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ABSTRACT Traffic throughput at intersections can be improved by using exit lanes for left-turning (EFL),
tidal flow lanes near an intersection, which has been recently introduced. This paper considers the operational
robustness of the EFL intersection in relation to the control scheme applied to the traffic light setting. For
safety and efficiency, it is important that the tidal lanes are emptied before traffic in the opposing direction
uses these lanes. Hence, the signal control should not only be optimized for the mean value but be robust
for all kinds of fluctuations. This paper formulates a traffic control scheme using robust optimization, i.e.
an optimization scheme which explicitly accounts for extreme events. The fluctuation of traffic is considered
from three aspects: the distribution of traffic demand, the distribution of base saturation flow rate, and
the distribution of actual travel speed. Via a case study and extensive numerical analysis, we find that the
established robust optimization method produces an efficient design of signal control and design speed at
the EFL intersection under traffic demand and supply fluctuations. Though the optimization method is now
applied to intersections with an EFL, it is considered useful for all intersections with high fluctuation of
traffic demand and saturation flow rate.

INDEX TERMS Exit-lanes for left-turn intersection, robust optimization, signal control, unconventional

intersections.

I. INTRODUCTION

With rapid economic development and urbanization, roads in
many cities have become increasingly congested. As the bot-
tlenecks of the road network, improving the operational effi-
ciency of intersections has been concerned by researchers for
along time. However, the effects of traditional methods, such
as expanding geometric space and optimizing signal control,
are getting more and more limited due to the rapid expansion
of traffic demand. Faced with the problem of increasingly
oversaturated intersections, various unconventional intersec-
tions have been proposed to further improve the capacity of
intersections, including median U-turn intersections [1]-[5],
continuous flow intersections [6]—-[10], tandem intersec-
tions [11]-[14], uninterrupted flow intersections [15], [16],
special width approach lanes intersections [17], exit-lanes for
left-turn intersections [18], [19].
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The exit-lanes for left-turn (EFL) intersection is one of
the newly proposed unconventional intersections [18]. Its
characteristic is that part of the exit lanes is set as a mixed-
use area, which can be utilized as both exit lanes and left-
turn lanes respectively at different stages of a signal cycle
through the coordination control of main and pre-signal.
Thus, the intersection capacity can be enhanced obviously
with additional left-turn lanes. The EFL intersection has been
taken into application in several cities in China, such as
Jinan, Handan, Shenzhen, Wuhan, Chongqing, Nanchang,
and Liaocheng. Some studies on the deterministic opti-
mization design method for EFL intersections have been
conducted.

The existing fixed signal timing models for EFL intersec-
tions assume that both the traffic demand and the saturation
flow rate in each direction are given, which is generally
the mean value during the survey period. However, actual
traffic demand in practice fluctuate significantly [20]-[23].
The drivers’ behavior has something different at EFL inter-
sections due to their unfamiliarity to this innovative design.
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This will result in the fluctuation of saturation flow rate at
EFL intersections [24]. Such fluctuations of traffic demand
and supply have a significant impact on the actual operation
at EFL intersections. On the other hand, improper disposals
may also cause left-turn vehicles to be trapped in the mixed-
use area, which seriously affecting operational efficiency.
Thus, a robust control method, which can adapt to traffic
fluctuations, should be established to keep the operational
robustness of EFL intersections.

Although there have been several studies on robust opti-
mization at conventional intersections, the previous robust
optimization methods mainly consider the traffic demand
fluctuation, which is independent of the design scheme.
As for EFL intersections, in addition to the fluctuation of
the traffic demand, it may also cause the fluctuation of the
saturation flow rate due to the unfamiliarity of the driver.
Moreover, the saturation flow rate will change with the design
scheme [24]. For example, due to the travel speed fluctu-
ations, designing different clearance time of the mixed-use
area will result in different retention probability of left-turn
vehicles in the mixed-use area, forming different saturation
flow rate. Therefore, the problem of optimizing the signal
control robustness for EFL intersections is more compli-
cated than that of conventional intersections. Besides traffic
demand fluctuations, the fluctuations of the saturation flow
rate should also be considered.

This paper aims to propose a robust signal control model
for EFL intersections under the condition of traffic fluctua-
tions. The traffic fluctuations are considered from the follow-
ing three aspects: (1) the distribution of traffic demand, (2) the
distribution of base saturation flow rate, (3) the distribution of
the actual travel speed. They are the external inputs of the pro-
posed model. The rest of this paper is organized as follows.
The literature review is presented in Section II. The oper-
ational characteristics of EFL intersections are introduced
in Section III. Section IV presents the robust optimization
model. Section V validates the accuracy of the algorithm and
the effect of robust optimization. More detailed analyses of
the effectiveness of the proposed model are performed by
extensive numerical experiments in Section VI. Conclusions
are drawn at the end of the paper.

II. LITERATURE REVIEW

The relevant studies of the paper mainly contain three aspects:
the operational efficiency of the EFL intersection, the safety
of the EFL intersection, and the robust optimization at
intersections.

For operational efficiency, Zhao et al. [18] established an
overall optimization framework including lane assignment,
length of the mixed-use area and signal control parameters.
Based on this design idea, Wu et al. [19] optimized the
position of the median opening and the signal timing of
pre-signal based on the capacity and delay analysis of the
left-turn movement. Su et al. [25] studied the operational
advantage of such design. By adding more consideration to
the unique queuing behavior at the pre-signal, Liu et al. [26]

42072

proposed an improved shockwave-based method to estimate
the maximum left-turn queue length. Zhao et al. [24] pro-
posed a saturation flow rate adjustment model for EFL con-
trol based on field data. An actuated signal control strategy
was further developed to improve the operations of EFL
intersections [27].

For operational safety, the driver’s reaction to such design
under various traffic signs and markings was first analyzed
using a high fidelity driving simulator [28]. Results indicate
that although the confusion and hesitation of drivers are ubig-
uitous when encountering an EFL intersection for the first
time, such design is not likely to pose a serious safety risk.
Moreover, the data collected in the real-world were used to
evaluate the safety of the EFL intersections [29]. The results
show that the potential safety problems of EFL intersections
include higher percentages of red-light violations at pre-
signals, wrong-way violations during peak hours, and lower
travel speeds in mixed-usage-areas. However, these risks
can be relieved by providing more guiding information and
strengthening the law-enforcement, e.g. installing cameras to
investigate violation maneuvers.

In the existing signal control methods, there are many
approaches to address the fluctuations in traffic, including
the robust signal control, actuated control, and adaptive con-
trol [30]-[33]. In this paper, the robust signal control method
is used. For the robust optimization at intersections, many
studies have been conducted under the condition of traffic
demand fluctuations at conventional intersections to obtain
a control scheme that is most suitable for traffic volume
fluctuations. Heydecker [20] studied the effect of traffic fluc-
tuations on signal timing and formed a set of appropriate
control schemes aiming at the minimum mean delay by inves-
tigation data. Ribeiro [34] proposed a new control scheme
with good universality, and the results of the TRANSYT test
showed that this scheme still performed well in the case of
traffic flow fluctuations. Considering the traffic demand fluc-
tuations, Park and Kamarajugadda [35] proposed a dynamic
signal control method based on the genetic algorithm, and
the simulation results of CORSIM indicated that this method
had better robust performance than that of the SYNCHRO
control scheme. Based on the scenarios, Yin [23] put for-
ward three kinds of robust optimization schemes that could
be well adapted to traffic fluctuations. Based on the robust
optimization model, Li [36] improved the solution algorithm
and proposed a discrete modeling method to obtain the global
optimum solution by converting the problem into a binary
integer program. Tong et al. [37] proposed a stochastic pro-
gramming model to optimize the adaptive signal control.
With the comparison with the deterministic linear program-
ming model, it shows that the proposed stochastic pro-
gramming model can reduce total vehicle delay and queue
length, and improve throughput. Yu et al. [38] proposed a
robust optimization model for the integrated design of lane
allocation and signal timing for isolated intersections. Hao
et al. [39] proposed a robust optimization model of signal
timing for unsaturated intersections. The minimum of the
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FIGURE 1. Geometric design of EFL intersection.

combination of the average delay and the mean square error
of average delay is considered as objective. The robust opti-
mization methods were also widely analyzed in coordination
control [40], [41], bus priority control [42]-[44], network
design [45]-[49], and multi-objective optimization [50], [51].

According to the literature review, one can find that the
previous robust optimization methods mainly consider the
traffic demand fluctuation. Therefore, it is still a challenge to
establish a robust signal control model for EFL intersections
under the condition of traffic demand and supply fluctuations.

Ill. INTRODUCTION OF EFL INTERSECTION

The geometric structure of the EFL intersection is shown
in Fig. 1 [18], where the yellow zone is the mixed-use area.
The mixed-use area can be used as exit lanes or left-turn
lanes, respectively, during different stages of a signal cycle.
The median opening is set at the upstream of the main stop
line, equipped with pre-signal to control vehicles. The mixed-
use area is used as exit lanes when the pre-signal is red,
whereas it is left-turn lanes when the pre-signal is green.
When the left-turn green light at the main signal is turned
on, both vehicles in the mixed-use area and conventional left-
turn vehicles can turn left at the same time to pass through the
intersection. Compared to conventional intersections, several
left-turn lanes are added at EFL intersections. That is why
the capacity of whole intersection is enhanced dramatically.
Please note, the layout of the intersection is the input of the
proposed model. There are some constraints on the layout
design of the EFL intersection, including that (1) the shared
left-turn and through lane should be forbidden; (2) at least
one normal approach lane should be assigned for the left-turn;
(3) the total number of left lanes should not be greater than
the number of exit lanes in the receiving leg [18].

As for signal control, pre-signals are added at EFL intersec-
tions. Moreover, the clearance time needs to be long enough
to guarantee the smooth emptying of vehicles in the mixed-
use area. It means the green light at the pre-signal shall be
turned on after the end time of previous conflict phase and
turned off before the end of left-turn green light at the main
signal. The phase plan at EFL intersections is shown in Fig. 2.
The main signal is dual- ring control, and the pre-signal
corresponds to the main signal one-by-one according to a
specific phase sequence.

In this paper, we will propose a signal timing model
for EFL intersections with the consideration of traffic
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FIGURE 2. Phase plan of EFL intersection.

fluctuations from the following three aspects: (1) the distribu-
tion of traffic demand, (2) the distribution of base saturation
flow rate, (3) the distribution of the actual travel speed.

IV. OPTIMIZATION MODEL
To enhance the robustness of operational efficiency at EFL
intersections, a scenario-based robust optimization method
was adopted in this paper [52]. The principle of this method
is to put forward a set of traffic scenarios § to express the
fluctuation of traffic demand, saturation flow rate, and actual
travel speed as a finite number of discrete traffic scenario
k € 8 and the occurrence probability %, For traffic scenario
k, the traffic demand qk, the saturation flow rate s, and the
actual travel speed V¢ are given. Any design scheme a will
run in all scenarios. Then, the evaluation result dé‘ can be
obtained in scenario k. After all scenarios are performed,
the evaluation result set D, for design scheme a can be
obtained. Then, the optimal design scheme a* for scenario set
8 can be obtained by the optimization algorithm. The decision
variables in this study include cycle length C, green time of
each phase G and design speed v;.

To facilitate the model presentation, the notations used
hereafter are summarized in Table 1.

A. OBJECTIVE FUNCTION

Delay is adopted as the evaluation indicator in this study
because it can well represent the operation efficiency of an
independent intersection. With the consideration of traffic
fluctuations, the operational efficiency and robustness of a
design scheme can be reflected by the mean and standard
deviation of the evaluation results under all scenarios, respec-
tively. The standard deviation is a measure of the variation.
A low standard deviation indicates that the values tend to be
close to the mean, while a high standard deviation indicates
that the values are spread out over a wider range. Since the
overall efficiency and robustness conflict with each other,
a tradeoff is needed. The mean-standard deviation model
(abbreviated as MSD model) is used to describe the tradeoff,
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TABLE 1. Notations of key model parameters and variables.

Notations Meaning
S Scenario set
k The indices of scenarios
L Set of legs
i The indices of legs, i € £, i = 1,2,3,4 respectively

represent east, south, west, and north leg

J Set of movements

j The indices of movements, j € J,j = 1,2,3
respectively represent left-turn, through movement
and right-turn

k Occurrence probability of scenario k

y Weighting coefficient, 0 < y < 1, and the value of y
depends on whether the decision-maker prefers
efficiency or robustness

d Vehicular delay of the intersection, s/veh

d;j Vehicular delay of movement j from leg i, s/veh

dk Vehicular delay of scheme a in scenario k, s

Cij Capacity of movement j from leg i, veh/h

T Duration of the analysis period, h

l; Length of the mixed-use area on leg i, m.

B Number of exit lanes

qij Traffic demand of movement j from leg 7, veh/h

v Actual travel speed of left-turn vehicles in the mixed-
use area at the end of green time, m/s

Vg Design speed for calculating the clearance time, m/s

Sij Saturation flow rate, veh/h

f Correction coefficient of the influence of left-turn

vehicles stranded in the mixed-use area on the
through saturation flow rate at the main signal

fP Correction coefficient of the influence of vehicles
stranded in the mixed-use area on the left-turn
saturation flow rate at the pre-signal

c Cycle length, s

Chin Minimum cycle length, s

Crnax Maximum cycle length, s

Jij Start of green of movement j from leg i, s

Gij Duration of green of movement ;j from leg 7, s

gf Start of green of the pre-signal on leg i, s

Gip Duration of green of the pre-signal on leg i, s
Gijmin Minimum green time of movement j from leg i, s

1 Green interval, s

which can be specialized by Eq. (1).
min y - andé{ (C,Gve)+ (1 —yp)

C,G,vs
keS8
2
| wkdE (€, Gv) =) wkdk (€. Gy ) (D)
ke8 ke8

The proposed model (a robust optimization method) is
essentially different from the traditional deterministic model.
The difference lies in whether the fluctuations of the input
parameters are considered. The traditional deterministic
model takes the mean values of traffic demand and saturation
flow rate as inputs. It means the result will not change when
the mean values of input parameters maintain the same but
the distributions are different. In the proposed model, the
optimization result will change when the distributions of
input parameters change.

B. CONSTRAINTS

1) CALCULATION OF THE VEHICULAR DELAY
The calculation framework of HCM [53] delay was adopted
in this paper to estimate the delay per vehicle, as shown
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in Egs. (2) and (3). However, the vehicle retention problem
in the mixed-usage area is an operational risk of the EFL
intersection. If the vehicles in the mixed-usage area cannot
be cleared before the end of a phase, the saturation flow
rate of the subsequent movement will be reduced signifi-
cantly. It happens at both the main signal and pre-signal.
Therefore, the capacity should be adjusted, as shown in
Eq. (4).

At the main signal, the clearance time is calculated based
on the length of the mixed-usage-area and the design speed.
Once the length of the mixed-usage-area is given, the clear-
ance time can be determined by the design speed. When
the clearance time between the end of left-turn green at
the main signal and the end of green at the pre-signal is
less than the actual time for vehicles to pass through the
mixed-use area, left-turn vehicles will be stranded. In the
deterministic signal control optimization, this problem can be
solved easily by setting corresponding constraints to ensure
that the clearance time is longer than the travel time of the
mixed-use area. However, in practice, it is difficult to fully
satisfy all the above constraints on account of travel speed
fluctuations. However, if the signal timing is set too conser-
vatively, the green time will be reduced, while if the signal
timing is aggressive, it may lead to the retention of vehicles
and reduce the number of available through lanes during
the next phase. Both of these situations affect the saturation
flow. Therefore, the correction equation of the saturation flow
rate at main signal is shown in Eq. (5). It means that the
saturation flow rate will be adjusted according to the ratio of
the number of the blocked lanes and the total number of exit
lanes.

At the pre-signal, the clearance time is also determined
by the design speed. When the clearance time, between the
start of green at the pre-signal and the end of green of the
left-turn from the right adjacent leg, is less than the actual
time for vehicles to pass through the mixed-use area, the left-
turn vehicles from the right adjacent leg will be stranded.
For the sake of traffic safety, left-turn vehicles have to wait
for the clearance of the mixed-use area before they enter
the mixed-use area at the pre-signal. The green time at the
pre-signal will be reduced in this case. Similarly, the correc-
tion equation of saturation flow rate at pre-signal is shown in
Eq. (6). It means that the saturation flow rate will be adjusted
according to the ratio of the blocked time and the green
time.

>0 2 dijgij
d= —/—]———— 2
SN @

Gy\?
05C(1- =22
C

dj = +ooor | (24 -
. i\ Gij Cij
l—(min|l, =) —
C,'j C
2
+ (@ - 1) + 3)
Cij CijT
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2) CONSTRAINTS OF THE MAIN SIGNAL
According to the signal phase plan shown in Fig. 2, the start
and the duration of green of each movement should meet
following requirements, as listed in Eqgs. (7)-(11). Without
loss of generality, the start of green of left-turn from the south
and north legs is set to be 0, as shown in Eq. (7). The start
of green of the through movement from a leg equals the end
of the left-turn phase from the opposing leg, as shown in
Egs. (8) and (9). The start of green of the left-turn from east
and west legs should be the same, which equals the end of
through phase from the north and south legs, as shown in
Egs. (10) and (11). The end of through phase from the east and
west legs is equal to the cycle length, as shown in Eq. (12).
Moreover, the cycle length should be within a reasonable
range and the duration of green of each movement must be
no less than the minimum green time, as shown in Eqgs. (13)
and (14), respectively.
gin =0, Vie {2,4} @)
Vie {1,2} (8)

Vie {3,4} (9)

g2 = &u+1 + Gy +1,
g2 = &i-21 + Gi—21 +1,

811 = &31 (10)

gilt = &i+12 +Gutn2 +1, Vie {1,3} (11)
gn+Gp+1=C, Vie({l,3} (12)
Cimin < C =< Ciax (13)

Gy > Gymin. Vie L, jed (14)

3) CONSTRAINTS OF PRE-SIGNAL

According to Fig. 2, the pre-signal needs to be coordinated
with the main signal. To guarantee the smooth clearance of
vehicles in the mixed-use area, the start of the green of pre-
signal should be equal to the end of the left-turn phase at
the right adjacent leg plus the clearance time required for
the vehicles to pass through the mixed-use area, as shown in
Eq. (15). Similarly, the end of green of pre-signal should be
equal to the end of left-turn green time at the main signal
on the same leg minus the clearance time required for the
vehicles to pass through the mixed-use area, as shown in
Eq. (16).

L
g =gi-n +G<,-_1)1+l+v—’, Vie £ (15)
S

l‘
& +G =g1+Gy——, Viel (16)

Vs
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C. SOLUTION

Since the objective function is non-convex and non-
differentiable [23], [54], [55] and the model contains
nonlinear constraints, it is difficult to solve by traditional opti-
mization algorithms. A heuristic algorithm is often used to
solve this problem [38], [56], [57]. Therefore, this model was
figured out based on the genetic algorithm (GA) in this paper,
and the procedure is shown below. For the nonlinearity of the
constraints, the control variable vy makes the constraints (5)
and (6) nonlinear. Even if these constraints can be linearized,
there is not much difference for the solver. The nonlinear,
non-convex and non-differentiable of the objective function
is the main reason to choose the genetic algorithm (GA) to
solve the problem.

Step 1: Parameter input. Parameters include the intersec-
tion geometric structure, the distribution of traffic demand,
the distribution of base saturation flow rate, and the distribu-
tion of actual travel speed. Go to step 2.

Step 2: Generation of traffic scenarios. Traffic scenario set
S will be randomly generated according to the distributions
in step 1. Go to step 3.

Step 3: Generation of signal control schemes based on
genetic algorithm. Schemes include initial population (the
population is 40), selection (by pure random selection),
crossover (by simulating binary-valued crossover, the proba-
bility of crossover is 0.9), mutation (by inconsistent mutation,
the probability of mutation is 0.1), recombination of parent
and offspring populations during iteration. Go to step 4.

Step 4: Calculation of fitness. The individual schemes
will be performed in each traffic scenario, and then their
individual fitness will be calculated according to the objective
function (Eq. (1)). The first 50% of optimal individuals will
be selected to survive. Go to step 5.

Step 5: Judgment of termination criteria. The iterative
process will be stopped when the improvement in the fitness
in the sequential 10 iterations are all less than & (10_4);
otherwise, it will be transferred to step 3.

V. CASE STUDY

We applied the proposed model to a case study and compared
it with a standard control scheme (with EFL). The intro-
duction of the case study intersection, control schemes, and
comparison results will be described.

A. INPUT DATA

The accuracy of the algorithm and the effect of robust opti-
mization were tested by a case study. The intersection of
Lianfang Road and Fuhebei Street in Handan was selected in
this paper, as shown in Fig. 3. The EFL control was used in all
legs. The geometric layout is shown in Table 2. The statistical
survey results during peak hours are listed in Table 3, includ-
ing traffic demand, base saturation flow rate, and actual travel
speed of vehicles passing through the mixed-use area. The
minimum and maximum cycle length are set to be 90 s and
150 s, respectively. The shortest green time is 5 s. The green
interval is 5 s. The duration of the analysis period is 1 h.
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(b) East and South legs
FIGURE 3. Case study intersection.
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FIGURE 4. Effect of the scenario number.

According to the distribution in Table 3, scenarios in line
with the actual traffic conditions can be generated. Two things
need to clarify firstly before optimizing this intersection.

The first one is the number of scenarios in the scenario
set. More scenarios are conventionally conducive to draw up
a better scheme, whereas too many scenarios will greatly
increase the calculation time in turn. Mulvey et al. [52]
found that there is no need to list too many scenarios to
get close to the ideal solution after detailed study. On this
basis, we analyzed the trend of optimization effect and com-
puting cost with the change of scenario number. As shown
in Fig. 4, the cost is directly proportional to the scenario
number. When the number exceeds 500, the optimization
effect turns stable. Thus 500 is selected as a scenario number
in this paper for optimal design. In this case, the model can be
solved in one minute. Since the proposed robust signal control
method is designed for fixed-time control, which will not be
updated frequently in the real world, the computing time is
acceptable. To further improve the computational efficiency,
the distributed computing method can be used.
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TABLE 2. Layout of the case study intersection.

Leg North  South West  East

Length of mixed-use area (m) 50 50 60 60

Exit lanes 3 3 3 3

Mixed-use area 1 1 2 2
Number Exclusive left-turn lanes 1 1 1 1

Exclusive through lanes 3 3 3 3
of lanes

Shared through and 0 1 1 1

right-turn lanes

Exclusive right-turn lane 1 0 0 0

The second one is the value of the weighting coefficient y
in the proposed model. The effect of weighting coefficient y
was discussed since it determines the attitude towards robust-
ness and efficiency. According to Fig. 5, the standard devi-
ation of delay increases whereas the mean delay decreases
as y increases. In this case, the standard deviation of delay
increases rapidly whereas the decrease of mean delay tends
to be stable when y is higher than 0.35. Therefore, y was set
to be 0.35 in the following analysis to consider the full extent
of robustness while maintaining efficiency.

B. OPTIMIZATION CONTROL SCHEMES

The optimization control schemes of the traditional deter-
ministic control method and the proposed robust optimiza-
tion method are listed in Table 4. The traditional control
scheme is established based on the mean value of traffic
volume, saturation flow rate, and actual travel speed as input
data. For the proposed model, y was 0.35 and 1 respectively
according to the above analysis, where y = 1 rep-
resents that only efficiency (minimum mean delay) is
considered.

To verify the accuracy of the algorithm, Fig. 6 shows the
value of the optimization objective of the proposed model
under different design speeds and cycle lengths. If the algo-
rithm is valid, the results of the proposed model should
be exactly the minimum points of curves. The results of
Fig. 6 have proved that the proposed algorithm can find the
minimal value of the objective and obtain the optimal solution
for the proposed model.
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TABLE 3. Statistical results of traffic fluctuations.

Movement Traffic flow
Mean SD Min Max
N-L 730 100 230 930
N-T 577 45 490 665
N-R 145 20 90 165
S-L 759 70 620 900
S-T 509 40 430 590
S-R 105 18 70 141
W-L 541 65 410 670
W-T 581 46 500 680
W-R 120 22 80 165
E-L 516 60 400 630
E-T 620 42 560 695
E-R 134 21 90 175
Movement Saturation flow rate
Mean SD Min Max
N-L 1620 120 1380 1860
N-T 1620 120 1380 1860
N-R 1600 100 1370 1800
N-P 1425 135 1160 1690
S-L 1500 128 1250 1750
S-T 1490 128 1240 1740
S-R 1490 128 1240 1740
S-P 1480 133 1220 1740
W-L 1500 126 1250 1750
W-T 1500 126 1250 1750
W-R 1500 126 1250 1750
W-P 1487 151 1190 1780
E-L 1540 123 1300 1780
E-T 1540 123 1300 1780
E-R 1540 123 1300 1780
E-P 1460 105 1360 1770
Movement Actual travel speed
Mean SD Min Max
All 7.5 1.48 4.2 13

Note: N, S, W and E respectively represent north, south, west, east leg; L,
T, R, and P respectively represent left-turn, through movement, right-turn
and the entering movement at pre-signal; SD is the standard deviation; Min

and Max respectively represent the minimum and maximum value.

TABLE 4. Optimized control schemes.

S;?;;’l Traditional (s) ~ MSD-1.0(s)  MSD-0.35 (s)
G 21 21 23
G42 17 17 20
G 20 20 22
G 12 13 15
Gu 21 20 22
G 17 18 21
Gn 20 20 22
G 12 13 15
Gy 16 16 17
Gf 16 17 18
Gf 17 18 19
Gf 17 17 18
¢ 20 91 100
v 6 5.85 4.9

C. COMPARISON ANALYSIS

To verify and compare the effectiveness of robust optimiza-
tion schemes, they are evaluated by Monte Carlo simulation.
2000 traffic scenarios were generated according to the distri-
bution of Table 3 to make the evaluation results more accu-
rate. The results are shown in Table 5. Using the traditional
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FIGURE 6. Algorithm accuracy test.

scheme as the benchmark, the effect of robust optimization
model was analyzed.

Overall, the performance of the traditional scheme, which
is obtained based on the mean value of traffic volume, base
saturation flow rate, and actual travel speed, is acceptable
for the indicator of the mean delay. It is consistent with the
conclusion reached by Heydecker [20] and Yin [23] when
optimizing the conventional intersection. However, the opti-
mal mean delay cannot be reached by the traditional scheme,
whereas it should be obtained by MSD-1.0 mode, as shown
in Table 5.

Compared with the traditional scheme, the MSD-0.35
model can highly enhance the robustness of operation (more
than 40% decrease in standard deviation of delay, and more
than 10% decrease in worst-case delay), whereas maintaining
the original mean delay per vehicle (less than 3% increase).
Therefore, the robust optimization model generally performs
better when obtaining the robust optimal signal timing for
EFL intersections. It can greatly improve robustness without
efficiency loss.

VI. SENSITIVITY ANALYSIS

To further analyze the adaptability of the proposed robust
optimization method, sensitivity analysis of critical parame-
ters was carried out to explore the influence of traffic demand
and supply fluctuations on optimization benefits.
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TABLE 5. Comparisons of control schemes.

TABLE 7. Distribution of traffic for sensitivity analysis.

Indicator Traditional MSD-0.35 MSD-1.0
Mean delay 52.5 54 51.7*%
SD of delay 9.3 5.0* 8.0
Max delay 132.6 116* 121.9
Mean delay - 2.86 -1.52
Change (%)  SD of delay - -46.24 -13.98
Max delay - -12.51 -8.07

Note: SD denotes the standard deviation, and Max denotes the maximum
value.

TABLE 6. Layout of the intersection for sensitivity analysis.

Leg North  South West East
Length of mixed-use area (m) 50 50 50 50
Exit lanes 3 3 3 3
Mixed-use area 1 1 1 1
Number Exclusive left-turn lanes 1 1 1 1
Exclusive through lanes 2 2 2 2
of lanes
Shared through and
. 0 0 0 0
right-turn lanes
Exclusive right-turn lane 1 1 1 1
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FIGURE 7. Influence of traffic demand.

A. INPUT DATA

The geometric layout of the intersection used for sensitiv-
ity analysis is shown in Table 6. The distribution of traffic
demand, base saturation flow rate, and actual travel speed

are listed in Table 7. Other parameters are the same as in
Section IV.A.

B. INFIUENCE OF TRAFFIC DEMAND
Scale the mean traffic volume of each movement with the
scaling range from 0.5 to 1.5. The results are shown in Fig. 7.
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Movement Traffic flow
Mean SD Min Max
N-L 700 100 500 900
N-T 650 75 500 800
N-R 150 22 105 190
S-L 500 70 360 640
S-T 700 90 520 880
S-R 125 16 95 158
W-L 550 65 420 680
W-T 600 70 460 740
W-R 140 20 103 185
E-L 650 70 510 790
E-T 500 60 380 620
E-R 95 15 70 125
Movement Saturation flow rate
Mean SD Min Max
N-L 1650 130 1390 1910
N-T 1620 120 1380 1860
N-R 1525 135 1260 1790
N-P 1400 135 1130 1670
S-L 1600 120 1360 1840
S-T 1500 110 1280 1720
S-R 1620 130 1360 1850
S-P 1450 120 1210 1690
W-L 1580 125 1330 1830
W-T 1550 120 1310 1790
W-R 1560 122 1320 1800
W-P 1450 150 1150 1750
E-L 1650 120 1410 1890
E-T 1600 125 1350 1850
E-R 1500 108 1270 1700
E-P 1550 125 1300 1800
Movement Actual travel speed
Mean SD Min Max
All 7.5 1.48 4.2 13

Note: N, S, W and E respectively represent north, south, west, east leg; L,
T, R, and P respectively represent left-turn, through movement, right-turn,
and the entering movement at pre-signal; SD is the standard deviation; Min

and Max respectively represent the minimum and maximum value.

Generally, the increase in traffic volume will weaken the
overall operational efficiency and robustness of each scheme.
The mean delay increases linearly with the increasing traffic
volume. It is in line with previous research conclusions on the
relationship between delay and traffic volume [53].

With the increase of traffic volume, the difference of stan-
dard deviation of delay between the traditional scheme and
robust optimization scheme increases gradually. It implies
that traditional scheme becomes more and more unstable
in operational efficiency with high traffic demand. On the
contrary, the robust optimization scheme (MSD-0.35) per-
forms much better and effectively improves the operational
robustness. Therefore, although the proposed model is suit-
able for both under-saturated and over-saturated conditions,
the benefit of the proposed method is more significant in high
saturated cases.

C. INFIUENCE OF TRAFFIC DEMAND FLUCTUATION

Scale the standard deviation of traffic volume in each move-
ment with the scaling range from 0.5 to 1.5. The results are
shown in Fig. 8. Generally, the increase of traffic demand
fluctuation will weaken the overall operational efficiency and
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robustness of each scheme, especially the standard deviation
of delay and worst-case delay.

As shown in Fig. 8(a), the traditional method outperforms
the robust optimization method in mean delay under the
condition that the fluctuation of the traffic demand is low.
However, the mean delay of the traditional method increases
rapidly with the increase of the traffic demand fluctuation.
In the analysis, the proposed method (MSD-0.35) outper-
forms the traditional scheme in mean delay when the stan-
dard deviation researches 80% of the base settings shown
in Table 7. It is because that the mean value of the traffic
demand can no longer well represent the existing traffic
scenarios when traffic demand fluctuation increases. There-
fore, the robust optimization method can improve not only
the robustness but also efficiency under high traffic demand
fluctuation cases.

D. INFIUENCE OF SATURATION FLOW RATE FLUCTUATION
Scale the standard deviation of the saturation flow rate in
each movement with the scaling range from 0.5 to 1.5.
The results are shown in Fig. 8. Generally, the performance
measures increase rapidly in the traditional method, which
indicates that robust optimization methods have a better
anti-interference ability.

Overall, when the saturation flow rate fluctuates slightly,
the traditional scheme rivals the robust optimization scheme
(MSD-0.35) in the mean delay. However, when the degree
of fluctuation in saturation flow rate increases (researches
80% of the given value in Table 7), the robust optimization
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scheme (MSD-0.35) outperforms in the mean delay. It is
because the mean value of the saturation flow rate can no
longer well represent the existing traffic scenarios when the
saturation flow rate fluctuation increases. Therefore, the pro-
posed robust optimization model can dramatically enhance
the efficiency and robustness of intersections under different
degrees of the saturation flow rate fluctuation.

VIi. CONCLUSION

For EFL intersections with fluctuating traffic demand and
supply, the robustness of operational efficiency is essential.
Therefore, considering the distribution of traffic demand,
base saturation flow rate, and actual travel speed, a robust
optimization model is established in this paper to mini-
mize the mean-standard deviation. Through a case study and
extensive numerical analysis, the accuracy of the algorithm,
the value of the weighting coefficient in the mean-standard
deviation model, and optimization benefits are analyzed. The
following conclusions can be obtained.

(1) The proposed robust optimization model can optimize
the design of the main signal, pre-signal, and design speed
simultaneously. It has a promising application when traffic
demand and saturation flow rate fluctuate wildly.

(2) The performance of the traditional scheme, which is
obtained based on the mean value of traffic volume, base
saturation flow rate, and actual travel speed, is acceptable for
the indicator of the mean delay when the traffic fluctuation is
slight.
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(3) The proposed model can well balance the tradeoff
between efficiency and robustness. The model can greatly
enhance the operational robustness of effect (about 40%
decrease in standard deviation of delay) on the basis of main-
taining the original mean delay (less than 3% increase).

In this study, signal timings at main-signal and pre-
signal are optimized. However, the operational efficiency
can be further improved by optimizing the layout and
signal timing simultaneously based on the lane-based
method [54], [55], [58]. It is the direction of our future study.
In practice, the study is a part of the control system. The
stability of the control system can be discussed in future
studies to improve the practical application effect.
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