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Freeway Ramp Metering: An Overview
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Abstract—Recurrent and nonrecurrent congestion on freeways ~ /'
may be alleviated if today’s “spontaneous” infrastructure utiliza- : TRAFFIE ‘
tion is replaced by an orderly, controllable operation via com- demands  _°_ |, cxitflows
prehensive application of ramp metering and freeway-to-freeway dil) NETWORE : sk
control, combined with powerful optimal control techniques. This _— \

paper first explains why ramp metering can lead to a dramatic
amelioration of traffic conditions on freeways. An overview of
ramp metering algorithms is provided next, ranging from early
fixed-time approaches to traffic-responsive regulators and to
modern sophisticated nonlinear optimal control schemes. Finally, aiming at the benefit of all users. Ramp metering is the most ef-
a Iarge-scale example demonstrates the high potential of advancedficient means to this end, whereby short delays at on-ramps and
ramp metering approaches. freeway-to-freeway intersections is the (relatively low) price to
Index Terms—Congestion management, nonlinear optimal con- pay for capacity flow on the freeway itself, leading to substan-

Fig. 1. A general traffic network.

trol, ramp metering, traffic-responsive regulators. tial savings for each individual road user.
This overview paper first explains, based on simple, math-
|. INTRODUCTION ematically sound arguments, the reasons why ramp metering

RBAN and i ban f had b iinall may lead to a substantial amelioration of traffic conditions on
AN and interurban freeways had been originally co reeways (Section Il). An overview of ramp metering algo-
ceived so as to provide virtually unlimited mobility to roa

: . . . ithms is provided in Section lIl, ranging from early fixed-time
users. The on-going dramatic expansion of car-ownership, h(gg

has led to the dail ¢ d yproaches to traffic-responsive regulators and to modern,
ever, has led to the daily appearance of recurrent and nonre phisticated nonlinear optimal control schemes. A simulation

rent freeway congestipns of thpusands of kilometgrs in lengétlample of large-scale nonlinear optimal ramp metering is
around the world. Ironically, daily recurrent congestions redu esented in Section IV to demonstrate the high amelioration

substantially the ayailablg infrastr.uct.ure capacity at the rughi o1 of advanced ramp metering algorithms. Section V
hourg, ie., at th_e time this ca_pacny is most u_rgently need mmarizes the main conclusions.

causing delays, increased environmental pollution, and reduced
traffic safety. Similar effects are observed in the frequent case
of nonrecurrent congestions caused by incidents, road works,
etc. It has been recently realized that the mere infrastructure éx-A Basic Property

pansion cannot provide a complete solution to these problemsyg pe able to answer this question, we will first recall a simple
due to economic and environmental reasons or, in metropolitglt consider any traffic network (Fig. 1) with demand ap-
areas, simply due to lack of space. pearing at several locations (e.g., at the on-ramps, in case of
The traffic situation on today’s freeways resembles very 3 freeway network) and exit flows forming at several destina-
much the one in urban road networks prior to the introduc-  tions (e.g., at the freeway off-ramps). Clearly, the accumulated
tion of traffic lights: blocked links, chaotic intersections, re-  gemand over, say, a day will be equal to the accumulated exit
duced safety It seems like road authorities and road users afgws, because no vehicle disappears or is generated in the net-
still chasing the phantom of unlimited mobility that freewaygyork. Let us assume that the demand level and its spatial and
were originally supposed to provide. What is urgently needeg@mporal distribution are independent of any control measures
ways’ capacity along with an orderly and balanced satisfactigicumulated time will be needed by all drivers to reach their re-
of the occurring demand both during rush hours and in caseQfective destinations at the network exits (network efficiency!).
incidents. Clearly, the passage from chaotic to optimal traffi¢ js quite evident that thisotal time spent by all drivers in
conditions is only possible if today’s “spontaneous” use of thie traffic network will be longer if, for any reason (e.g., due to
freeway infrastructure is replaced by suitable control actiofgck of suitable control measures), the exit flows are temporarily
lower, i.e. if vehicles are delayed within the network on their
Manuscript received July 28, 2000; revised November 11, 2002. This workay to their destinations. As a consequence, any control mea-
was supported in part by the European Commission in the framework of t8gre or control strategy that can manage to increase the early
project DACCORD (TR1017), Telematics Application Programme. The con- it fl fth t k. will lead t dina d
tent of this paper is under the sole responsibility of the authors and in no wiglt Iows o . € network, will léad to a corresponding decrease
represents the views of the European Commission. The Associate Editor for fsthe total time spent.

paper was P. A, loannou. N __The above statements may be formalized by use of simple
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Il. WHY RAMP METERING

1524-9050/02$17.00 © 2002 IEEE



272 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 3, NO. 4, DECEMBER 2002

time indexk = 0,1,2,... and time intervalT. A trafic > //////////////// —
volume or flow ¢(k) (in veh/h) is defined as the number of %in o

vehicles crossing a corresponding location during the time
period [T, (k + 1)T7, divided byT.

We consider a traffic network (Fig. 1) that receives demands
d;(k) (in veh/h) at its origing = 1,2,... and we define the
total demandi(k) = di(k) + d2(k) + ... We assume that

d
@

.. T — ¢

d(k),k=0,..., K —1,isindependent of any control measures Gin fr cap
taken in the network. We define exit flowsg( k) at the network
destinations = 1, 2, ..., and the total exit flows(k) = s1(k)+
s2(k)+. .. We wish to apply control measures so as to minimize
the total time sperif in the network over a time horizald, i.e. / d

K (b)

=T Z N(k) (1) Fig. 2. Two cases: (a) without and (b) with ramp metering; grey areas indicate
k=1

congestion zones.

where N (k) is the total number of vehicles in the network at

time k. Due to conservation of vehicles q, —>Y Qi 7/////; qggw,,//{///// -
1111 [///

N(k)=N(k—=1) + T[d(k — 1) — s(k — 1)]

k—1
= NO) +T Y [d(x) - s(s)]. @) e f @
"= @

Substituting (2) in (1) we obtain
— qcap
K k—1 k fr

—>
—1
To=TY |NO)+TY dr)-TY s(x)|. (3
k=1 x=0 w=0 NN gm (b)

The first two terms in the outer sum of (3) are independent of
the control measures taken in the network, hence minimization T
of T is equivalent to maximization of the following quantity

(b)

K k-1 K—-1 . _ . . )
g = T2 Z Z S(F\,) _ 72 Z (K _ k)s(k) (4) Fig. 3. Two cases: (a) without and (b) with ramp metering.
k=1 k=0 k=0

o _ . _ As an example, iz, + d = 1.2, geap (i.€., the total demand
Thus minimization of the total time spent in a traffic networkeyceeds the freeway capacity by 20%) apg, = 0.95 geap
is equivalent to maximization of the time-weighted exit flows. "Qi.e., the capacity drop due to the congestion is 5%) mﬂi:

other words, the earlier the vehicles are able to exit the netwajo, results from (5), which demonstrates the importance of
(by appropriate use of the available control measures) the leggp metering.

time they will have spent in the network.

C. Second Answer

B. First Answer . . .
We consider (see Fig. 3) two cases of a freeway stretch that in-

We consider (see Fig. 2) two cases for a freeway on-ramp: @des an on-ramp and an off-ramp, namely (a) without and (b)
without and (b) with metering control. Let, be the upstream ith metering control. In order to clearly separate the different
freeway flow, d be the ramp demang,,, be the mainstream gffects of ramp metering, we will assume here gt = qeap.
outflow in presence of congestion, apd,, be the freeway ca- j e no capacity drop due to congestion. Defining the exit rate
pacity. It is well known that the outflow.,,, in case of con- v (0 < v < 1) as the portion of the upstream flow that exits

gestion is lower by some 5%-10% than the freeway capaciythe off-ramp, it is easy to show [2] that the exit flow without
Geap- IN Fig. 2(b), we assume that ramp metering may be usg@ntrol is given by

to maintain capacity flow on the mainstream, e.g., by using the

control strategy ALINEA [3] (see Section I1I-B). Of course, the s = L(qCalp —d) (6)
application of ramp metering creates a queue at the on-ramp but, 1—7v

because..,, is greater thag.., (increased outflow!), ramp me- while with metering control we have

tering leads to a reduction of the total time spent (including the

ramp waiting time). It is easy to show [2] that the amelioration s =9 Gin- ()

AT (in% ) of the total time spent is given by Becausél —v)gi, +d > gcap holds (else the congestion would

not have been created), it follows that ss less than*™, hence

_ Gcap — Gcon
AT = 100. ®) ramp metering increases the outflow thus decreasing the total

Qin + d— Gcon
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time spent in the system. It is easy to show [2] that the ameliknown) portion of vehicles that enter the freeway in section
ration of the total time spent in this case amounts to 1 and do not exit the freeway upstream of sectjofo avoid

congestion
AT, = ~-100.

As an example, if the exit rate is = 0.05 then the ameliora- 4 < Geap. v (10)

tionis AT, = 5%. If several upstream off-ramps are blocked byyst hold, wherey..,, ; is the capacity of sectio. Further

the congestion in absence of ramp metering (which is typicalpnstraints are

the case in many freeways during rush hours) then the ameliora-

tion achievable via introduction of ramp metering is accordingly Tjmin < 75 < Min{rj max, d;} (11)

higher. . . . .
Summing up the effects of Sections II-B, II-C in a freeway’N€red; is the demand while; . IS the ramp capacity at

network, overall amelioration of total time spent by as much-rames, andr; min is the minimum flow that always must be
as 50% (i.e., halving of the average journey time) may read owed to enter the freeway. This approach was first suggested
result (see Section IV). By Wattleworth [5]. Other similar formulations may be found in

[6]-{11]
D. Further Impacts As an objective criterion, one may wish to maximize the

. . number of served vehicles (which is equivalent to minimizing
The road users choose their respective routes toward th[ﬁlé total time spent)

destinations so as to minimize their individual travel times.
When a control measure (e.g., ramp me_tering)_ is introduced er — Max (12a)
that may change the delay experienced in particular network 7

links (e.g., on-ramps), a portion of the drivers will accordingly o )

change their usual route in order to benefit from, or avofef 0 maximize the total traveled distance

disbenefits due to the new network conditions. For example

) . . ' A;q; — Ma, 12b

in the case of Fig. 2(b), the upstream flayy, will probably Z 3 = A% (12b)
increase while the ramp demaddwill decrease as compared _ _

to Fig. 2(a). Because the route choice behavior of drivers (@hereA; is the length of section), or to balance the ramp
predictable to a large extent (Traffic Assignment problem!jjueues

ramp metering may also be used so as to impose an opera- ) .

tionally desired traffic flow distribution in the overall network, > (dj = r;)* = Min. (12c)
e.g., avoidance of the rat-running phenomenon, increased or J

decreased utilization of underutilized or overloaded, respecThese formulations lead to linear-programming  or

tively, parallel arterials, etc. Clearly, the modified ro“ti”g}uadratic-programming problems that may be readily solved
behavior of drivers should be taken into account in the desi39 use of broadly available computer codes. An extension of
and evaluat_ion phases _of ramp metering control strategies. these methods that renders the static model (9) dynamic by
Several field evaluation results (see, e.g., [4]) demonstrafgoquction of constant travel times for each section, was
that ramp metering improves the merging behavior of traﬁ@uggested in [12].
flow at freeway intersections which may have a significant posi- The main drawback of fixed-time strategies is that their set-
tive impact on traffic safety due to less lane changes and redug@ghs are based on historical rather than real-time data. This may
driver stress. Moreover, the increase of network efficiency rgg 3 crude simplification because of the following.
lated to both answers above, is expected to lead to accordingly
improved network traffic safety and reduced pollutant emissions
to the environment.

J

Demands are not constant, even within a time-of-day.
Demands may vary at different days, e.g., due to spe-
cial events.
— Demands change in the long term leading to “aging”of
the optimized settings.
A. Fixed-Time Strategies —  The portionsy;; are also changing in the same ways as
demands; in addition, these portions may change due
to the drivers’ response to the new optimized signal
settings, whereby they try to minimize their individual
travel times.
Incidents and further disturbances may perturb traffic
conditions in a nonpredictable way.
_ Hence, fixed-time ramp metering strategies may lead (due to
J the absence of real-time measurements) either to overload of
%= Z QijTi (®)  the mainstream flow (congestion) or to underutilization of the
=1 freeway. In fact, ramp metering is an efficient but also delicate
whereg; is the mainline flow of sectior, r; is the on-ramp control measure. If ramp metering strategies are not accurate
volume (in veh/h) of section, and«;; € [0, 1] expresses the enough, then congestion may not be prevented from forming,

I1l. OVERVIEW OF RAMP METERING STRATEGIES

Fixed-time ramp metering strategies are derived off-line for
particular times-of-day, based on constant historical demands,
without use of real-time measurements. They are based on
simple static models. A freeway with several on-ramps and
off-ramps is subdivided into sections, each containing one™
on-ramp. We then have



274 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 3, NO. 4, DECEMBER 2002
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Fig. 4. Local ramp metering strategies. (a) Demand-capacity. (b) ALINEA. (c) Fundamental diagram.

or the mainstream capacity may be underutilized (e.g., due toAn alternative, closed-loop ramp metering strategy
groundlessly strong metering). (ALINEA), suggested in [14], reads

B. Reactive Ramp Metering Strategies r(k) =r(k = 1)+ Kg [0 — oou(k)] (14)

Reactive ramp metering strategies are employed at a tacti¢¥flere Kr > 0 is a regulator parameter aridis a set (de-
level, i.e. in the aim of keeping the freeway traffic conditionsired) value for the downstream occupancy [typically, but not
close to prespecified set values, based on real-time meastecessarilyp = o., may be set, in which case the downstream
ments. freeway flow becomes close tp.,, see Fig. 4(c)]. In field ex-

Local Ramp Metering:Local ramp metering strategies makderiments, ALINEA has not been very sensitive to the choice of
use of traffic measurements in the vicinity of a ramp to calculatBe regulator parametét .
suitable ramp metering values. THemand-capacity strategy ~Note thatthe demand-capacity strategy reacts to excessive oc-
[13], quite popular in North America, reads cupancies,,; only after a threshold valug.,) is exceeded,

) and in a rather crude way, while ALINEA reacts smoothly even
r(k) = { Geap = Gin(k = 1), if 0oui (k) < ocr (13) to slight difference — o,.:(k), and thus it may prevent con-
Tmin, else gestion by stabilizing the traffic flow at a high throughput level.
where (see Fig. 4)..,, is the freeway capacity downstream oft is easily seen that at a stationary state (i.egifis constant),
the ramp . is the freeway flow measurement upstream of theut (k) = 6 results automatically from (14), although no mea-
ramp, ooy IS the freeway occupancy measurement downstregwrements of the inflow;, are explicitly used in the strategy.
of the rampy.. is the critical occupancy (at which the freeway The set valué may be changed any time, and thus ALINEA
flow becomes maximum), antl;, is a prespecified minimum may be embedded into a hierarchical control system with set
ramp flow value. The strategy (13) attempts to add to the meglues of the individual ramps being specified in real time by a
sured upstream flow;, (k — 1) as much ramp flow-(k) as superior coordination level or by an operator.
necessary to reach the downstream freeway capagity If, All control strategies calculate suitable ramp volumes$n
however, for some reason, the downstream measured occupdhgycase ofraffic-cycle realization of ramp meteringy is con-
oont (k) becomes overcritical (i.e., a congestion may form), théerted to a green-phase duratiphy use of
ramp flow r(k) is reduced to the minimum flow,;,, to avoid or .
! ) g=(r/rsat) - (15)
to dissolve the congestion. Clearly, (13) does not really repre-
sent a closed-loop strategy but an open-loop disturbance-rej@bere ¢ is the fixed cycle time ands,; is the ramp’s sat-
tion policy [see Fig. 4(a)] which is generally known to be quiterration flow. The green-phase duratignis constrained by
sensitive to various nonmeasurable disturbances. g € [gmin, gmax), Wheregmin > 0 to avoid ramp closure, and

The occupancy strategyl3] is based on the same philosgymax < c. In the case of amne-car-per-green realization
ophy as the demand-capacity strategy, but it relies on oc@u-constant-duration green phase permits exactly one vehicle
pancy-based estimation ¢f,, which may, under certain con-to pass. Thus, the ramp volumes controlled by varying the
ditions, reduce the corresponding implementation cost. red-phase duration between a minimum (zero) and a maximum
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value. Note that ALINEA is also applicable directly to the Field trials and simulation results comparing the efficiency of
green or red-phase duration, by combining (14) and (15) METALINE versus ALINEA lead to the following conclusions

L [3].

9(k) = gk = 1) + K [0 = oou (k)] e While ALINEA requires hardly any design effort,
whereKy, = Krc/rsa. Note also that the valuesk — 1) or METALINE application calls for a rather sophisti-
g(k—1) used on the right-hand side of (14) or (16), respectively, cated design procedure that is based on advanced
should be th&oundedralues of the previous time step (i.e., after control-theoretic methods (LQ optimal control).
application of they,,,;, andg,,... constraints) in order to avoid —  For urban freeways with a high density of on-ramps,
the wind-up phenomenon in the regulator. METALINE was found to provide no advantages over

If the queue of vehicles on the ramp becomes excessive, in- ALINEA (the later implemented independently at each
terference with surface street traffic may occur. This may be de- controllable on-ramp) under recurrent congestion.
tected with suitably placed detectors (on the upstream part of—  In the case of nonrecurrent congestion (e.g., due to an
the on-ramp), leading to an override of the regulator decisions incident), METALINE performs better than ALINEA
to allow more vehicles to enter the freeway and the ramp queue due to more comprehensive measurement information.
to diminish. o _ ~ Some system operators hesitate to apply ramp metering be-

Note that the above speC|f|c.at|ons and constraints apply in t8§,se of the concern that congestion may be conveyed from the
same way to any ramp metering strategy. freeway to the adjacent street network. In fact, a ramp metering

Comparative field trials have been conducted in various COUlplication designed to avoid or reduce congestion on freeways
tries to assess and compare the efficiency of local ramp Mgay have both positive and negative effects on the adjacent road
tering strategies, see, e.g., [3]. These trials have demO”Str‘ﬂ@FK/ork traffic. It is easy to see, based on notions and state-
the clear superiority of ALINEA over other local strategies anghents made earlier, that, if an efficient control strategy is ap-
over the no-control case with regard to any performance critﬁﬁed for ramp metering, the freeway throughput will be gener-
rion: total time spent, total travelled distance, mean speed, MeAY increased. More precisely, ramp metering at the beginning
(daily) congestion duration. Typical local improvements of thgf the rush hour may lead to on-ramp queues in order to pre-
total time spent (including the waiting time at the ramps) Mayent congestion to form on the freeway, which may temporarily
reach 20%. . o lead to diversion toward the urban network. But due to con-

Multivariable Regulator StrategiesMultivariable regula- gestion avoidance or reduction, the freeway will be eventually
tors for ramp metering pursue the same goals as local ragiabled to accommodate a higher throughput, thus attracting
metering strategies: They attempt to operate the freewghyers from urban paths and leading to an improved overall
traffic conditions near some pre-specified set (desired) valuggtwork performance. This positive impact of ramp metering
While local ramp metering is performed independently fo§n poth the freeway and the adjacent road network traffic con-

each ramp, based on local measurements, multivariable rgions was confirmed in a specially designed field evaluation

ulators make use of all available mainstream measuremepfshe Corridor Périphérique in Paris, France [28].
o;(k), 1 =1,..., n, on a freeway stretch, to calculate simul-

’ ’

taneously the ramp volume valuegk), i« = 1,...,m, for ) ) ) )
all controllable ramps included in the same stretch [15]. Thfs- Nonlinear Optimal Ramp Metering Strategies
provides potential improvements over local ramp meteringP
because of more comprehensive information provision a%
because of coordinated control actions. Multivariable regula
approaches to ramp metering have been reported in [15]—[2i

o . d-capacity freeways forms, because too many vehicles at-
The mult|var|e.1ble. regulator strate.g&ETALlNEmay be viewed tempt to use them in a noncoordinated (uncontrolled) way. Once
as a generalization and extension of ALINEA, whereby th

4 @ongestion is built up, the outflow from the congestion area is
.me.tered on-ramp vqume; are calculated from (bold Va”ablﬁesduced and the off-ramps and interchanges covered by the con-
indicate vectors and matrices) gestion are blocked, which may in some extreme cases even
A lead to fatal gridlocks. Reactive ramp metering strategies ma
r(k)=r(k=1)—K; [o(k) —o(k—1)]+K; [O_O(kﬂ (7 be helpful to g certain extent, but, firs?they nee?j appro?oriate se)([
wherer = [r; ... 7,7 is the vector ofn controllable on-ramp yalues, and, second, their character is more or Ies_s local. W_hat
volumes,o = [o; ...0,]7 is the vector ofn measured occu- is needed for freeway networks or long stretches is a superior

pancies on the freeway stretdd, = [0; ... 0,,]T is a subset coordination level that calculates, in real time, optimal and fair

of o that includes m occupancy locations for which pre-spec?—et values from a proactive, strategic point of view. Such an op-
fied set value® = [01 0 |7 may be given. Note that for timal control strategy should explicitly take into account:

control-theoretic reasons, the number of set-valued occupancies-  current traffic state both on the freeway and on the

revention or reduction of traffic congestion on freeway net-
rks may dramatically improve the infrastructure efficiency in
ms of throughput and total time spent. Congestion on lim-

cannot be higher than the number of controlled on-ramps. Typ- on-ramps;
ically one bottleneck location downstream of each controlled—  demand predictions over a sufficiently long time
on-ramp is selected for inclusion in the vectr Finally, K, horizon;

andKs are the regulator’s constant gain matrices that must be—  limited storage capacity of the on-ramps;
suitably designed, see [15] and [27] for detalils. — ramp metering constraints discussed earlier;
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— nonlinear traffic flow dynamics, including the infra-implemented in the integrated, generic freeway network control
structure’s limited capacity; tool AMOC [37] where ramp metering and route guidance are
— anyincidents currently present in the freeway networkonsidered simultaneously with promising results, see also [38]
Based on this comprehensive information, the contrahd [39].
strategy should deliver set values for the overall freeway
network over a future time horizon so as to: IV. AN ADVANCED EXAMPLE

— respect all present constraints; A. The Freeway Network Traffic Model
— minimize an objective criterion such as the total time

spent in the whole network (including the on-ramps). 1 he efficiency and the amelioration potential of nonlinear
Such a comprehensive dynamic optimal control problem m&ptimal ramp metering strategies may be demonstrated by
be formulated and solved with moderate computation time yeans of simulation for a large-scale network with the use of

use of suitable solution algorithms (see Section IV). the AMOC generic freeway network control tool. In this case

The nonlinear traffic dynamics may be expressed by use QMOC does not consider routing control measures, but only
suitable dynamic models in the form ramp metering control actions. _

The macroscopic model employed for control design pur-

x(k+1) = f[x(k),r(k),d(k)] (18) poses is suitable for free flow, critical, and congested traffic con-

where the state vectarcomprises all traffic densities and meardlitions. It has two distinct modes of operation. When traffic as-
speeds of 500-m long freeway sections, as well as all rarfignment (routing) aspects of the traffic process are not taken
queues; the control vectecomprises all controllable ramp vol- under consideration, it operates in the nondestination oriented
umes; the disturbance vectdrcomprises all on-ramp demandgnode. When traffic assignment is an issue, it operates in the
and turning rates (at network bifurcations or at off-ramps). THEstination oriented mode. When route guidance measures are
ramp metering constraints are given by (11) while the quefiét included, then the traffic model does not need to operate in

constraints read the destination oriented mode, although this is not imperative.
Since we are interested here only in ramp metering, the destina-

Li(k) <l max (19) tion oriented mode of operation will not be described (see [40]

for details).

wherel; are queue lengths (in veh). The total time spent in the The network is represented by a directed graph whereby the
whole system over a time horizdii may be expressed links of the graph represent freeway stretches. Each freeway
K [n m stretch has uniform characteristics, i.e., no on-/off-ramps and no
To=TY | pi(k)-A;+ Y Li(k) (20) major changes in geometry. The nodes of the graph are placed
k=0 Li=1 i=1 at locations where a major change in road geometry occurs, as

wherep; (k) is the traffic density (in veh/km) in segment i atwell as at junctions, on-ramps, and off-ramps.
timek - T. The time and space arguments are discretized. The dis-
Thus, for given current (initial) statex(0) from corre- crete-time step is denoted K. A freeway linkm is divided
sponding measurements or estimates, and given demémd NV, sections of equal length,,. Each sectioni of link
predictionsd(k),k = 0,..., K — 1, the problem consists in m at time instantt = k7T, k = 0,..., K, is characterized
specifying the ramp flows(k), ¥ = 0,...,K — 1, so as to by the following macroscopic quantities: The traffic density
minimize the total time spent (20) subject to the nonlineau. (k) (veh/lane/km) is the number of vehicles in section
traffic flow dynamics (18) and the constraints (11) and (19). of link m at timet = kT divided by L,, and by the number
This problem or variations thereof was considered and solvetilanes),, ; the mean speed,, ; (k)(km/h) is the mean speed
in various works [1], [29]-[36]. Although simulation studies in-of the vehicles included in sectiarof link m at timek7"; and
dicate substantial savings of travel time and substantial incre#ize traffic volume or flowg,, ;(k) (veh/h) is the number of
of throughput, advanced control strategies of this kind have nathicles leaving section of link m during the time period

been implemented in the field as yet. [kT, (k+1)T], divided byT'. The basic equations used for their
calculation for each sectianof link m at each time step, are
D. Integrated Freeway Network Traffic Control
T
Modern freeway networks may include different types of con-#m.i(k + 1) = pm i(k) + I [@m,i—1(k) = qm,i(F)]

trol measures. The corresponding control strategies are usually (1)
designed and implemented independently, thus failing to exploit N .

the synergistic effects that might result from coordination of the G, (K) = prmi(F) - U”jﬂ’l(k) $Am (22)
respective control actions. An advanced concept for integrated,, ;(k + 1) = vy, i (k) + = - {V [pm i (k)] — vm.i(k)}
freeway network control results from suitable extension of the T

optimal control approach outlined above. More precisely, the + r “Um,i(k)  [Um,iz1(k) — Ui ()]
dynamic model (18) of freeway traffic flow may be extended L

to enable the inclusion of further control measures, beyond the _ v T [pmiri(k) = pmi(K)] (23)
ramp metering ratag k). Formallyr(k) is then replaced in (18) T Ly (pm,i(k) + K)

by a general control input vectai(k) that comprises all imple- o i ()] = 07 m - e 1 . i () )™ 24
mented control measures of any type. Such an approach was Pm.i = Ufim OXP | T

m Per,m
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wherev; ,,, andp..., denote the free speed and critical densitifreeway bifurcations and junctions (including on-ramps and
per lane, respectively, of link. while a,, is a further param- off-ramps) are represented by nodes. Traffic enters a mode
eter of the fundamental diagram [see (24)] of link Equation through a number of input links and is distributed to a number
(21) is the well-known conservation equation, (22) is the flowf output links according to

equation to be substituted in (1), (23) is an empirical dynamic

speed equation with (24) to be replaced therein (for more details

see [41]). The mean speeds in the network sections are limited Qn(k) = > qun, (k) (29)
from below byvmin, Vf.m, Per,m» am, T, v, ands are constant HET,
parameters which reflect particular characteristics of a given gm,o(k) =06 (k) - Qun(k), Vm € Oy, (30)

traffic system and depend upon street geometry, vehicle char-
acteristics, drivers’ behavior, etc. For a real-life network these
parameters are determined by a validation procedure as the Whérel,, is the set of links entering node O,, is the set of links
described in [42]. leaving noden, Q,, (k) is the total traffic volume entering node

In order for the speed calculation to take into accourttat periodk, g., o(k) is the traffic volume that leaves node
the speed decrease caused by merging phenomena, the ¥a@utlinkm, andj3;" (k) is the portion ofQ,, that leaves the
—(8T/ Lan ) [0 (k)01 (k) (pm1 (k) + #)] is added to the node through linkn. ;7 (k) are the turning rates of node n and
right-hand side of (23), wheré is a further parametey, is are assumed known for the entire time horizon. Equations (29)
the merging link andn is the leaving link. In order for the and (30) providey,, o (k) which is needed in (21) far= 1.
speed reduction due to weaving phenomena, resulting fromhen a node: has more than one leaving links then the up-
lane drops in the mainstream, to be considered, the tefheam influence of density has to be taken into account in the
—(@T/ Lun A ) [AApa N, (k)] per.m]|Um. N, (k)? is also added last section of the incoming link [see (23)]. This is provided via
in (23), whereA\ is the number of lanes being dropped, @nd
is a further parameter. For more details on these two additional

2 .
terms, see [41]. HEZOn P (k)
For origin links (e.g., on-ramps), i.e., links that receive traffic PNy (k) = m (31)
demand and subsequently forward it into the freeway network, peo,

a simple queue model is used. The outflgy(k) of an origin
link o is given by _ ) )
where p,,, n, +1 IS the virtual downstream density of the en-
tering link m to be used in (23) foi = N,,, andp, 1(k) is
Go(k) = ro(k) min {do(k) + lo(k) /T, gmax,o(k)}  (25) the density of the first section of leaving link This quadratic
form is used because one congested leaving link may block the
whered, (k) is the demand flow at time periad at origin o, entering link even if there is free flow in the other leaving link.

1,(k) is the length (in vehicles) of a possibly existing waiting When a node: has more than one entering links, then the
queue at timek, andr, (k) € [Fmm, 1] is the metering rate for downstream influence of speed has to be taken into account ac-

the origin linko at periodk, i.e., a control variable. I, (k) = cording to equation (23). The mean speed value is calculated
1, no ramp metering is applied; if,(k) < 1, ramp metering from
becomes activemax,, iS the maximum outflow at the specific S v, (k) - qun, ()
time instant. The latter depends on the density of the mainstream L e, s 5
link 12 in the following way: vm.o(k) = > qun, (F) (32)
pel,
Gmax.o(k) = {Qo, if ppua(k) < per,p (26) Whereu,, ¢ is the virtual speed upstream of the leaving link m
’ Qo - p(k), else that is needed in (23) far= 1.

whereQ, is the flow capacity of the origin link ang(k) is the B. The Constrained Optimal Control Problem

portion OfQo that can enter |In|ﬂ if Pl > Per,ps where By Substituting (22), (29), (30) into (21)’ (22)' (24)’ (31),
(32) into (23); and (25)—(27) into (28), a discrete-time dynamic
traffic model in the sense of (18) is formulated for any arbitrary
freeway network. The state vectoiconsists of all traffic densi-
ties and mean speeds of every secfti@nd of all gueues formed
. . . o ..., at on-ramps. The control vecterconsists of the on-ramp me-
with piax the maximum possible density in the network’s links; " . )
X " , tering rates, (k) € [ro,min, 1]. The disturbance vectet con-
Equations (26), (27) express the reduction of the ramp’s outflow ’ X
. . . ists of all on-ramp demands and turning rates at the network
capacity caused by mainstream congestion. The conservaf

equation for an origin link yields lrcations and off-ramps.
g 9 y The cost criterion to be minimized is the total time spént

[see (20)] in the whole system over a time horiZénplus two
lo(k+1) =1,(k)+ T -[do(k) — go(K)]. (28) penalty terms, one for consideration of the queue constraints

p(k) = M (27)

Pmax — Per,u
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Fig. 5. Amsterdam ringroad.
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(19) and the other to suppress high-frequency oscillations of the
control variables. More precisely, the cost criterion is given byig. 6. No control: density.

l
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. . . on-ramps 200
wherea,, anday are appropriately chosen weighting parame-
ters.

. . . . Fig. 7. No control: Ramp queues.
The constrained discrete-time optimal control problem de-

scribed is solved numerically by a powerful feasible-direction

optimization algorithm, see [43] for details. site. This time period includes the evening peak hour. In ab-
sence of any control measures, the ring-road is subject to recur-
C. Site Description rent congestion that is formed downstream of the junctions of

The previously described approach to network-wide optimAI10 with A2 an(_j Alin AlO'SOUth'_Th'S congestion propggates
ramp metering has been applied to the Amsterdam ringroad Vﬁﬂckward causing severe_congestlon tothe AlO-We_st. Fig. 6 (.je'
the use of AMOC. pl_cts theldensny.propagatlon along thefregway.sectlons (septlon
A sketch of the Amsterdam Orbital Freeway (A10) is showR is the.flrst sect|o'n of A10-West, after the junction of A10 with
in Fig. 5. The A10 simultaneously serves local, regional, arﬁAGB)' This congestion causes the formqtmq of large queues at the
inter-regional traffic and acts as a hub for traffic entering ance{n-ramps of A10-Westas can be seenin Fig. 7, where the queues
exiting North Holland. There are four main connections witf each on-ramp are depicted (on-ramp 0 corresponds 10 AB).
other freeways, the A8 at the North, the A4 at the South—Wte?te ki on-ramp queues may be created even in absence of
the A2 at the South, and the Al at the South-East. The AJY"P metering due to high demand or due to reduced ramp out-
contains two tunnels, the Coen Tunnel at the North-West of ALGW caused by mainstream congestion according to (26), (27).
and the Zeeburg Tunnel at the East. Additionally, the congestion blocks the exits of A10 to A4 and
For the purposes of our study we will constrain ourselves ﬁiz as well as th_e off-ramps of A10-West gnd AlO-South. As a
the counterclockwise direction of the A10, which is about 32 kﬁ?su“’ the total time spent over the 4h-horizon is equal to 11 998
long. There are 21 on-ramps on this freeway, including the coff h.
nections with the A8, A4, A2, and Al freeways, and a total of 20
off-ramps, including the junctions with A4, A2, A1, and A8. ItisE- Optimal-Control Case

assumed that ramp metering may be performed at each on-ramgyvhen ramp metering is performed at all on-ramps, including
whereby the maximum permissible queue length for the urbgie entrances of A8, A4, A2, and Al to the A10, the conges-
on-ramps is set to 20 vehicles, while storage of a maximum of §8n is virtually lifted from the network (Fig. 8). The control

vehicles is permitted on each of the freeway-to-freeway ramggategy, aiming at maximizing the time-weighted network out-
of A8, A4, A2, and Al. flow (4), succeeds in establishing optimal uncongested traffic
conditions on the A10-South and A10-West by applying ramp
metering mainly at A1 and A2 at an early stage. In Fig. 9, the

The ring-road was studied for a time horizon of 4 h, fronqueues are mainly occurring at A2 and Al because these ramps

16:00 until 20:00 using realistic historical demands from theave larger maximum permissible queues (90 vehicles). But

D. No-Control Case



PAPAGEORGIOU AND KOTSIALOS: FREEWAY RAMP METERING: AN OVERVIEW 279

Further control measures such as speed control or route guid-
ance may be readily integrated cooperatively due to the flexible
nature of the problem formulation.

1600 The control trajectories obtained represent a strategic deci-
1400 Sionin the sense of providing optimal and fair set values over a
1200 long time horizon (e.g., 4 h) for subordinate reactive ramp me-
tering (Section 1lI-B), using e.g ALINEA. This strategic role
800 can be further enhanced by use of a rolling horizon framework
o ime secx 10y Whereby the optimal control problem is solved repeatedly in real

time, with updated (measured) initial conditiatf0), updated

60 0 demand predictions and turning raig:), and with inclusion
segments 70 . . .
of possible incidents.

density (veh/lane-km)

AT
L)

I

Fig. 8. Optimal control: density.
V. CONCLUSIONS

Modern freeway networks’ capacity is daily underutilized,
particularly during rush hours and at the occurrence of incidents,
i.e. when it is most urgently needed, due to the following:

« reduced congestion outflow (see Section II-B);

« reduced off-ramp flow (see Section II-C);

¢ uncontrolled flow distribution in the overall network (see
Section II-D).

The introduction of ramp metering at some particular ramps
or particular freeway stretches within the overall network can
help to alleviate some local traffic problems and to improve
the local traffic conditions. However, the significant ameliora-
Fig. 9. Optimal control: ramp queues. tion of the global traffic conditions in the overall traffic network
calls forcomprehensivecontrol ofall or most of the ramps, in-

. o . .. cluding the freeway-to-freeway links, in the aim of optimal uti-
since more storage capacity is required for complete eliming;ayion of the available infrastructure. The limitationgaitial

tion of the congestion, further ramp metering is performed ﬂrather than comprehensive) ramp metering are as follows.

fch.e on-ramps of AlO-SOL_Jth and West and at A4, thereby u.t”_ 1) The potential benefits of partial ramp metering (according

ising their storage capacity to the fullest extent. The resulting to Figs. 2, 3) may be counterbalanced to some extent by

total time spent is 7609 veinwhich is a 36.6% improvement a modh.‘ie(’j route choice behavior of drivers who attempt
mpar he no-control .Ith n here th .

compa ed to the no-control case. It as to be oteq ere that the minimization of their individual travel times under the

this improvement refers to the overall ring-road (not just to the new conditions

shorter congested stretch) and, also, that it is calculated for the2) Individual on-rémps have a limited storage capacity for

whole time horizon of 4h (not just for the time per_iod where " waiting vehicles; if the on-ramp queue reaches back to the

congestion occurs). Therefore there is a systematic underesti- surface streetju,nction ramp metering control is typically

mation of the amelioration occurring in the critical stretch at the released in order to a\;oid interference with surface street

critical time period. Thus, the travel time of drivers involved in traffic

the critical stretch during the critical period are reduced even 3) The flreeway network is a common resource for many

more, withou_t any significant disbenefit tq any network user. driver groups with different origins and destinations. Par-
A further improvement to the total time spent could be tial ramp metering, by its nature, does not address the

reached with larger maximum permissibl . H her . ' . .

eached with large aximum permiss ble queues ad t ere strategic problem of optimal utilization of the overall in-

been no queue constraints at all, the density profile of Fig. 8 frastructure, nor does it quarantee a fair and orderly ca-

would be completely flat. In fact, the control strategy performs acit allocz;ltion amona the ramos

a tradeoff between the queue lengths and the existence o& pacity 9 PS-

on-ramps 20

congestion inside the network. Stricter queue constraints resul omprehensive ramp metering, on the other hand, does not

in more degraded traffic conditions inside the freeway due frgo | ?nrc IL?;];Tzz?kstrggggﬁgw%?;g:e;[?;s:ngftg%mgge d‘i:so-n_
accordingly reduced control maneuverability. P P

tribution, and second because of sufficient available storage ca-
pacity. In fact, one or a few particular ramps located at a crit-
ical bottleneck area may not have sufficient storage capacity to

The results of this approach demonstrate its efficiency ansdmpletely avoid the building up of a congestion. However, in
feasibility. The computation time is moderate, since for the 4ase of comprehensive optimal ramp metering in the sense of
time horizon the bulk of the 36.6% improvement (more th&ection IV, the total available storage space in all ramps and
32%) was obtained in 20 min on a Sun Ultrab5 with a Spafeeeway intersections is usually sufficient to effectively and ul-
[1i-360 MHz processor workstation. timately combat freeway congestion.

F. Further Developments
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It should be emphasized that the implementation and opefi5] M. Papageorgiou, J.-M. Blosseville, and H. Hadj-Salem, “Modeling and
ation cost of a comprehensive ramp metering system is esti-
mated to be rather low as compared to the corresponding infra-
structure cost and to the expected benefits in terms of dramatil6]
cally reduced delays, increased traffic safety, and reduced envi-
ronmental pollution. It should also be noted that the advancef7)
methodological tools required for efficient operation of such a
comprehensive ramp metering system are currently availablgyg
see Section IV. The major problem to overcome today, is the in-
ertia of political decision-makers which, on its turn, is mainly
due to the lack of understanding of the huge potential of com-
prehensive ramp metering systems.

We believe that freeway networks will have to be oper-

ated as completely controllable systems in the near future,

19]

(20]

similar to the urban traffic networks, because this is the  [21]

smartest way to avoid further degradation and fatal grid-

locks. The sooner this is realized by the road authorities, the  [22]

better for the road users who will be the major beneficiaries

of this evolution. [23]
[24]
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