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Abstract: In transportation networks, traffic conditions are ofteramoversaturated state. In this case, by coordinating treaki
timing at multiple intersections to improve the significanad bottleneck capacity is necessary. Urban roads hawe @pacity and

exit capacity affected by the signal timing at intersecgiand properties of left-turn lanes and straight lanes afgo®/ith the help of
the discrete-time model, road entry capacity and exit dapare formulated, and then the bottleneck road capacitietinoversaturation
conditions can be determined. Based on which, the objefttivetion is to improve the significant bottleneck capasit@d throughput
of vehicles entering and leaving a special transportatewaork by using effective green times at multiple intersst as the decision
variables, through applying the Ant Colony Algorithm to fiad optimal signal-timing plan. The results of numericalrepée indicate

this approach to optimizing the signal timing of multiplégrsections is feasible and effective.
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1 Introduction demand are essential. Tao Yao et al. gave a class of
financial derivatives based on congestion in a decision
environment, which had the potential to reduce traffic
volume by altering drivers’ departure behaviot1].
Shile F. Siebel et al. presented a method to balance
vehicular traffic at bottlenecks like on-ramps and
.ﬁ(:)ff-ramps fLl2]. Zhang et al.found that ramp metering can
i increase the bottleneck capacity by postponing and
ﬁsxsngnls u%e;;[ erggggh Eoesﬁﬁgie 2g§2at';:;aet§dSi;?égometimes . eIim_inating bottler}eck activations,
bottlenecks can play théir roles s'uch as the poor roa ccommodating higher flows during the pre-queue
alignment, the road width ’narrowing on-ramps ransition period 13]. Traffic congestion propogating
off—ramps,which can affect the road capaci,ty analyzed i’nupstream can greatly reduce the traffic capacities, so
’ Kerner proposed a methodology for preventing wide
moving jams from propagating continuously upstream

relatively implied, such as moving bottlenecks caused b;élccordmg to the three-phase traffic thedry[L5, 16].

slow vehicles §], bottleneck queuing congestion due to Signal control at intersections for managing traffic is
the step tolling schemeg]| etc. also received many attentions. It can adjust bottleneck
The oversaturated flows are frequently accompaniedoad capacity 17,18, dissipate queues, remove
with traffic congestion and traffic accident§].[ The  blockages, mitigate traffic congestion, reduce the
commonly used traffic control such as HCM(Highway vehicular delay and improve traffic fluency between
Capacity Manual)9], SCOQOT, can not work efficently so adjacent intersections. Coordinating signal control at
as to treat in a different waylp]. Hence, the special multiple intersections instead of an isolated intersectio
optimal meausres for the oversaturation conditions arg19 has gradually prevailed. In this respect, the optimal
required to improve bottleneck capacities widely existedmeasures are diverse due to a variety of objectives, such
in the transportation network and to manage trafficas maximizing system throughput, fully useing storage

In urban transportation networks, traffic conditions
are often in an oversaturated state, which refers to th
situation that ration of traffic volume and capacity is
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capacity, providing equitable service(,considering (2)i1(io):left-turn (straight-through) entry flows at
total queue vehicle number and the total output vehicleintersection |
number of regional intersection2]]. The methods (3)j1(j2):left-turn  (straight-through) exit flows at

involved are data-driver2P] and heuristic algorithms like  intersection }
Ant Colony Algorithm and Genetic Algorithn2{. (4)n: total of the numbers of left-turn exit lanes and
Signal control at intersections also has side effects Olstraight exit lanes of road.
causing oversaturated traffic flows. Guido Gentile et (5)a, 62, i1, Wiz and axz are the numbers of
al.regarded road entry and road exit capacities a A R L
time-varying bottlenecks to represent the formation and?igglgnv\:ﬁgisa?g2qit;?'t%htthLagﬁfn8;;'posfttrreaa;fr:; frl(c))?/‘ydss of
qllspersuon and propagation of vehicle queues on road nd ro’wsiz respectivelyw;; andwj, are the numbers of
links[24]. In the same way, we can address the state Oflgtlaft—turn lanes and straigjht Ianeé of road which are
oversaturated flows occurred on roads. The road entryé ual to the numbers of traffic flows and flows
capacities are related with the signal timing at upstream”gS ectivel WR 2
i_ntgrsections, the road _exit Cap_acities With.the signal Fl):I .y. 4 flowsi trolled by the traffic light
timing at downstream intersections. Especially under . tOWS'lt,a” | f?WS'Z,are (éiofrl] rofle yt e” rg tl)c ;g
oversaturation conditions, traffic entry volume and exit @ INtersectiond, HowsJy and 1lowsj, controlied by the
volume are in proportion to the length of effective green traffic light at mtersec’qonzl. .The right-turn entry traffic
time. Hence, signal timing at the ends of a road can p|ayﬂows and right-turn exit traffic flows are regardless of due

roles in determining bottleneck capacities of roads. Wher{© the reason that the traffic light at intersection& I
the signal timing at a intersection is adjusted, the do not control them. In addition, we also assume the entry

influence will spread over all the roads adjacent to theflows and exit flows are oversaturated, so that the traffic

intersection, and the adjacent intersections. Therefore/0lumes are in proportion to the length of effective green

optimization of signal timing at a intersection is required time.

to coordinate with other intections. Intersectionsi& |, can chose a variety of traffic light
The contributions of this work are two heads. One is control, such as two-phase signal control, three-phase

to define the bottleneck capacity of roads throughsignal control, four-phase signal control, etc, as shown in

regarding road entry and road exit capacities asFig.2. A couple of signal control at intersectionsIl;

time-varying bottlenecks affected by the traffic light. make up a signal-timing plan.

Based on which, an approach to improving the bottleneck

capacities by coordinating the signal timing at multiple

intersections in a network are proposed under the

oversaturation conditions. oo | g L_)
phase —s ¥ (-T
2 Modé formulation Three- | 26— i
phase |—>" vl» T
2.1 model assumptions
e |43 |
An urban transportation network is the couple phase | =5 T
UTN={I,R},
Where | H{ls,5=1,...,$ is the set which gathers the S "l;l;ﬂ"'f; . o _}‘f— lT %
signalized intersections in the transportation network,

R={Rm,m=1,...,M} is the set which gathers the M roads. ] ) )

Roada is a generic urban road linking two signalized Fig. 2: Four typical signal control
intersections, as shown in Fig.1. The main symbols are
shown as follows.

To depict the signal timing, parameters used are as
follows

(1)cl: the cycle length

(2)Green splitA (0O< A <1): ratio of effective green
§i2 o) » (- D - jzg time of the phase that controls flows and flowsj,

mi\m I

i Wjih fi

synchronously to the cycle length

(3)1/y (0< 1/y <1): ratio of the total of the effective
Fig. 1: Roada with two signalized intersections green time of the phases that control flowsr flows i,
asynchronously to the cycle length

(4)1/u (0< 1/u <1): ratio of the total of the effective

L

1l

(1)I1(12):upstream (downstream) signalized green time of the phases that control flowsr flows j,
intersection of roadr , 11€I, 1,€I asynchronously to the cycle length
@© 2014 NSP
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(5)n: ratio of the effective green time of the phase that  In terms of (5), equation (1) can be rewritten as
controls the flows; to the effective green time of the phase
that controls the flows u (K) _ [f] W1+ 042] ©6)
(6)¢: ratio of the effective green time of the phase that a a (n+1)

controls the flowg; to the effective green time of the phase ) ]
that controls the flow At any intervals, the value afi;(k) is a constant and

equal to uy which is the sum of left-turn entry
oversaturation traffic volumeqnwi/(n + 1) and

2.2 entry capacities related with the signal straight-through entry oversaturation traffic volume
timing at intersection |4 gnawy2/(n + 1), henceu, represents the entry capacity in
interval of .

To establish the relationship between the entry ~When a four-phase signal control is chosen at
capacities and the signal timing, we can choose thdntersection{, there is a relationship like
discrete-time method to analyze.

Let 1T denote the entire analysis period, which can be k=ki k=ki T
divided into intervals of lengthd [25], and T >> ¢ . Z Ax(k) + Z Az (k) = % (7)
These intervals are numbered 0, 1, 2. The kth interval k=1 k=1
corresponds to [&(k+1)d). Let A1(K) (A2(k)) represents Then, equation (8) can be obtained
ratio of effective green time of the phase that controls
flowsij(i2) to & at intervalk respectively. / nwi+ wez
u,(k) =ua=[——=]q (8)
k) = ta= [~ )
When a two-phase signal control is chosen at
W e intersection {, and all-red time during the period of is
taken into account, equation (6) can be modified as

equation (8).
Fig. 3: time sequence of traffic flow entering roed

Fig.3 shows the time sequence of traffic flow entering2.3 exit capacities related with the signal timing
roada no matter what type of signal control is chosen at gt intersection |
intersection 4, so at intervak , the entry oversaturation
traffic volumeu, (k) can be expressed as

Ua(K) = Aa(K)aar + Aa(K)wiz]g (1)
With g as maximum number of vehicles per lane

entering roadr or leaving roadr in interval of 8.
The entire analysis period can be expressed al (

At intersection $, time sequence of traffic flow
leaving roada can be classified into two categories
shown in Fig.4.

ki=[11/J]) and the number of vehicles entering roagan R
be approximately computed like e - | A
a b
k=ke k=kt k=kt
kz Uy(K) = (kz Ar(K)oa + kz A(Kjw2)q  (2) Fig. 4: time sequence of traffic flow leaving road
=] =1 =1

When two-phase signal control is chosen at
intersection 4, there is a relationship like Category a can appear in the two-phase signal control
or three-phase signal control, Category b the three-phase

kk k=ke T signal control or four-phase signal control. Similarly, at
Z M(k)+ Z Aa(k) = F () interval k, when category a is selected, the exit
k=1 k=1 oversaturation traffic volume &) can be expressed as
k=k k=k
Ak)=n Y Ax(K) 4) ) — 5
k; k; z,(k) =za=Anq 9)
Consider (1)-(4), equation (2) can be equivalently At any interval, the value of,(K) is a constant equal
rewritten as to z; which is the sum of left-turn exit oversaturation
el traffic volume Aqwj; and straight-through exit
i u (K) = [’7‘41+ mz]nq/ 5) oversaturation traffic volumé qwj», hencez, represents
e (n+1) the exit capacity in interval od.
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When category b is selected, at intenkalthe exit
oversaturation traffic voluma, (k) can be expressed as

N [ O P
2 ===l

At any interval, the value oZ,(k) is a constant equal
to zyz which is the sum of left-turn exit oversaturation
traffic volumeq¢ wj1/u(¢ + 1) and straight-through exit
oversaturation traffic volumeg¢ wjo/u(¢ + 1), henceza
represents the exit capacity in intervaldf

lq (10)

2.4 determination of road bottleneck capacity

Bottleneck capacity of roadr denoted bycy is
determined by

Ca=MiN(Ua,Za) (11)

Under the condition oty = z;, road a is a traffic

bottleneck. Once the entry traffic volume is greater than’

the value ofzy, the accumulation of vehicles on road
can occur.

Under the condition ofi,;= z,, roada is in a critical
state.

Under the condition o5 = uy, roada is a bottleneck-
free road. In this case, roadhas the potential to dissipate
the congested vehicles through the signal scheduling.

From (6),(8),(9),(10) and (11), we can know the
values of signal timing parameters (irg.¢,1/y,1/u,A)
virtually determine the road bottleneck capaaiy

If road a is a traffic bottleneck and accumulation of

adjacent roads, to coordinate with other
intersections.

The optimization objective oriented to multiple
intersections is to find an overall signal timing plan to
maximize the number of leaving vehicles on outgoing
roads under the oversaturation traffic conditions. Then,
four vectors are considered.

(1)C=(a,...,),cz=C(Ns1,Ps2, ¥, s, As0),

Function G can refer to (6),(8),(9),(10),(11), whexeis
the bottleneck capacity of roads where traffic flows leave
the network.

(2)Vector of effective green time T=(T...,Ts), Ts is
the total of initial effective green time of phases of each
signalized intersection.

(3)Vector of phases P=(P..,R),
Psv).VE{2,3,4}.

(4)Use effective green times at multiple intersections
as the decision variables, i.e., a vec{er((1=(911,912,,
O1w)s---{s=(0s1,9%,,, OUs/)) representing a signal timing
plan,gs, is the length of effective green time of phasg
to satisfy :

even

PS:(pS].! pSZ!n

max(F({) = :cho (13)

t=v
st. Zgg =Ts, 04 € [LOWTOP] (14)

t=

Where F({) is an objective function on maximizing
the road capacities of roads on which traffic flows leave
the network, which is not a convex function. Equation
(14) is a constraint condition, which indicates the total
length of effective green time of phases at an intersection

vehicles has occur, adjusting the values of signal timingkeep constant. In addition, the length of effective green

parameters for making the condition @f = u; met can

time of individual phase at a intersection vary only in a

change a bottleneck road into a bottleneck-free road. Asange[LOW, TOP].
a result, accumulated vehicles can dissipate. Even though

the condition ofc, = zy still met, increasing value af,
means the increase of the road bottleneck capacity.

Consider the influences coming from the upstream

roads, equation (11) can also be rewritten as

(12)

Where @, ¢q are road bottleneck capacities of
upstream roads of road, and left-turn entry traffic flows
come from road b, straight-through entry traffic flows
from road dl is the ratio of left-turn saturation volume,
is the ration of straight-through saturation volume.

Ca=min(cp*l+cy*d,z)

3 Optimization approaches

3.1 The optimization objective

In practice, it is impossible to alter signal timing for a

single road. Adjustment of signal timing at an intersection

is required to take into account its action for all the

3.2 Algorithm

To search(, a heuristic algorithm like Ant Colony
Algorithm is adopted. The steps in the algorithm are:

Step 1: Initialization.

Step 1.1:Perform the network loading, including
intersections, roads (properties of intersections linked
to,wj1,wj2, and), phases at intersections(initial signal
timing of individual phase, type of phase, traffic flows
controlled, intersection affiliated to). Updadg; and w>»
of the road according to theyj;and wj> of its upstream
roads respectively.

Step 1.2:Constant Setting, such as ANTS(number of
ants), TIMES(number of ants’ moving times), RPE (rate
of pheromone evaporation),PST(probability of state
transitions),LR(radius of local search), GR(radius of
global search).

Step 2:Compute().

Step2.1: Under the constraint condition of (14),
conduct a stochastic global searcB. = (" + 9,

(@© 2014 NSP
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wherg” is a vector which represents the initial length of Table 1: Properties of roads.
effective green timel“ is a vector with the global Road w1 W2 w1 w2 n
stochastic radius of length of effective green time. R1 1 3 1 3 4
Step 2.2: Compute (F) for each ant by (6),(8), Rz r 2 1 2 3
(9),(10),(11),(12), (13). A S R
Step3: Search the optimél 4
Step3.1: If traversal times are greater than TIMES, go 25 1 3 i 3 g
to Step4. - » R, 1 3 1 3 a4
Step3.2: Compute probabilities of state transition for Rs 1 5 1 5 3

each ant according to
p(t) =1-R({)/max(Fi({),..R({),..)  (15)

Step3.3: Under the condition of (14), B()<PST,  timing of phases are set to be (60, 60), which indicates

conduct a local search of the length of effective greene effective green time of 60sec, the red time of 60sec,
time; otherwise, conduct a global search. without all-red time.

Step3.4:Compute {R{ + ) by (6),(8),(9),(10),
(11),(12),(13), if B (L +{2)> R({), let{ =+ 9.

Step3.5:Update the amount of pheromone according t

The relative parameters are:  ANTS=200,
TIMES=100, RPE=0.98, PST=0.02, LR=2, GR=10,
c)I':(120,120,120,120,120), 0=30sec, g=10veh,

R(Q)=(1-RPE)«R()+F\(Q) (e o000sec

Step3.6: t=t+1,IF£ANTS goto step3.2.
Step3.7: Goto step3.1.

Step4: Outpuf and C. P _ i
I |4v k’ L, |4y 1?
Pu Piz ! Pa P2
4 Numerical example Iy E’ AV TN
Pl P32
Consider a simple network reported in Fig.5, which I A5 L_, I &,_) T
consists of five signalized intersections(ly, 13, la, I5) 4 w*p o < 5 o

with  four incoming directions (roads), namely,

R1,R2,R3,Ry4, represented the roads on which traffic flows
enter the network, and four outgoing directions(roads),
namely, R,Rs,R7,Rg, represented the roads on which

traffic flows leave the network.

Fig. 6: Phase sequence at Intersectipnj, I3, I4, I5

The properties of roads in the test network are shown
in Table.1.

g I3 Note the fact that some roads adjacent to intersection
R>. Ré I2, I3, g, Is are not the parts of the test network, which
means the less influences of left-turn traffic flows on these
roads entering the network are considered in the process
i T | of searching optimal signal timing plan. Thus, we impose a
- restriction that the lengths of effective green time of @sas
§ that control traffic flows leaving the test network vary in
o —% B — g the range [50, 70].
[ [ Table.2 lists six groups of results. The first is the
i T result before optimizing, while the others are the
optimized results. The optimized results indicate that
there are multiple optimal signal timing plads which
§15 are likely to correspond to the same C. In addition, much
more effective green time at multiple intersections is
Fig. 5. A simple network with five signalized intersections assigned to East-west directions, namely,Rg,R3,R7,
the bottleneck capacities of which are significant to the
network, because the roads in these directions have more
For simplicity sake, All the intersections chose two- lanes which have potential to improve throughput of
phase control as shown in Fig.6, and all the initial signalvehicles promptly.

\
Rs

<— R3

R8s R4

(@© 2014 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

436 %N S\ S.X Yuan et. al. : Optimizing Signal Timing at Multiple Ins&ctions...

Table 2: results before and after optimizing. [5] H.J Sun, J.J Wu, D Ma, Applied Mathematical Modelling
NO ¢ C=(cs5,C5,C7,C8) 38, 496-505 (2014).
1 (60,60,60, 60,60, 60,60 (2400,1800,2400,1800) [6] I. Juran, J.N. Prashker, S. Bekhor, Transportation Rete
,60,60,60) Part C17, 240-258 (2009).
2 (70,50, 66, 54,59, 61,66 (2600,1700,2600,1700) [7]1C. Robin Lindsey, A.C. Vincent, Journal of Urban
,54, 64,56) Economics72, 46-59 (2012)
3 (69,51,66, 54,61, 59,68 (2580,1710,2580,1710) [8] C. Wright, P. Roberg, Transport Poligy 23-35 (1998).
,52, 69,51) [9] Y.F Yin, Transportation Research Part B: Methodologica
4 (70,50,65, 55,66, 54,65 (2600,1700,2600,1700) 42, 911-924 (2008).
,55, 70,50) [10] T.H Chang, G.Y Sun, Transportation Research Part B:
5 (65,55,65, 55,66, 54,65 (2500,1750,2500,1750) Methodological38, 687-707 (2004).
,55, 69,51) [11] T. Yao, T.L. Friesz, M.M Wei, et al, Transportation Raggh
6 (70,50,68, 52,63, 57,70 (2600,1700,2600,1700) Part B44, 1149-1165 (2010)
,50, 70,50) [12] F. Siebela, W. Mauser, S. Moutari,et al,Mathematicad a

Computer Modellingt9, 689-702 (2009).
[13] L. Zhang, D. Levinson, Transportation Research Part A:
Policy and Practicd4, 218-235 (2010).
5 Conclusions [14] B.S. Kerner, Transportation Research Record: Jowrfithle
Transportation Research Boa2dd8, 80-89 (2008).
In urban transportation networks, signal timing at [15] B.S. Kerner, Springer, Berlin (2009).
intersections together with properties of left-turn lanes[16] B.S. Kerner, Journal of Physics44,092001(2011)
and straight lanes of roads are two of significant factors in[17] D.F Ma,D.H Wang,Y Bie, et al., Mathematical Problems in
affecting the road bottleneck capacity, which can be  Engineering 2013 (2013).
determined according to the entry capacity and exitl18]Li, F., Gao, Z.Y, Jia, B., Physica A: Statistical Mecinzs
capacity. Based on which, the objective function is to _and its Application$85, 333-342 (2007).
improve the significant road bottleneck capacities andl19 T-H Chang,J.T Lin, Transportation Research Part B:
throughput of vehicles entering and leaving a special ___Methodologicai34, 471-491 (2000) _
transportation network by using effective green times atl2% E-B L'eﬁerman' d-J Chan?' fE'hS Prassas, T_ranSportat'or;l
multiple intersections as the decision variables, through gg;?ﬂ;zf%c_%% '(2‘](;)61(;;'61 of the Transportation Researc
applying the Ant Colony Algorithm to find an optimal '

! 2 . [21] Q Liu, J.M Xu, Jiaotong Yunshu Gongcheng Xuehk
signal-timing plan. The results of numerical example 108-112 (2012)

indiqate Fhis apprpach_ to coqrdinate the signal timing of[22] P.F Li, X.C Guo,Y Li, Journal of Southeast Universag,
multiple intersections is feasible and effective. However 229235 (2012).

this approach is on the assumptions that the transportatiops); p Rahul,Q Luca, z, Emily,Computer-Aided Civil and
network should be in an oversaturation state and |nfrastructure Engineering7, 14-28 (2012)

right-turn traffic is regardless. Therefore, this approsch [24] G. Gentile, L. Meschini, N. Papola, Transportation &esh
appropriate for analyzing the coordination of signal Part B41, 1114-1138 (2007).

timing at intersections during rush hours, and the effectg25] I. CHABINI, Journal of the Transportation Research Bba
of right-turn flows on the traffic conditions through 1771, 191-200 (2001).

comparative analysis.
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