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Abstract. A Hook Turn (HT) traffic control scheme has been successfully implemented in urban Melbourne (Aus-
tralia) ever since 1950s, for the regulation of right-turning vehicles at the intersections (in traffic system where driving
is on the left). This paper addresses the optimal signal-timing of the HT scheme, which is still an open question in
the literature. Under the HT scheme, right-turning vehicles should enter the intersection and stop at a waiting area.
Hence, it is common to have a spillback from these vehicles if the right-turning volume is high. This paper provides
an in-depth analysis of the spillback phenomenon on the traffic movements and the average delays, and proposes the
models for the calculation of average delay in different cases. With the aim of minimizing the average delay of all the
vehicles, a nonlinear integer-programming model is proposed for the optimal signal-timing problem of HT scheme.
A Genetic Algorithm (GA) is used to solve this model, considering the complexity of its objective function. A realistic
example developed based on one intersection with HT in urban Melbourne is adopted to assess the proposed method-
ology. Based on real survey data in morning peak and nonpeak hours, we compare the existing signal plan and optimal
plan. The numerical test shows that compared with the existing plan, the optimal plan can reduce the average delay for
12.05% in peak hour and 19.96% in nonpeak hour. Sensitive analysis is also conducted to investigate the variation of

right-turning ratio on the intersection operational performance.
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Introduction

At the intersections in urban areas, the regulation of
right-turning vehicles (in traffic system where driving
is on the left) is a significant problem (Yang et al. 2012;
Abukauskas et al. 2013). In general, at an intersection
with high volume of right-turning vehicles, a dedicat-
ed signal phase is used to avoid the conflicts between
right-turning vehicles and through vehicles. The dedi-
cated signal phase can improve the safety level and re-
duce the vehicle delays, yet it requires a dedicated lane
for the right-turning vehicles at the intersection (Bugg
et al. 2013). Hence, the dedicated right-turning signal
phase is not suitable for the intersections with limited
space, where right-turning vehicles share one phase and
should give the right of way to the through vehicles. The
conflicts between right-turning vehicles and through ve-
hicles undermine the safety level, especially if there are
trams travelling through the intersection.

Melbourne (Australia) has one of the largest urban
tram systems in the world, with a total network distance
of over 200 km (Currie, Smith 2006). The tram rails are

located in the middle of the road, which reduces the
space for other vehicles in the intersection. Thus, it is
difficult to set up a dedicated lane or dedicate signal
phase for right-turning vehicles. The right-turning ve-
hicles have to share a lane with the through vehicles,
which yields conflicts. In addition, when right-turning
vehicles give the right of way to the trams, they block the
lane and considerably increase the vehicle delays.

A remedy to the conflicts between trams and
right-turning vehicles was proposed in Melbourne in
the 1950s, named as Hook Turn (HT) scheme, and HT
has been implemented in tens of intersections in urban
Melbourne ever since then (Currie, Smith 2006). Fig. 1a
shows an intersection with HT manoeuvre (for right-
turning vehicles at the North/South leg), and Fig. 1b
shows a conventional intersection.

We can see from Fig. la that the right-turning
lane (a shared lane with through and left-turning ve-
hicles) is relocated from the far side to the curbside.
The HT scheme requires the right-turning vehicles at
South/North leg enter the intersection during the green
time, and then stop at and wait in the waiting area.
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Fig. 1. Comparison of a hook-turn intersection and traditional intersection: a — intersection with HT; b — traditional intersection

After the signal light of the side road turns green, the
vehicles in the waiting area should then depart and leave
the intersection, followed by the vehicles on the side
road (lanes 5, 6, 13 and 14). The track of these vehicles
in the intersection looks like a hook, thus it is named
as a HT. For the sake of presentation, these vehicles are
called as HT vehicles.

Comparing Fig. 1a with Fig. 1b, we can see that the
HT scheme has two unique features: (1) the HT vehicles
are relocated to the curbside; (2) the HT vehicles should
stop twice, once at the stop line and once in the waiting
area.

Although HT scheme has been smoothly imple-
mented in Melbourne and several other cities for tens
of years (Currie, Reynolds 2011), the theoretical studies
are quite scarce. Andrew O’Brien and Associates (2000)
conducted a review of HTs to determine whether the
use of HTs should be continued, expanded, modified
or reduced. The safety and operational effects of these
turns in Melbourne city were evaluated. The study did
not find any evidence to suggest that there was anything
inherently ‘bad’ about HTs. The investigations suggested
that the HTs served central Melbourne well, particularly
in relation to reducing tram delays and keeping pedes-
trian crash number low, while still retaining maximum
mobility.

Currie and Reynolds (2011) also conducted a re-
view of the HT and explored operations and safety
impacts. Operational analysis of the traffic impacts of
HTs in Melbourne suggested that they acted to reduce
congestion because turning traffic did not delay through
vehicles. In addition, 38% of drivers tended to avoid HTs
and each tram delay was decreased from 11.25 to 15.64
seconds. A series of safety analyses with crash data and
conflict point analysis demonstrated that intersections
with HTs had better safety performance than conven-
tional intersections.

Hounsell and Yap (2013) compared the traffic per-
formance of a HT intersection with an equivalent con-
ventional intersection with opposed right turns based

on simulations. It was found that HTs reduced delays to
through traffic from the same approach in nearly all cas-
es. Overall intersection performance depended on the
scale of any increased delays to left-turning traffic and
side road traffic resulting from the HT movement. Pai
et al. (2013) studied the motorcycles” violating behav-
iours at the intersections with Hook Turn Area (HTA)
in Taiwan. However, the HT area of the intersection is
for motorcyclists, not for automobile. They found that
there was an increased likelihood of HTA-violation at
T/Y intersections during non-rush hours in rural areas.

The existing literature mainly investigates the ef-
ficiency and safety issues of HT scheme. How to design
the optimal signal-timing plan based on real traffic flow
data is still an open question. A suboptimal signal-tim-
ing plan has inherent impacts on the vehicle movements
and service level of the intersection. Fig. 1 shows that the
HT scheme is quite different with traditional signal plan,
thus the existing signal optimization method for the tra-
ditional plan is not suitable for the HT case. Moreover,
many of the implemented HT plans in Melbourne adopt
fixed-time signal plan, which are not the optimal plan
subject to the traffic flows. Therefore, it is a timely is-
sue with practical significance to cope with the optimal
signal-timing, which is taken as the focus of this study.

This study focuses on a signalized intersection with
HT scheme. Based on an in-depth analysis of the traf-
fic flow properties, this paper first proposes the models
between average vehicle delay and traffic volume of each
stream. Due to the limited space of the waiting area in
the intersection, it is common to have a spillback from
the HT vehicles. The impacts of such a spillback on the
traffic movements are fully discussed. Then, with the
objective of minimizing the average delay of all the ve-
hicles, a nonlinear integer-programming model is pro-
posed for the optimal signal plan. Due to the complex-
ity of the objective function, it is difficult to calculate
its gradient, thus a Genetic Algorithm (GA) is used to
solve the proposed model. This paper thus fills the gaps
of optimal signal-timing algorithm for HT scheme, and
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the resultant optimal plan can significantly reduce the
average vehicle delay at the intersection.

The remainder of this paper is organized as follows.
Section 1 presents the models for the average delay of
left-turning, right-turning and through movements at
an intersection with HT scheme, and then proposes the
optimization model for the signal-timing problem. In
Section 2, a realistic example is developed based on an
intersection in urban Melbourne to assess the proposed
methodology. The performance of the optimal plan and
the current plan is holistically contrasted. Finally, last
section concludes this paper.

1. Development of the Signal-Timing Algorithm

The objective for the optimal signal-timing is to mini-
mize the total average delay of the intersection. In this
section, the vehicle delay models for different traffic
flows are developed firstly, and then the total average
delay model is obtained where signal-timing parameters
are expressed as variables.

The setting of signal phase is the base of signal con-
trol. For instance, the signal phases of the intersection
shown in Fig. 1a are given by Fig. 2. The South-bound
and North-bound flows are controlled by phase 1. There
is no hook-turn vehicle in East and West approaches and
a dedicated phase (phase 3) is set for the right-turning
vehicles.

0 ) N
J [
Phase 1 Phase 2 Phase 3

Fig. 2. The phasing diagram for the intersection with HTs

1.1. Measurement of the Vehicle Delay

Taking Fig. 1 as an example, compared with traditional
intersection, the unique features of vehicle movements
at HT intersection include:

- the HT vehicles should wait at the waiting area
of the intersection;

— after phase 2 turns green, the vehicles at lanes 5
and 13 need to wait until the HT vehicles at the
waiting area leave the intersection, thus their ef-
fective green time is diminished;

- the through driving vehicles at lanes 1, 2, 9 and
10 have no conflict with the right-turning vehi-
cles and can travel smoothly during green time;

— due to the limited space of waiting area in the
intersection, it can only accommodate few HT
vehicles, thus when the volume of HT vehicles is
high, a spillback will commonly occur.

Such a spillback will block the movement of left-
turning vehicles on the same lane, and drastically in-
crease the delay of left-turning vehicles.

We assume that the vehicle arrival follows a Pois-
son distribution, and the cycle length of intersection is
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C seconds. Let N denote the number of signal phases.
The green time of phase i is denoted by g; and its inter-
green time is I;. Let S; denote the saturation flow rate
of approaching lane j. In the following sub-section, we
still take the intersection in Fig. la as an example, to
elaborate the measurement of vehicle delays.

1.1.1. Measurement of Vehicle Delay of Phase 1

Vehicle delay of dedicated through lanes. In Fig. 1, the
through driving vehicles at lanes 2 and 10 are not affect-
ed by the HT vehicles. Considering that the intersection
could be oversaturated, the average delay is calculated by
using the following delay function in Highway Capacity
Manual (2000):

— 05-C-(1-))?
¥ 1—(min(L,x,,)-A,)

8- Kxy,
900~T~[(xls—1)+\/(xls—1)2+m], (1)

where: d,, is the average vehicle delay of a through
lane under phase 1 [seconds]; A; is the green split; x;,
is the saturation degree of a dedicated through lane
under phase 1; Cap,, is the vehicle capacity of the lane
[pcuw/h]; T is the length of study period, whose default
value is 0.25 h; K is an adjustment parameter, with a
default value of 0.5.

Vehicle delay of shared lanes. We can see that on
approaching lanes 1 and 9, the left-turning, through and
right-turning vehicles share the lane. In the green time
of phase 1, HT vehicles enter the waiting area and wait
there. When there is no spillback from the HT vehicles,
all the vehicles on these approaching lanes can move
smoothly, and their delay before passing the stop line
can be calculated by Eq. (1). However, if the spillback
occurs, then the vehicle movements on the approach-
ing lane will be blocked, which drastically increases the
vehicles delay.

The delay of HT vehicles consists of two compo-
nents: the delay before passing the stop line at lanes 1
or 9 and the delay at the waiting areas 1 or 2. In this
subsection, we only calculate the first component that is
the delay during phase 1, while the second component
will be discussed in subsection 1.1.2 below.

We use j to denote the shared approaching lane (in
Fig. 1 j can be 1 or 9), and the total volume of lane j
is qy;. The volumes of through, left-turning and right-
turning vehicles are q,; ,, q;; ; and q,; ,, respectively.
If the shared lane only allows left-turn and right-turn
(through vehicles are forbidden), then q;; , = 0. Let k
denote the waiting area (k takes 1 or 2 in Fig. 1), and
Q. be the maximum number of vehicles that can be ac-
commodated by area k. In the green time of phase 1
(denoted by g,), if the number of HT vehicles passing
the stop line (denoted by Qy; ,) is higher than Q, the
spillback from area k will take place. Otherwise, there
will be no spillback. Apparently, the spillback phenom-
enon is affected by the length of green time g;
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Let S; denote the saturation flow rate of lane j, and
Qj; the maximum number of vehicles that can be re-
leased during phase 1. We have that:

2)

Considering the ratio of right-turning vehicles, the
maximum number of right-turning vehicles that can be

released (denoted by ijr) is:
q .
Qty = Q| = |. 3
9

Here, we know that: (1) if ij, < Q,» there will be
no spillover, and the lane j can be operated smoothly.
Hence, the average delay can be calculated by following
Eq. (1); if Qjj, > Q; , the spillback could happen, and the
average delay is specified and calculated according to the
following two cases.

Case 1. If the spillback really occurs.

Following the definition of Poisson distribution,
during one signal cycle time (c seconds), the probability
of right-turning vehicles are more than Q is:

P(Q;_, >Q)=1-P(Q;_, <Q). (4)

Due to the limited space of the intersection, the
waiting area can only accommodate limited number
of HT vehicles (e.g., in the intersections at urban Mel-
bourne, Q, is usually 3 pcu). Then, we can see that:

Q
P(Q; , <Q)= D P(A),
A=1
A=0,1,2,...,Q;, (5)

where: P(A) is the probability of A arrivals in one cycle
(c seconds) and it equals:

—g,: -C
(q;_ O -e M-
Al

When there is a spillback, the number of HT vehi-
cles passing the stop line is Q) + 1. As per the ratio of
HT volume, we can infer that the total number of vehi-
cles passing the stop line (denoted by Qjf) is:

(Qc +1)-qy;

P(A) = (6)

Q)¢ = ?)
q j_r

So far, the elapsed green time of phase 1 is gi°,
and we have:

C-& (8)
Sj =,

The remaining green time of phase 1 is g; —g7°.
However, the existing vehicles on lane j are not able to
pass the stop line and get through the intersection, due
to the spillback. It implies that the effective green time
of lane j is g{°, and its red time increases for g, —g;°
seconds. Consequently, based on Eq. (1), the average de-
lay of vehicles on the shared lane, denoted by dj},, can
be measured by:

8’ =4y

diy =P(Q; , >Q)x

0.5-C-(1-2{°)?
1- (min(l,xlj )kfo)

5 S-lej
900-T | (x;; —1)+ |(x;; 1) +W 9
1j°

N
where: A{° = 81 is the actual green split. xy; is the satu-

ration degree of the shared lane j. Cap,; is the vehicles
capacity of lane j (now equals S; -A{°) [pcu/h].

Case 2. When there is no spillback.

In Eq. (5), P(QU_T <Qy) is the probability of not
having a spillback. In such case, the average delay can
still be measured by using Eq. (1). Hence, in case 2,
when there is no spillback, the average vehicle delay,

denoted by d}, is measured by:
_l”h ZP(Qlj_r SQk)x

0.5-C-(1-1,)?
1-(min(1,x,,)2,

900-T-| (x;: ~1)+ |(x —1)2+& (10)
1j 1j Ca1<-T :
J

Combing the above two cases, the average vehicle
delay when ijr >Q, can be taken as:

dy, =dj), +dj). (11)

Taking Fig. 1a as an example, the total delay d; of
all the vehicles during one signal cycle equals:

_C
3600

dyp 1 @n_ 1+ o "11h,9)r (12)

where: g, , is the arrival volume of through vehicles
on lane 2 under phase 1, gy, ; is the vehicle volume of

1 ‘(dls_z “Gis_2 + g 107 Gis_10 +

shared lane 1, ‘_ilh_l and dj; , is the average vehicle
delay of lane 1 and lane 2, respectively.

1.1.2. Measurement of Vehicle Delay of Phase 2

We can see in Fig. la that the HT vehicles enter the in-
tersection during phase 1, and then they will only leave
the intersection during phase 2. The delay of HT vehicles
in the waiting area is thus also affected by phase 2. Dur-
ing phase 2 the number of HT vehicles in the waiting
area k, denoted by Q,,,;, can be measured by:

.ql
36010_7 ’ijrj : (13)

(C
Q,, =min
The delay of HT vehicles in the waiting area, de-
noted by d, ,, can be calculated by:
- 0.5- -3600
d, =(0.5-g1+11)+Qz+k, (14)
N SZwk
where: g, is the green time of phase 1; I, is the intergreen
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time of phase 1; S, is the saturation flow of the right-
turning vehicles in the waiting area.

Phase 2 controls the through vehicles of East/West
leg and right-turning vehicles in the waiting areas. The
vehicles at lanes 5 and 13 can only start to move after the
HT vehicles in the waiting areas are released, which di-
minishes the effective green time of through and right-
turning vehicles at lanes 5 and 13. Let t,,,;, denote the
duration over which HT vehicles are release from wait-
ing area k, and it can be calculated by:

Q, .1 -3600

bywk = (15)

SZwk
Let g,, be the effective green time for vehicles on
lanes 5 and 13, and it equals:

82¢ = 82 ~ ok (16)
The average delay of vehicles on lanes 5 (13) is de-
noted by d, 5 (d, ;3), and it can be calculated by fol-
lowing Eq. (1), while replacing the green time ratio by
% . Therefore, the overall delay of vehicles in phase 2,
denoted by d,, is given by:
_C
3600

where: g, 5 is the arrival volume of approaching lane 5;
g5 13 is the arrival volume of approaching lane 13.

d ‘(5_12_5 D s +‘_12_13 ‘42_13), (17)

1.1.3. Measurement of Vehicle Delay of Phase 3

Under phase 3, the movements of vehicles on lanes 6
and 14 are the same with a traditional intersection
(Chen et al. 2013). Hence, the delay of these vehicles
can be calculated by using Eq. (1). The overall delay of
all the vehicles under phase 3 can also be similarly meas-
ured by Eq. (12).

1.2. Optimization Model for the Signal-Timing Plan

With the vehicle delay of each phase measured above, we
can now calculate the average vehicles delay across the
entire signal cycle, denoted by d:

E:d1+d2+d3) (18)
Q
where: Q is the number of the total arrivals in one signal

cycle.

With the objective of minimizing the average delay,
an optimization model is proposed as follows for the op-
timal signal-timing plan:

min d = function(C, g) (19)
subject to:

N

Z(gi +1;)=C; \* MERGEFORMAT (20)
i=1

Cmin SCScma}(; (21)
gimin Sgi Sgimax' (22)

Note that the average delay rather than total delay
is adopted as the objective. This is because the signal
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cycle length would be adjusted during the optimization
and thus affects the number of arrival vehicles in one cy-
cle. The total delay is not only affected by the signal-tim-
ing plan but also the number of arrival vehicles. Hence,
the total delay cannot reflect the relationship between
signal-timing plan and the traffic flow performance.

The decision variables of the model Eqs (19)-(22)
include the cycle length C and the green time g; of phase
i, which all take nonnegative integer values. Therefore,
this model is an integer program. We rewrite the model
as follows, by substituting the term C based on Eq. (20),
which gives:

mind = function(g;) (23)
subject to:

8imin —& <03 (24)
8i ~ 8imax <0- (25)

Eqs (23)-(25) define the objective function. We can
see that this objective function is highly nonlinear, non-
convex and also a stepwise function. The green time
g; takes integer values, thus model Eq. (23) is a mixed
nonlinear integer program (Wang et al. 2013; Liu et al.
2014). Hence, it is a NP (Non-deterministic Polynomial-
time)-hard problem, which is difficult and inefficient to
be solved by any gradient-based algorithms in the lit-
erature.

For such sort of complex engineering-based prob-
lem, some existing heuristics are more suitable to be
taken as the solution method, which does not require
the calculation of gradient. In this section, we adopt
the GA. GA consists of three main processes: selection,
crossover and mutation. For the addressed problem,
each chromosome defines a signal green time plan g;,
which can be conveniently used to calculate the value of
objective function and the Selection process. The initial
generation of chromosomes as well as crossover and mu-
tation are all conducted with the aids of pseudo random
numbers. Due to the space limit, the details of GA are
not further included here. Any interested readers are re-
ferred to the papers — Park et al. (1999), Ceylan and Bell
(2004), Teklu et al. (2007), Liu et al. (2013).

2. Numerical Experiments
2.1. Experimental Data Collection

A numerical example is used in this section to verify the
proposed methodology. As shown in Fig. 3, this example
is developed based on the HT intersection in Melbourne
city, between the Elizabeth Street and La Trobe Street.
These two streets both have bi-directional tramlines. A
field traffic survey at this intersection is conducted in
the morning peak (8:15-8:45 am) and morning off-peak
periods (9:30-10:00 am) on 12 June 2014. The data col-
lected include intersection geometry, channelization, the
traffic volumes, saturation flow rates, and volume ratio
of each stream, the signal cycle length, green times, in-
tergreen times, etc. The traffic volumes are tabulated in
Table 1.
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Fig. 3. The channelization of Elizabeth Street and La Trobe Street intersection
Table 1. The traffic volumes obtained from field experiment [pcu/h]
L Morning peak hour Off-peak hour
8 Left-turn Through Right-turn Left-turn Through Right-turn
South leg 126 274 96 112 228 68
North leg 208 416 138 168 340 114
East leg 246 442 120 204 368 76
West leg 212 436 112 176 356 64

From Fig. 3, we can see that, to avoid the conflicts
between right-turning vehicles and trams, the HT ma-
noeuvre is adopted at all the four legs. Hence, there are
four waiting areas in the intersection. This intersection
has two signal phases. During the survey period, it ex-
ecutes fixed signal-timing plan (not adaptive control
plan), with cycle length of 90 seconds. The green time
of phase 1 is 38 seconds, and the green time of phase 2
is 40 seconds. The intergreen times of these two phases
are both 6 seconds.

In Fig. 3, each of the four waiting area can only
accommodate three cars. The spillback phenomenon of
HT vehicles is relatively common during the peak hours,
compared with the nonpeak hours. In view of the rela-
tively low volume of trams, we focus only on the average
delay of automobile vehicles excluding the trams. How-
ever, if the objective of signal-timing is to minimize the
average delay of the passengers (rather than the vehi-
cles), the tram delays should be accounted for, because
there are more passengers in the trams.

2.2. Output of Optimal Signal-Timing Plan

The traffic survey reveals that at intersections with ac-
tuated signal control schemes in urban Melbourne, the
maximum green time is 50 seconds and the minimum
green time is 15 seconds. Therefore, the maximum and

minimum green time of this example are set as 50 and
15 seconds respectively. Based on the analysis of the vid-
eo records, the saturation flow of right-turning vehicles
in the waiting area is 1200 pcu/h, and the saturation flow
of all the other approaching lanes is 1520 pcu/h.

The GA is then used to solve the optimal signal-
timing plan of this example, where the cap of genera-
tions is 200 and population size of each generation is
50. The crossover rate is 0.8 and the mutation rate is
0.05. The program is coded in MATLAB (http://www.
mathworks.com) to solve the optimal timing plan. Con-
sequently, in the peak hour of 8:15-8:45 am, the optimal
signal-timing plan is: C =88 s, g; =39 s, g, = 37 5. While,
in the nonpeak hour of 9:30-10:00 am, the optimal plan
isC=69s,g,=30s,g,=27s.

2.3. Comparison and Analysis of the Vehicle Delays

In order to fully assess the existing signal-timing plan
and the optimal plan obtained in Section 2.2, the fol-
lowing four simulation scenarios have been established
in VISSIM (http://vision-traffic.ptvgroup.com) for the in-
tersection in Fig. 3.

- Al - morning nonpeak, existing signal plan;

- A2 - morning nonpeak, optimal signal plan;

- B1 - morning peak, existing signal plan;

- B2 - morning peak, optimal signal plan.
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In the simulation, each scenario has been operated
for 10 times, and different random seed are used each
time. Table 2 provides the vehicle average delay of each
scenario.

With a significance level of o = 0.05, we perform
hypothesis test (¢-tests) for the two A scenarios and two
B scenarios, respectively, to test whether there is a sig-
nificant difference between scenario Al and A2, as well
as between B1 and B2. The null hypothesis H, is assum-
ing the mean value of scenario Al (B1) equals that of A2
(B2). The statistical results are given in Table 3, where
D, is the average delay of scenario Al, t, is the value
of the test statistic, and t;_, is the critical value.

From Table 3, we can see that in the two tests, the
H, hypothesis is rejected, implying that the difference
between the existing plan and optimal plan is signifi-
cant. The data in Table 2 shows that the delay of the
optimal plan is lower than that of the existing plan in
almost all the tests. Furthermore, the mean value of sce-
nario Al is 55.11 seconds, while the mean value of A2
is 48.47 seconds that is 12.05% lower. The mean value of
B2 is 19.96% lower than that of B1.

Table 2. Simulation results of the four scenarios

Random Average vehicle delay
seed Al A2 Bl B2
10 58.67 51.88 47.43 38.20
20 55.38 50.34 53.09 36.36
30 52.11 45.81 53.04 37.01
40 52.19 53.40 48.57 41.39
50 53.06 42.41 50.81 39.68
60 57.73 47.26 4491 38.22
70 53.03 46.58 44.65 43.97
80 57.51 51.19 50.37 41.02
90 52.95 51.54 53.35 40.60
100 58.43 44.24 55.21 45.01
Mean 55.11 48.47 50.14 40.15
Table 3. t-test results of the four scenarios
Scenario H, tsta t_o Result
Al &A2 |Dy, =D, | 470 2.26 rejection
Bl &B2 | Dy, =Dg, | 675 2.26 rejection

2.4. Sensitive Analyses

Due to the limited space of waiting area in the inter-
section, it can only accommodate several HT vehicles.
Thus, a spillback would take place when the volume of
HT vehicles is high, which leads to the increase of HT
vehicle delay and average intersection vehicle delay. In
this subsection, the impacts of the variation of HT ve-
hicle ratio on the intersection operational performances
are analysed, while keeping the total traffic demand as
a constant.
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The intersection shown in Fig. 3 is taken as an
example. In Table 1, the total traffic volumes of East/
West leg are 808 pcu/h and 706 pcu/h respectively. Four
scenarios are designed by changing the ratios of right-
turning volume to through volume in East/West leg,
while keeping other ratios and traffic demand the same
as Table 1.

- CI - in East/West leg the left-turning, right-turn-

ing and through vehicle ratios are 25, 10 and 65%
respectively.

- C2 -in East/West leg the left-turning, right-turn-

ing and through vehicle ratios are 25, 20 and 55%
respectively.

- C3 -in East/West leg the left-turning, right-turn-

ing and through vehicle ratios are 25, 30 and 45%
respectively.

— C4 -in East/West leg the left-turning, right-turn-

ing and through vehicle ratios are 25, 40 and 35%
respectively.

We can see that the left-turning ratio does not
change at all. Yet, the righting-turning ratio increases
from 10 to 40%, while the through ratio decreases from
65 to 35%.

The optimal signal-timing plans for the four sce-
narios are obtained firstly. Then VISSIM simulations
are conducted to collect the following three evaluation
indexes (Fig. 4):

- E1 - average delay of right-turning vehicles in

East/West leg.
- E2 - average delay of through vehicles in East/
West leg.

- E3 —average delay of all the vehicles crossing the

intersection.

The timing plans and values of evaluation indexes
are shown in Table 4.

In Table 1, the right-turning vehicle ratios in East/
West leg are about 15%. From Table 4 we can see that the
difference in optimal timing plans between subsection
2.2 and scenarios C1 and C2 is not significant. This is
because the right-turning ratios under scenarios C1 and
C2 are 10 and 20%. Both of them are close to 15%. In
addition, the number of arrival right-turning vehicles at
each cycle is not large. Thus, there is nearly no spillover
in waiting areas.
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Fig. 4. Comparisons of three evaluation indexes
in different scenarios
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However, the optimal cycle lengths under scenarios
C3 and C4 decrease to 77 s and 66 s respectively. The
decrease is evidence. In these two scenarios, the spillover
in waiting areas 1 and 2 takes place frequently, resulting
in ascent of right-turning and left-turning vehicle delays
in East/West leg accordingly. Under this circumstance,
the green time of phase 2 — g, - should be decreased,
which can reduce the number of vehicles entering the
waiting areas and accelerate the turns of right of way at
the intersection. Meanwhile, it can also reduce the left-
turning vehicle delay induced by spillover. The changing
characteristic of optimal timing plan at HT intersection
is different from that of traditional intersection. At tradi-
tional intersection, the cycle length would be increased
to enlarge the intersection capacity.

Due to the decrease of cycle length, the delay of
through vehicles in East/West leg is increased. Com-
paring with scenario C1, the increased percentages of
E2 under scenarios C3 and C4 are not very significant,
which are 15% and 22.1% respectively. This is because
in East/West leg there are dedicated lanes for through
vehicles. The movements of through vehicles are not af-
fected by the spillover. However, the increased percent-
ages of E1 under scenarios C3 and C4 are significant,
which are 36 and 44.7% respectively. The reason for this
is the arrival number of right-turning vehicles at each
cycle exceeds the capacity of the waiting areas, which
leads to the frequently spillover in waiting areas 1 and 2.
One right-turning vehicle needs about two signal cycles
to cross the intersection.

The increase of E1 and E2 leads to the increase of
E3. However, E3 does not change as drastically as E1.
As the traffic demand and volume ratios in South and
North legs are fixed, the ratio of right-turning vehicle
volume in East/West leg to total vehicle volume of the
intersection is relatively low. Thus, the significant in-
crease of E1 does not lead to the same change of E3.

Table 4. The signal-timing plans and collected
evaluation indexes [s]

Scenario C g o) E1l E2 E3
C1 90 39 39 62.35 | 44.54 | 47.32
C2 88 38 38 69.18 | 48.61 | 52.25
C3 77 35 30 97.36 | 52.38 | 57.81
C4 65 28 27 | 112.83 | 57.16 | 68.37

Conclusions

HT is an innovative traffic regulation scheme at road
intersections to avoid the conflicts between right-turn-
ing vehicles and trams. This paper focused on the opti-
mal signal-timing plan of the HT intersection, which is
still an open question in the literature. Based on holis-
tic analysis of the average vehicle delays in each signal
phase, an optimization model is proposed for the opti-
mal signal plan, with the aim of minimizing the average
delay of all the vehicles in the intersection area. Due to
the complexity of the objective function, a GA is pro-
posed to solve the addressed problem.

A numerical test is built-up based on a realistic in-
tersection with HT scheme in urban Melbourne. Field
survey is conducted at this intersection in the morning
peak and nonpeak periods. Based on the numerical test,
it was shown that the optimal signal plan can signifi-
cantly reduce the average vehicle delay, compared with
the existing signal plan in both peak and nonpeak pe-
riods.

It should be noted that due to the limited space of
the waiting area in the intersection, a spillback of the
HT vehicles would commonly occur if the volume of
right-turning vehicles is high. Such a spillback can in-
herently affect the movement of the vehicles. Hence,
HT scheme is more suitable for the intersections with
low right-turning volume. If the volume of right-turn-
ing vehicles is high, then some other traffic regulation
schemes would be more suitable, including U-turn and
dedicated signal phase, etc.
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