated traffic conditions in the network, 9:001.

These phenomena are probably of a strong probabilistic char
acter and there is hardly any possibility to describe them accu-

rately in a deterministic framework.
Figs. 7-12 give an idea of the model’s performance only
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and nowhere else in the network, which is in accordance with
the data observations. Fig. 14 shows the model’'s prediction of
traffic conditions at 9:0@.m. From this figure it can been seen
that the model reproduces the previously described recurrent
congestions sufficiently, thus making it a suitable tool for evalu-
ating the impact of various traffic control measures on the traffic
flow process.

V. CONCLUSIONS AND FUTURE WORK

This paper presented the modeling of the large-scale mo-
torway network around Amsterdam, The Netherlands, and its
validation against real measurements. The macroscopic mod-
eling tool METANET was used for this purpose. In order to val-
idate the model, a two-phase validation process was followed.
The first phase, called quantitative validation, employed a rig-
orous method in order to determine the model’s parameters for
a selected number of motorway stretches from the network.
For each motorway stretch, an optimal parameter set was de-
termined. Based on the results obtained by the quantitative val-
idation, the second phase, called qualitative validation, aimed
at enabling the motorway network model to capture the net-
work-wide dynamics of congestion. The results obtained from
this approach demonstrate that METANET is able to reproduce
traffic congestion built in reality with considerable accuracy,
thus making it suitable for evaluating various control strate-
gies and performing further modeling and simulation tasks. The
off-line evaluation of motorway control measures such as ramp
metering, motorway-to-motorway control, and route guidance
will be the subject of further work for this network.
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