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A Hybrid Strategy for

Real-time Traffic Signal

Control of Urban Road Networks

Anastasios Kouvelas, Konstantinos Aboudolas, Markos gapgiou,Fellow, IEEE,and Elias B. Kosmatopoulos

Abstract—The recently developed traffic signal control strat-
egy TUC requires availability of a fixed signal plan that is
sufficiently efficient in undersaturated traffic conditions. To
drop this requirement, the wellknown Webster procedure for
fixed signal control derivation at isolated junctions is empoyed
appropriately for real-time operation based on measured flavs. It
is demonstrated via simulation experiments and field appliation
that: (a) The developed real-time demand-based approach ia
viable real-time signal control strategy for undersaturated traffic
conditions; (b) it can indeed be used within TUC to drop the
requirement for a pre-specified fixed signal plan; (c) it may,under
certain conditions, contribute to more efficient results conpared
with the original TUC method.

Index Terms—Traffic signal control; Webster formula; TUC
signal control strategy; real-time signal control.

I. INTRODUCTION

ESPITE the continuous research and development efforts
towards efficient signal control systems over the lad
50 years, urban network congestion continues to grow

and-forward modeling paradigm, first proposed in [3]. A par-
ticular signal control strategy under this class is the lfeet
control strategy TUC (Traffic-Responsive Urban Control) [4
[5] that has been successfully implemented in several large
networks in Europe and South America, see [6], [7] for some
recent field results. TUC incorporates a pre-determinen pia
fixed greens for each stage at each signalized junctionnkExte
sive investigations [8], [9] have shown that TUC'’s sengiito

the particular utilized fixed plan is minor under high-deman
conditions; in contrast, when demands and queueing are low,
TUC's split decisions are close to the utilized fixed plamc®i
fixed plans may not be available, or be aging, or be different
for different times of the day, there is a need to appropsiate
replace this requirement, i.e. develop a (preferably snpl
procedure that can determine efficient splits in real timenvh
traffic conditions are undersaturated.

To this end, this paper proposes a real-time version of the
ditional rules by Webster [10], [11] that have been used
extensively by traffic engineers in the last 50 years for the

most cities around the world. Although additional measured€sign of fixed-time splits under known (historical) consta

such as road pricing, improved public transport operatio
access restrictions of various kinds, driver informatiord a
guidance, may also help to alleviate the congestion problé
in urban networks, improved signal control strategies iama

a significant objective.

fflemands. The derived real-time method is efficient as long as

traffic conditions are undersaturated but fails when quetses

fhform in network links due to increasing demand. Therefore
a hybrid approach is proposed, whereby signalized junstion
are controlled by the real-time Webster-type demand-drive

Real-time signal control systems responding automayicaﬁtrategy as long as traffic conditions are undersaturatei@ wh

to the prevailing traffic conditions, are deemed to be paddn

t @ switching to TUC is effectuated when traffic conditions are

more efficient than clock-based fixed-time control settjngglose to saturation. Microscopic simulation investigasidor

A variety of real-time signal control strategies have be
developed during the past few decades, some of which h&#2
been actually implemented while others are still in a ragear
stage (see, e.g., [1], [2] for a review). Early signal cohtr
strategies were most efficient for undersaturated traffialzo
tions, whereby all queues at the signalized junctions aneede
during the next green phase. A particular challenge for-rea
time signal control strategies is the need to address efflgie

e network of the city of Chania, Greece, demonstrate the
bilities of the hybrid approach. Field results fromghme
network confirm the efficiency of the approach during both the

@ﬁ—peak and the congested peak-period traffic conditions.

Il. SIGNAL CONTROL STRATEGIES EMPLOYED
. Definitions and Constraints
The urban road network is represented as a directed graph

both undersaturated (off-peak) and oversaturated (pekd) with links z € Z and junctionsj € J. For each signalized

traffic conditions.

A design avenue for real-time network-wide signal contrdt
under oversaturated traffic conditions is based on the sto
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junction j, we define the sets of incominfy and outgoing
links. It is assumed that the offsets and the cycle tife
p(_{, junction 5 are fixed or calculated in real-time by another
algorithm. In addition, to enable network offset coordioaf
we assume that’; = C for all junctions; € J. Furthermore,
the signal control plan of junctionis based on a fixed number
of stages that belong to the s&}, while v, denotes the set
of stages where link has right of way (r.0o.w.). Finally, the
saturation flowsS, of link z € Z, and the turning movement
ratest,, ., wherew € I; andz € O;, are assumed to be
known and constant.
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By definition, the constraint developed (see [8] for details) that produces estimatgs)
based on time-occupancy measurements delivered by loop
Z 9jat+Lj=C @) detectors (or other comparable devices); the loop detector
ek may be placed anywhere within the link but the estimation

holds at junctionj, whereg;; is the green time of stagé procedure is most accurate for detector locations aroued th
at junctionj and L; is the total lost time at junctiory. In  middle of the link.
addition, the constraints The feedback control law (3) was developed so as to
o _— @ minimize and balance the space occupe_mai,e/srzmax of

9j.i = Jjismin, ¢ € L the network links, where:, ;,,.x is the maximum number of
whereg; ; min is the minimum permissible green time for stageehicles that can be stored in link In fact, balancing the
i at junctionj € J, are introduced to guarantee allocation o$pace occupancies, i../z. max = T¢/T¢ maxs V2, € Z,
sufficient green time to pedestrian phases. Based on theeab@duces the risk of link overspilling, and hence of poténtia
definitions, we may also calculate the green time of a lingridlocks in the network.

G. = ico. Yii- Note that equation (3) calculates the green times (splits)
: only, while the cycle time and offsets are updated in reaktim
B. The Signal Control Strategy TUC by other parallel algorithms as described in [5].

To enable the application of the LQ methodology and

Store-and-forward modeling of traffic networks was fir§lence the derivation of the simple feedback control law (3),
suggested by Gazis and Potts [3] and has since been useghin oqnsiraints (1), (2) were not included in the problem
various works, notably for urban traffic signal control. Shi¢, . ation and hence the green timggk) resulting from
modeling philosophy circumvents the inclusion of discre ) may violate these constraints. Thus, the green tig(és

variables in the signal control problem formulation, thugygiting from (3) must be modified appropriately to satisfy
allowing the application of polynomial-complexity sololi o constraints (1), (2). This is done by solving in real time

methods of optimization and control. In particular, theitspl, (a51-valued quadratic knapsack problem for each jungtion
control part of the TUC signal control strategy is deriveahfir which reads:

a problem formulation in the format of a Linear-Quadratic For givengj,- (resulting from (3)), find the modified green
(LQ) control problem (see [4], [5], [8] for details) whichdds times g, ;, Vi e F. that minimize
to the multivariable regulator b 7

N 1 . 2
g(k) = gV — Lx(k) ©) ©(950) = 5 Z; (956 — 93.4)" /95 (4)
where: _ _ o ~ subject to (1), (2).
« k= 0,1,2,... is the discrete time index reflecting |t may be readily shown that the minimization of (4)
corresponding signal cycles. subject to (1) alone would lead to a solution that satisfies

- gis the vector of the green timeg,; of all stages € F; 5. /g, = §,,/g,, V(i,1), i.e. the modifiedg;; would
and all junctiongj € .J in the networkg(k) are the green preserve the same splits gg; along with satisfying (1). The
times to be applied during the starting cyéle above real-valued quadratic knapsack problem approxanate

« g" is the vector of nominal green timegY; for all this solution to the extent allowed by the additional cosists
network stages; these nominal green times correspond#9. The exact numerical solution of a real-valued quadrati
a pre-specified fixed signal plan for the network. knapsack problem is known [12], [8] to call for at most as

+ x is the vector of the vehicle-numbers in all networknany iterations as the number of involved variables, which,
links z., = € Z; x(k) are the vehicle-numbers at thein our case, hardly exceeds 3 or 4 stages at each junction.
start of cyclek, i.e. at the end of the previous cycle The feedback control law (3) includes a pre-specified fixed
k —1; thusx(k) represents a feedback from the networkjgnal plang”™ . Extensive investigations [8], [9] indicate that
under control, based on which the new green times afe resulting signal control is little sensitive to the pautar
calculated via (3) in real time. signal plang¥ employed in (3) if the network state is quite

« L is a constant gain matrix (of appropriate dimensiongdaded, i.e. ifz. (k) are relatively high. On the other hand, it
that is calculated off-line based on a straightforwarghay be concluded by mere inspection of (3) that, whetk)
procedure according to the LQ regulator methodologyre small (e.g. during off-peak periods), then the resyiltin
The matrix depends on the network geometry, the turniRgeen timesg(k) are increasingly depending atf¥, and in
rates and the saturation flows but was found to be littfact we haveg(k) = gV if x(k) = 0. As a consequence, the
sensitive to moderate variations of these values [8], [Sfeedback control law (3) may lead to less efficient control

The TUC feedback control law (3) is executed in real-timeuring off-peak periods ifg" is not sufficiently adjusted.

at each cyclek, based on the current network staték), to  More specifically, ifg" is not well-suited to the prevailing
calculate the green times(k) to be applied during the nextundersaturated traffic conditions, queuesk) may grow at
traffic cycle. The required real-time information on theioddr  some links that are eventually dissolved (at increasedt™cos
numbersz, (k) in each network linkz can only be obtained by the second term of (3), then grow again and so forth.
directly via corresponding video sensors. Since this type o The next sections propose a possibility to calculate apgprop
sensors may not be available, an approximate procedure \agsvalues fog” in real time without any further prerequisites.
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This way, TUC becomes readily applicable even in cas@smore rigorous procedure to this end, based on the solution
where an appropriate fixed plan is not available; also, \ggdabf a linear programming problem, was proposed in [15]. It
of the fixed plan, e.g. due to aging, are not necessary. should be noted that the equalisation of link saturatioelkev

is a popular control goal pursued by several signal control
C. A Demand-Based Approach strategies (most prominently, by SCOOT [16]), albeit based

Consider an undersaturated signalized junction with t ok different models and procedures than the one described

antagonistic stages 1 and 2 and one incoming link per staggre

The number of arriving vehicles on each linkequalsd;C, n this paper we propose the usage O.f (7) in real-time, i.e.,
; T . based on measurements of the arriving link demah¢@s—1)
where d;, i = 1,2, are the respective link demands (in, . : .
R ) . during the last cycle (exponentially smoothed to avoidrsjro
veh/h); while the maximum number of vehicles that can b\?ariations) the procedure may be used to calculate thengree
served by each stage/link equajsS;, where S;, i = 1,2, ' P y 9

are the respective link saturation flows. The green times timesg; ; (k) to be applied at the nextcycle. This real-time pro-

. . cedure, referred in the following as the Demand-Based (DB)
# = 1,2, may then be calculated such that the saturation IeveSIS nal control strategy, reaches its limitation when thection
(9:5:)/(d;C) of both links are equalized, i.e. 9 9y,

under control approaches saturation. This is because, when

dy _ do ) the junction’s capacity reserves are close to be exhausted,
9151  g2S2 gueues may build up on the links and, consequently, the flows
Equation (1) for this simple case takes the fogm+ g, = Measured by the link detectors do not reflect the arriving
C — L, which, combined with (5), yields demand but the flows served, which leads to a breakdown
of the calculations in equation (7).
g1 = % (C—1) The next section proposes therefore a hybrid signal control
di/S1+d2/S2 strategy that overcomes the shortcomings of both the TUC
do /S5 and the DB methods. More specifically, a junction is realetim
92 = m (C-1). (6)  controlled under the DB method until an appropriate saimat

. . riterion is reached; beyond this criterion, the junctiomtrol
This procedure may be generalized to the general case o Wtches to the LQ regulator (3), with. equal to the latest
i i i i ! Jst
Junct_lo_n with mor_?hfchan tvr\]/o tstages ?nl(lj mqre than one I'r} spective values applied by the DB method. This way, there
receving .r.o.w. W'_ In each stage as Tollows: is no need for a pre-specifiggl¥ in (3) and, in fact, theg™

(a) If a link receives r.o.w. at more than one stages, then,giyes used in (3) are likely to be better adapted to the draffi
single “dominant” stage must be selected for this link;5nditions at the start of each peak period.
thus, each link is assigned to one single stage.

(b) Alllinks = assigned to a specific stageeceive the same D. A Hybrid Signal Control Strategy

green timeg;;; thus, the link with the maximum value  ag outlined above, the hybrid signal control strategy makes
for d./S. will have the maximum saturation level amongse of ejther the LQ regulator (3) or the DB control law (7),
the stage’s links and may compete with its counterpags cajculate in real time the green times of each junctioris Th
of other stages for equal saturation levels. In this Wayecision is made for each junction individually accordingat
we specify one smgle link (the most saturated one) pghtyration criterion that may depend on the flow measuresment
stagei and denote it:(j, i). d. or the vehicle-number estimates for all links z € I,

On the basis of the above, it is quite straightforward tgpproaching the junction. Preliminary simulation and field

generalize equations (6) for a general junctjoas follows  tests indicated that it is most reliable to use both postésil

d(j.i)/S=(4) to ensure proper swi?chin_g between both control laws. More
S TN (C—Ly) (7)  specifically, for each junction:
2on21 da(iin) [ Sx(g,m) o If the DB law (7) was applied in the last cycle, the
Vi=1,2,...|Fl. (estimated) space occupancies z . max Of all incoming
Note that the green timeg;; resulting from (7), satisfy links z € I; are checked. If there is even onefor
(1) but may not satisfy (2). Therefore, they may have to be which z./z. max > b2, Wherebs is a threshold, then
modified by the knapsack algorithm, as discussed earlier. the junction switches to LQ for the next cycle; else it

If a link receives r.o.w. at more than one stages, the above continues operating with the DB law.
procedure may assign to it extra green time, i.e. a lowere Ifthe LQ law (3) was applied in the last cycle, a switching
saturation level, at the expense of other links. This issue to the DB law (7) is due if all space occupancies are
may be addressed by further refining the above procedure as sufficiently low, i.e. if z, /2, max < b1, V2 € I;; else
proposed in [13]. the junction continues to operate with the LQ law. Note
The above procedure was first proposed by Webster [10] thatb; should be chosen lower thdn so as to create
and has been used extensively by traffic engineers for the a switching hysteresis to suppress switching oscillations
design of fixed signal plans based on historical or expected b; = 0.3 andb, = 0.5 were found empirically to lead to
demands for each junction link. Although originally propds good results.
as a delay-minimizing procedure, it was shown eventually toe If the (preliminary) decision is to go with the DB law in
rather lead to a maximization of the junction’s capacity][14 the next cycle, the corresponding calculations are agtuall
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for each junction j A. Network and Scenario Description
The urban network of the city centre of Chania (Figure 2)
consists of|J| = 16 signalized junctions andZ| = 60

links. Typical loop-detector locations within the Chanidan
network links are either around the middle of the link or some
40 m upstream of the stop line. Severe congestion problems
occur in the actual Chania network during the peak periods,
which may sometimes lead to partial gridlock situations. We
T/ Tomax < b2 Y Y Lo/ Tomax < b1 omit the details on turning rates, ., lost timesL;, staging
VZ?G L Vee v, and saturation flowsS,. The typical cycle timeC' = 90
’ s and offsets applied in the network are considered and kept
fixed for all simulation investigations. Finally, we consida

DB previous cycle LQ

strategy applied
?

N calculate green times N ’ . . . ) .
based on DB law simulation stepl’ = 0.25 s for the microscopic simulation
(incl. constraints) model.

In order to investigate and compare the behaviour of the
three signal control methodologies, three demand scenario
were used, each with a time horizon of 4 hours (160 cycles),
with the following respective characteristics:

1) Low demand in network origins, following a smooth

trapezoidal trajectory.

2) Low demand with relatively strong low-frequency vari-
apply DB Co:;fgi’nts —lapply LQ ations. o | |

3) High demand; in this scenario the network faces serious

_ congestion for some 80 cycles (2 hours) with some link
exit signal plan - . .

— of junction j gueues spilling back into upstream links.

With regard to the signal control strategies, the fixed-t{{FE)

Fig. 1. The switching logic of the hybrid signal control stgy. signal control was roughly optimized for each of the three
demand scenarios outlined above; the linear multivari@tspy
feedback regulator uses the sagf® for all three scenarios;

made, but, before implementation, it is asked whethére utilizedg” being equal to the specific FT plan used in
the achieved saturation levelsC/G ., S, of all incoming scenario 1; finally the proposed hybrid approach includes, i
links are less than a threshold; if not, the LQ law addition to the LQ control law, a DB component as described
is applied to the junctionps = 0.7...0.8 were found in the previous section. Both real-time control strategigdate

empirically to be suitable values. their decisions at each cyc@. To this end, the strategies are
Figure 1 displays the complete switching logic of the hybriffd with the emulated occupancy and flow measurements from
signal control strategy for each junction. the available link detectors.

B. Assessment Criteria
For each of the three distinct scenarios and for each control
To investigate and demonstrate the efficiency of the prapproach, three evaluation criteria are gathered for cosga
posed hybrid approach under several different conditiansfrom the microscopic simulator AIMSUN. The average delay
microscopic simulation study for the urban network of théme per km traveled (in s/km)
city centre of Chania, Greece, was carried out. The control DT N: DT,
strategies compared are fixed signal control (roughly apéoh DT = % with DT, = 1000 ¢
for each considered demand scenario), the LQ approach and N i=1 D;
the hybrid control strategy under different load scenarios the average number of stops per km traveled
The commercial microscopic simulator AIMSUN (Version N,
6.0.1) [17] was employed as a simulation tool. AIMSUN NS — N857 with NS, = 1000 TNS;
enables a closed-loop operation that resembles the reld app s D;
cation of the control strategies. More specifically, AIMSUN .
delivers the (emulated) flow and occupancy measurements""[a“[j the overall mean speed (in km/h)
the locations where detectors are placed (as in real condi- MS, _ N, D,
tions). These measurements are used by the (real-timaptont MS = N with  MS; = 3.6 Z TEX, _ TEN,
strategies, that are coded in the provided API (Application i=1
Programming Interface), to produce the traffic signal sgsti where
These signal settings are then forwarded to the micro-sitoul  N,:  Number of vehicles that exit from the network during
for application. the scenario time horizon.

IIl. SIMULATION RESULTS

=1
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Urban junction

Controlled link

Non-controlled link

Fig. 2. The Chania urban road network.

TEN;:Entrance time of theé-th vehicle in the network (s). compared to scenario 1. On the other hand, the non-adapted
TEX;:Exit time of thei-th vehicle from the network (s). nominal plang” of the LQ method along with the time-
D,;: Total distance traveled by théth vehicle in the variations of the demand lead to the occasional creation of

network (m). gueues that are addressed in real time via the second term of
TNS;: Total number of stops accumulated in the networ3); the significant improvement of all performance indeces
by thei-th vehicle. indicates that the LQ strategy can indeed compensate partly
TDT;:Total delay time accumulated in the network by théor less appropriate values gf¥ in (3) even in undersaturated
i-th vehicle (s). traffic conditions. Finally, the hybrid strategy appliedsca
for this scenario, exclusively the DB control law due to low
C. Global Simulation Results saturation levels. Thanks to its real-time flexibility, thgbrid

For every control case, ie., (a) FT strategy with ﬁxeafcrategy (in this case actually the DB control law) improves

. ificantly all performance criteria compared to FT bessau
| h L I y all p p
plans adapted to the demand scenarios, (b) LQ strategy %%?iapts rapidly to the changing traffic demands; moredwer t
y 1

(c) the proposed hybrid strategy, and each demand scenzﬁ'ql id deli : he L |
ten replications (with different seeds) were carried outhwi rid strategy delivers improvements over the LQ conteol a

AIMSUN in order to account for stochastic effects of théfve" thanl_<s to it§ DB. compongnt (since the LQ component is
simulator. The mean values of the assessment criteriangtatai"€V€" activated in this scenario). In summary:
by the ten replications of each case studied are displayed irr FT is less appropriate for low demands exhibiting rela-
Table 1(a) while Table I(b) presents some comparative chang  tively strong time variations.
among different couples of strategies. « LQ control using a non-adaptegl¥, compensates partly
For scenario 1 it may be seen that the assessment criteria for the less appropriate fixed part of (3).
obtain very similar values across all control strategigsc& « DB control adapts to the time-variations of the demand
vehicle-numbers in the network links are very low, the LQ  and leads to sensible improvements, even when compared
strategy is dominated by the same nominal ptgh used for to LQ control, which justifies the development of the
fixed control, and hence the improvements achieved by LQ hybrid control strategy.
compared to FT are only in the order of 1%. The hybrid Scenario 3 is quite heavily loaded, particularly during the
strategy in this scenario uses exclusively the DB contral lasecond and third hours of the 4-hour simulation horizon. The
due to very low saturation levels. Despite the fact that thi@gid FT plan cannot cope with the situation and the created
FT plan is well adapted to the present scenario, the propodiedt queue spillovers and partial gridlocks lead to a strong
DB control manages to slightly improve the performangeerformance deterioration compared to both previous seena
indeces. In conclusion, this scenario demonstrates tleme thios. The application of LQ control in this situation brings
is little space for improvements of a well adapted fixedlong substantial improvements (17-25%) due to a muchrbette
signal plan if demands are constant and low. However, thed flexible handling of the forming link queues. The hybrid
results demonstrate also the capability of the DB approacbntrol employs LQ for more than half of the simulation
to automatically adapt to the prevailing undersaturateffitr horizon, particularly during the most heavy middle period.
conditions. However, the LQ control is known [8], [9] to be little sengdi
Scenario 2 features low saturation levels as well, but the the values o™ during oversaturated conditions and hence
demand values exhibit low-frequency variations over timéhe improvements achieved by the hybrid strategy compared
naturally the FT plan cannot be well adapted to severa LQ in this case are rather modest (5-8%). Nevertheless thi
network traffic patterns evolving over time for this scenari scenario demonstrates that the LQ regulator may be employed
and hence its performances are seen to deteriorate sigmijficasuccessfully without a pre-specifigd” .
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TABLE |
(A) ASSESSMENTCRITERIAFORFT, LQ AND HYBRID STRATEGIES; (B) COMPARISON OFASSESSMENTCRITERIA.

Scenario 1 2 3
Strategy || DT | NS [ MS DT | NS [ MS DT | NS [ MS
A TFT 86.6 | 2.67 | 234 || 120.1 | 3.20 | 19.2 || 3136 | 6.05 | 9.4
LQ 85.5 | 2.66 | 23.5 | 94.8 | 2.91 | 22.2 || 237.1 | 5.02 | 11.8
hybrid 83.5 | 2.65 | 23.8 || 85.7 | 2.75 | 23.5 || 218.7 | 4.75 | 12.6
Scenario 1 2 3
Strategy DT [NS[MS|| DT [ NS [ MS DT [ NS [ MS
(B) "LQvs. FT (%) 120408 211 91 | 156 | 244 ] -170] 251
hybrid vs. FT (%) || -3.5 | -0.8 | 2.1 || -28.6 | -14.1 | 22.4 || -30.3 | -21.5 | 33.2
hybrid vs. LQ (%) || 2.3 | 0.4 | 12 || 96 | 55 | 59 || -78 | -54 | 6.4

D. Selected Simulation Results even a crossing of the green times of the two main stages of the
In this section we report on some selected illustrativeltgsu/UMCION- For the hybrid strategy, the DB component is &ctiv
focussing on the city’s main shopping district (junctionss3 up to cycle 47 and a_fter cyclc_a 12.2 (Figure 4(b)). Afte_r c_ycle
in Figure 2). Each of the results presented in this sectiemst ZCiihthe ﬁB strategy |?hfeen n:[]hFl?_ure :l(k:) to _re?:gt S|m|11ar|¥
from a particular simulation replication that has beencdekd (a otug lmozs smoothly) E;S € st ra egél ]:n |guret (2);
so as to have its assessment criteria close to the respec.kﬁ%a cycle =7, a surge ol arrving demand from upstream
junctions leads to an increase of a couple of link queues

case’s average (of all replications). . . .
) ) : . Ee ond the threshold, = 0.5 (Figure 4(d)) thus triggerin
Figure 3(a) displays the appll_ed cpntrol (green tlmes fory activation of the 2LQ com(po%ent o$ t)r)1e hybri(?gstratggy
two stages) by _each sftrategy at junction 3 for scenario 1. that remains active due to heavy loads until cycle 122. The
and LQ apply virtually identical controls because of the H;mahnk queues are seen (Figures 4(c) and 4(d)) to be reasonably

values of vectorx(k) in (3) (recall thatg™ in this scenario . .
. . _ . ounded for both strategies, except for the period between
equals the FT plan), while the hybrid strategy applylng/ongycles 90 to 120 where several links are seen to saturate due

the DB law for all junction-cycles — calculates automatical ) . .
tg#;ngh loads from upstream junctions.

green times that are seen to be close to the roughly optimiz s X .

: ) or an additional evaluation of the heavy scenario 3 that
FT green times. This demonstrates that the Webster proeedur, . . . .
: . . ; : . eads to the saturation of several links over periods of tives
is feasible and viable in real-time for undersaturatedfitraf

conditions, assuming, of course, that detector measurttsmedne]cine a network link as saturated if its 0cCUPARGCY<. max
' 9 ' is higher thanb; = 0.5; let m(k) denote the number of

are reliable. . : . o

Figures 3(b) and 3(c) display the green times delivered f§?;;a$§q;:é(?e?t the simulation cydkefor a specific control
scenario 2 at junction 5 (three stages) by the LQ and hybnc{ ' k
strategies, respectively, while Figures 3(d) and 3(e) ldisp M(k) = Zm(,@) (8)
the respective (estimated) space-occupangie®, max for =0

all links = approaching junction 5. The green times of botfenote the accumulated number of saturated links up to cycle
strategies have similar shapes, but the hybrid strategy (it Clearly, M (k) then denotes the total accumulated number
DB component) reacts to the changing demands while tge saturated links at the ends{ = 160) of the simulation
LQ strategy reacts to the forming queues. Hence, for Lgbrizon. Figure 4(e) displays th&/(k) quantities for each
control, the link queues are slightly longer and the contrgdyestigated signal control strategy for the heavy scenari
time-variations are partially stronger compared to therttyb A5 expected, the ranking of the strategies with respectito th
strategy. It should also be emphasized that its less adapted criterion is in agreement with their respective global mde
forces the LQ regulator to undertake substantial deviatioQgjues of Table I(@). The figure also underlines the clear
of its green times via its second term; while the proposegperiority of the LQ and hybrid control strategies to handl
DB strategy keeps all space occupancies below the thresh@ilan network congestion along with a slight advantage ®f th
b, = 0.5 and hence no activation of the LQ component igtter. Indeed, the results of scenarios 2 and 3 indicatethiea
needed. application of the hybrid control scheme may lead to a sjght

Figures 4(a) and 4(b) display the green times delivered fgelayed appearance of the saturation in the network.
scenario 3 at junction 5 by the LQ and hybrid strategies,

respectively, while Figures 4(c) and 4(d) display the retipe IV. FIELD IMPLEMENTATION

(estimated) space-occupancies for all approaching liRkg. Following its successful simulation testing [13], the deve
ure 4(b) includes a discrete indicator of the applied stnateoped hybrid signal control strategy was implemented in the
component at each cycle, where 0 indicates LQ and 4 indicatemtrol centre of the city of Chania, Greece, and the acldieve
DB application. The LQ strategy greens (Figure 4(a)) are sefield results were contrasted with those obtained by useeof th
to bear increasingly strong deviations after cycle 20 due tommercial semi-real-time signal control strategy TASS by
accordingly modified traffic conditions; after cycle 70,rés Siemens [18] that is also implemented in the control centre.
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Fig. 3. (a) Green times at junction 3 for scenario 1; Greemsitat junction 5 for scenario 2: (b) LQ strategy, (c) hybridtsgy; Estimated space-occupancies
2 /x> max for all links z approaching junction 5 for scenario 2: (d) LQ strategy, (@rlu strategy.

A. Application Network and Conditions constant for all strategies, this field implementation udes

also the real-time cycle time and offset control modules of
The application network is the urban network of the citf UC [5], [6].

of Chania, Greece, displayed in Figure 2. The original TUC The Siemens strategy TASS [18] selects every 15 min one

system (LQ approach) had been already implemented dnt of six fixed pre-defined network signal plans (each with

this network at a previous stage (see [6]). For the curredifferent cycle time, splits, and offsets) depending on the

implementation, the software of TUC was extended to thmurrent traffic conditions in the network as reflected by the

hybrid signal control strategy presented earlier (reftinethe measurements of a number of “strategic” detectors placed at

following as TUC/HYBRID signal control strategy). It shaul appropriate network locations. The selected plan is tearesd

be noted that, in contrast to the simulation investigatiohs to the local junction controllers for application, but egehc-

the previous section where cycle time and offsets were kefmn controller may modify (within certain limits) the reged
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Fig. 4. Green times at junction 5 for scenario 3: (a) LQ stwt€b) hybrid strategy (see text for explanation of thetstgg indicator); Estimated space-
occupancies . /x» max for all links z approaching junction 5 for scenario 3: (c) LQ strategy, (gbrid strategy; (e) Accumulated number of saturated links
for each signal control strategy for scenario 3.

signal settings by application of a simple traffic-actudtegic = space-occupancy, then the corresponding average number of
based on local measurements (micro-regulation). The thvengehicles in the link (during the last cycle) is given by
strategy includes a high number of parameters and settiags t
were manually fine-tuned to virtual perfection by the system Xz(k) = L.a0,(k)
operators over many years.

Some performance indeces to be used in the followinghereL, is the link length andi, = u./(100A) with u. the
are defined next. The indeces are based on obtained Imkmber of lanes of link: and A the average vehicle length.
loop measurements of time-occupangyk) (in %) and flow Assume that we are interested in the performance index value
q.(k) (in veh/h), wherez is the link where the measuremenfor a setS of links (e.g. for one single link or for all links
is collected andk = 0,1,2,... is a discrete time index approaching a junction or for the whole network) and for a
reflecting corresponding cycles. To start with, if the meadu time-horizon K (e.g. one hour or one day). The Total Time
time-occupancy is assumed to approximately reflect theslinkSpend (TTS in velin) by all vehicles inS over K periods is
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then given by Figure 5(a) compares the network-wide MS hourly values
K (from 9 a.m. to 11 p.m.) of TUC/HYBRID versus TASS

TTS — ch(k)Xz(k> Lor two con:f,ecutlve Tuesdays (30 May a_nd 6 June) Whefe

ey oth strategies were alternated. The traffic demand and its

time-distributions are very similar (not shown). The exted

morning (9 a.m.—2 p.m.) and evening (6 a.m.—9 p.m.) peak
periods due to open shops are clearly visible (low MS values)
as well as the afternoon off-peak period (2 p.m.—6 p.m.).

whereC|(k) is the cycle time applied during cycke The Total
Distance Traveled (TDT in vekm) by all vehicles inS over
K periods is given by

K TUC/HYBRID is seen to outperform TASS during the peak
TDT = Y C(k)q.(k)L- periods as already observed without the hybrid extensipn [6
k=1z€8 but it performs well also during the off-peak periods whére t
while the Mean Speed (MS in km/h) is DB component of the hybrid strategy version dominates. Sim-
ilar results were produced for each network junction, ailhagwv
MS = TDT/TTS. a more detailed analysis of the comparative performances of
both strategies. For example, Figure 5(b) displays the same
B. Field Results information as Figure 5(a), but only for junction 12, i.e.
. ased on measurements of the links approaching junction 12
The TUC/HYBRID signal control strategy was operate?s — I).
and closely observed in the network over a period of seve aIFigure 5(c) displays the green times applied in the field at

months. By daily observation of the traffic conditions _by thﬁmction 5 by the TUC/HYBRID strategy on a particular day.
experienced system operators and the research group ieWasge .o that cycle times are also modified in real time, hence,

that this hybrid version of the TUC strategy is a viable slgng oy to the simulation results of last section, the ldiged
control strategy that performs similarly well as the or@in g 00 fimes do not sum up to a constant value. Cycle times
TUC strategy (fed with a good pre-calculated fixed pighin 50 e during the afternoon and late-evening off-peak
(31\)[, albe_lt without the nee_d_to have fcl.pre-calculated fixedh pl nd longer during the peak periods. Figure 5(c) includes a
g .avallab!e_ that is sufficiently efficient for undersaturateaiScrete indicator of the applied strategy component ah eac
traffic conditions. It should be noted that: cycle: 0 denotes LQ application, 4 denotes DB application
« Observations by experienced operators are valuable Bgm 2 denotes that the original decision was for DB but was
cause available measurements may sometimes not re\@pressed due to the saturation level being higher than
specific operational problems. according to Figure 1. It is seen that the DB strategy is mgainl
. AgOOdgN is available for the particular Chania ﬂetWOfkapp”ed during the Oﬁ_peak periods and only at same rare
hence the added value of the hybrid strategy (comparggcasions elsewhere.
to TUC) is limited for this network; nevertheless, the Field results were also analyzed by link. Figure 5(d) dis-
hybrid strategy is helpful because a fixgd may need pjays the average MS change of TUC/HYBRID versus TASS
to be changed from time to time due to aging or daily gor each link. It is seen that TUC/HYBRID improves the mean
seasonal demand variations. speed quite consistently for most links. However, theseltes
A more rigorous evaluation was conducted in May-Jurdo not take into account the significance (throughput) oheac
2006 where the TUC/HYBRID signal control strategy andink. In fact, some of the links where TUC/HYBRID performs
the TASS strategy were applied in weekly alternation teorse carry quite substantial traffic loads.
enable a fair comparison in view of the fact that seasonalln conclusion, the field evaluation has demonstrated that
variations of the traffic demand are quite significant in Gaanthe real-time DB approach by itself is viable in real traffic
due to tourism and other reasons. However, due to technit@ undersaturated conditions and may in fact be used as
problems independent of the control strategies (malfonaty a complement to the LQ regulator of TUC to drop the
of several loop detectors) during this period, the comparat requirement for a good nominal plat .
evaluation reported below is limited to only 8 junctions (No
1-6, 12, 13 in Figure 2) of the network. Finally, the number V. CONCLUSIONS
of evaluation days had to be reduced by excluding days withThe recently developed signal control strategy TUC incsude
abnormal conditions such as strong rain, roadworks, hpdidathe requirement for a fixed signal plan that is sufficiently
or demonstrations. efficient in undersaturated traffic conditions. To drop ttgs
Table Il displays the TUC/HYBRID versus TASS averagguirement and its implications (aging, different traffidteans
performance indeces per week day. It should be noted tltdifferent times of day), the wellknown Webster procedure
traffic conditions in Chania are quite different even amongas employed appropriately for real-time operation (under
week days due to differences in shop opening times. Mondaihe name DB approach). It was demonstrated via simulation
are not displayed in Table Il due to insufficient data. It magxperiments and field results that the developed real-time
be seen that TUC/HYBRID outperforms TASS on all dayBB approach is indeed a viable strategy under sufficiently
of the week, albeit by different percentages. On averagedersaturated traffic conditions and that it can be used in
TUC/HYBRID increases the mean speed by 11.3% comparegimbination with TUC’s LQ control law to drop the re-
to the perfectly fine-tuned semi-real-time strategy TASS. quirement for a pre-specified fixed signal plan. Under certai
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TABLE I
DAILY AND AVERAGE PERFORMANCEINDECESTUC/HYBRID VERSUSTASS.

TUC/HYBRID TASS % diff. MS
Weekday TDT TTS MS TDT TTS MS TUC/HYBRID
(veh-km) | (veh-h) | (km/h) || (veh-km) | (veh-h) | (km/h) ||  vs. TASS
Tuesday 47445 4577 10.4 46554 5017 9.3 11.8
Wednesday || 46820 4344 10.8 48235 4642 10.3 4.9
Thursday 46449 4030 11.5 46514 4404 10.6 9.1
Friday 51710 4600 11.2 51524 5606 9.2 21.7
Saturday 50651 3801 13.3 50599 4428 11.4 16.7
Sunday 40098 2567 15.6 42045 2861 14.7 6.1
Average || 47196 | 3987 | 11.8 || 47579 | 4493 | 10.6 | 11.3
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Fig. 5. Comparative MS values over a day (a) for the whole agtvand (b) for junction 12 for two consecutive Tuesdays;G&egen times and indicator
of the applied component of the hybrid strategy over a dayjupction 5 (see text for explanation of the strategy indicgt(d) Percentage of MS change
by link.

conditions (e.g. low but time-varying demands), the pr@olos [4] C. Diakaki, M. Papageorgiou, and K. Aboudolas, “A Mutiable Reg-

extended strategy TUC/HYBRID was shown to improve over ulator Approach to Traffic-Responsive Network-Wide SigQaintrol,”
the original TUC version Control Eng. Pragc,. vol. 10, pp. 183-195, 2002.

’ [5] C. Diakaki, V. Dinopoulou, K. Aboudolas, M. PapageongicE. Ben-

Shabat, E. Seider, and A. Leibov, “Extensions and New Apfibos

of the Traffic-Responsive Urban Control Strategy: CoordidaSignal
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