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Abstract: To reduce the delay of left-turning buses and
improve the traffic efficiency at signalized intersections, a
novel variable bus approach lane ( VBAL) control method
based on bus pre-signals is proposed. This method combines
the variable lane with the bus priority pre-signal, and realizes
the left-turning bus priority without causing great impact on
other vehicles. To validate the effectiveness of the method,
the VBAL scheme was compared with the single left-turn lane
scheme ( SLTL) and the double left-turn lane scheme
(DLTL). On this basis, the delay change calculation model of
left-turning buses and through vehicles were established by the
cumulative curve graphic method. The influence of vehicle
proportion and green split on the model was studied through
sensitivity analysis. The results show that VBAL can reduce
the delay of left-turning bus and the increase of through
vehicle delay to the greatest extent. Finally, the scheme was
applied to a real-world intersection, and the results
demonstrate the effectiveness and advantage of the VBAL
scheme.
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us signal priority is of great significance to impro-
B ving bus operating efficiency. Current priority meth-
ods seldom consider left turns; however, some problems
cannot be ignored for left-turning buses. When a bus stop
is located upstream of an intersection, left-turning buses
stopping at the station always experience difficulties in
maneuvering to inner left-turn lanes. More specifically,
an upstream bus stop is located in a curb lane, and buses
have to merge across multiple lanes to reach a left-turn
bay. To solve the merging problem, approaches can be
considered, including constructing double left-turn lanes
(DLTLs) at intersections. However, left-turning buses
still suffer from the difficulty of merging into queuing
left-turning cars, which often queue upstream of bus stops
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during peak hours. To solve this problem, setting up a
dedicated bus lane ( DBL) for left-turning buses can be
considered. In addition, pre-signals can be applied to
provide priorities for left-turning buses.

In the present study, transit signal priority ( TSP),
DBLs, and intermittent bus lanes (IBLs) have been used
to provide bus priorities. By adjusting traffic signal plans
based on bus arrivals, the delay of buses can be re-
duced"’. A DBL can be combined with TSP to improve
its advantage, but it is only suitable for light volumes of
cars because it removes one lane from conventional
lanes''. Viegas et al. ' proposed the use of IBLs, where
cars are forbidden to use lanes downstream of advancing
buses. However, when there is no bus arriving, cars using
such lanes could increase discharges from the arterial®.

In addition, as a common bus priority method, pre-sig-
nals have been widely used in urban road intersections.
There are two types of pre-signals: whole pre-signal and
local pre-signal. In a whole pre-signal, all lanes should
be set with a pre-signal. To accurately evaluate a whole
pre-signal, He et al. "™ proved that bus priorities with pre-
signals could improve the intersection capacity. Follow-
up studies gradually focused on the control model optimi-
zation of pre-signals and the solution method of related
parameters'®"” . To meet the diverse traffic demand of in-
tersections, local pre-signals were proposed. In local pre-
signals, only one or several lanes are set with pre-signals.
In this case, bus priorities can be provided without affect-
ing other movements. A local pre-signal is usually com-
bined with a complex, unconventional design, such as a
contraflow left-turn design''".

However, the two methods will increase the delay of
non-priority vehicles and cause waste of space resources
at intersections when the proportion of left-turning buses
is low. Hence, in this study, a left-turning bus lane is set
upstream of the adjacent lane of a left-turn lane, which is
controlled by a pre-signal. The downstream of the pre-
signal is a variable lane in which buses and non-priority
vehicles are allowed to travel simultaneously. The afore-
mentioned approach can save the lane-changing time for
left-turning buses. Moreover, the non-priority through
vehicles can enter the variable lane, which would mini-
mize the increased delay of non-priority vehicles.

1 Design Concept of VBAL

The intersection implementing the variable bus ap-
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proach lane ( VBAL) scheme shall meet the following
conditions:

1) There shall be at least three or more lanes at the ap-
proach.

2) A sufficient distance shall be reserved between the
stop line and the upstream bus stop.

3) The saturation of the intersection should be less than
0.9.

4) There should be a relatively stable number of left-
turning buses arriving in each cycle.

1.1 Geometric and phase design

The geometric design of the VBAL is shown in Fig. 1
(a), while a reference design for a pre-signal and placard
is shown in Fig. 1(b). The variable lane is located in the
zigzag marking section, which can be used by through
vehicles and left-turning buses at different times. The
shadow area upstream is a dedicated waiting area for left-
turning buses. The section between the two areas is a
lane-changing section for non-priority vehicles.
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Fig.1 Layout of the VBAL. (a) Geometric design; (b) Reference
design for a pre-signal and placard

Three common phases, namely, four-step phase, sin-
gle-approach-released-in-turn ( SARIT) phase, and over-
lapping phase, will be discussed in this section. For the
convenience of description, traffic methods are explained
as follows in the case of the main signal being red,
through green, left-turn green, and through-left green.

1) Queue distribution. Left-turning cars wait in the
left-turn lane. Left-turning buses queue on the bus lane,
and through vehicles wait on the variable or through lanes
(see Fig.2(a)).

2) The main signal is through green. In stage 1, the
through vehicles pass the intersection from a variable lane
or through lanes. Left-turning cars and buses queue up on
the left-turn lane and waiting area, respectively ( see Fig.
2(b)). In stage 2, waiting left-turning buses are allowed
to enter the variable lane ahead of time (see Fig.2(c)).

3) The main signal is left-turn green. In stage 1, left-
turning buses and cars would be released (see Fig.2(d)).
In stage 2, after all the waiting left-turning buses are re-
leased, left-turning cars are allowed to enter the inner
left-turn lane or variable area (see Fig.2(e)).

4) The main signal is through-left green. In stage 1,
left-turning buses pass the intersection through a variable
area (see Fig.2(f)). In stage 2, through and left-turning
vehicles could be allowed to use the variable area to pass
the intersection (see Fig.2(g)).
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Fig.2 Traffic method of the VBAL scheme under different
main signals. (a) Case 1; (b) Case2; (c) Case3; (d) Case 4; (e)
Case 5; (f) Case 6; (g) Case 7

As discussed above, the traffic methods under the three
phases can be obtained by recombining the above situa-
tions. In the four-step phase, the release process of the
vehicle is (a) —(b) —(c) —(d) —(e). In the case of
SARIT, the process is (a) —(f) —(g). In the overlap-
ping phase, the process is (a) —(b) —(f) —>(g) (see
Tab. 1). In addition, the pre-signal cannot turn green in
advance in the SARIT phase because through vehicles
would queue on the variable lane, which leads to the loss
of priority for left-turning buses. Therefore, whether the



Method of the left-turning bus priority at intersections based on a variable lane

197

SARIT phase can be applied to provide priorities for left-
turning buses has great uncertainties.

Tab.1 Steps for vehicle release in the VBAL scheme under
different phases
Phase Steps for vehicles released
Four-step phase (a)—(b)—(c)—(d)—(e)
SARIT (a)—>(H—(g)
Overlapping phase (a) —>(b)—(f)—(g)

1.2 Calculation model of control parameters

The green time of a pre-signal consists of the green
time starting in advance g, and green duration g,. Left-
turning buses can reach the stop line of the main signal
within g,, and the stranding phenomenon is also avoided.

L +1
g =[] (1
83=8, & (2)

where [, and [, denote the length of the variable lane and
lane changing section, m, respectively; v is the average
speed of buses, m/s; L is the lost time of vehicle start-
ing, s; and g, is the left-turn green time of the main sig-
nal, s.

The geometric parameters of the VBAL depend on /|,
l,, and [,, where [, is equal to the approach lanes, and /,
should meet the maximum queuing distance required for
left-turning buses. Suppose that the number of left-turn-
ing buses arriving and departing in each signal period is a
and b, respectively. Then, the probability of « left-turn-
ing buses queuing in the waiting area, P,, can be given
by!"!

(-5

The maximum number of queuing buses M can be ob-
tained by

(3)

ln(l “1- %) )
M= -1 (4)
ln(ﬂ)
b
I, and [, are given by '"*!

I, =Ml, +(M-1)1 (5)

1
I, = f V() cosd,(7)dr (6)

0

where [, denotes the average length of buses, m; [ repre-
sents the safe stopping distance of buses, m; v is the speed
of cars, m/s; and @, is the desired heading angle of cars.

2 Person-Based Delay Model
2.1 Four-phase

Fig. 3 presents the cumulative curves under the VBAL

and SLTL schemes. As shown in Fig.3(a), the average
reduction of the left-turning bus delay under the VBAL
scheme, le, can be calculated as

dF
DF — b
" g, (T)

(7)

[ s.0dr+ [ g(0dr+ [ g0 -Sndr 1 <1

dy ={ : :
[ sidr+ [ q(ndr + [ g0 -S.(ndr 1, =1,
(8

where d; denotes the delay reduction of left-turning bu-
ses, s; S,(#) and S, (#) are the saturation flow rates of a
bus lane and left-turn lanes, pcu/h, respectively; g, (?)
is the arrival rate of left-turning buses, pcu/h; 1) is
equivalent to Ri, which is the red time for the left-turn of
the main signal, s; 75 and 7, denote the time from the be-
ginning of a cycle to the departure time of all queuing
left-turning buses, s, respectively; #;, =R; + g, and g is
the green time of the pre-signal starting in advance, s. As
shown in Fig.3(b), the average increase in delay under
the VBAL scheme, D;, can be calculated as

R 9
T (T)
& = [1nS:(n) ~ (n = DS, (01 dr +
[latn —(n=1s,01a (10)

where d; is the increased delay of through vehicles, s;
S:(?) is the saturation flow rate of the through lane, pcu/
h; g (t) the arrival rate of through vehicles, pcu/h; tz
and ¢_. represent the time from the beginning of a cycle to
the departure time of all queuing through vehicles under
the two schemes, s, respectively; tTD is the intermediate
variable. As shown in Fig. 3(c), the average delay re-
duction of left-turning cars under the VBAL scheme, Di,
can be given by

R (11)
" qu(D)
di = ftkl(m+1)SL(t) - mS (n)dt +
; (12)

[ () = ms.(r)ar

where d; is the delay reduction of left-turning cars, s;
S, (1) is the saturation flow rate of the left-turn lane,
pcu/h; g, (t) is the arrival rate of left-turning cars, pcu/
h, £y =R}; t; and ¢ denote the time from the beginning
of a cycle to the departure time of all queuing left-turning
cars, s, respectively; m is the number of left-turn lanes.
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Fig.3 Comparison of delays between the VBAL and SLTL
schemes. (a) Left-turning buses; (b) Through vehicles; (c) Left-
turning cars

Fig. 4 presents the cumulative curves under the DLTL
and SLTL schemes. The delay variation of left-turning
buses is shown in Fig.4(a). The average delay reduction
of left-turning buses under the DLTL scheme, D:, is
given by

o d
DY = b
*q,(T)

(13)

dr = ﬁnZSL(t) - S, (ndt + ftqb(t) - S (ndt
| (14)

where d. is the delay reduction of left-turning buses, s;
t% and tg are the time from the beginning of the cycle to
the departure time of all queuing left-turning buses in a
cycle under the two schemes, s, respectively. As shown
in Fig.4(b), the average delay increases in through vehi-

cles after setting the DLTL scheme, D?, is given by
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Fig.4 Comparison of delays between the DLTL and SLTL
schemes. (a) Left-turning buses; (b) Through vehicles

The average variation of delays can be calculated as

_D:pbob +D$pT0c _DipLOC
Py0y, + (Pr +pL)o,

Dy = (17)
- Dspbob + D'}[:‘,pTOC

DE =
DLTL
P04 + PO,

(18)

where p,, p;, and p, are the proportions of left-turning
buses, through vehicles, and left-turning cars arriving at
the intersection in a cycle, respectively; o, and o, are the
average number of passengers carried by buses and cars,
respectively.

2.2 Overlapping phase

Fig. 5 shows the cumulative curve of vehicles under the
VBAL and SLTL schemes. As shown in Fig.5(a), the
average reduction delay of left-turning buses in the
VBAL, Df, can be calculated as follows:

Do - d,
*q,(D)

(19)
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fwsb(t)dt +thb(t)dt +thb(z) —S(ndt £ < £

dy =% ; :
[ sunde+ [ g+ [ a0 =S, (ndr 1 =14
(20)

where d_ denotes the delay reduction of left-turning bu-
ses, S. tl/’; =R® +r, R®is the red time of the main signal,
s. ris the red time of the pre-signal when the main signal

shows through green, s. o =R° + 7+ g.

As shown in Fig. 5(b), the delay of through vehicles is
increased after the implementation of the VBAL scheme.
The average increase in delay, D7, can be given by

o)
o_ dr

D =
gD

(21)

where d is the delay increase of through vehicles, s.
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Fig.5 Comparison of delays between the VBAL and SLTL
schemes. (a) Left-turning buses; (b) Through vehicles

The cumulative curves of the DLTL and SLTL schemes
are illustrated in Fig. 6. As shown in Fig.6(a), the aver-
age reduction of the left-turning bus delay under the
DLTL scheme, D;, is given by

_ )
q,(T)

o
b

(23)

4° = f:zsL(z) - S, () dt +ﬁqb(t) - S, (1 dt
(24)

where d_' is the delay reduction of left-turning buses, s.

" =R°.

As shown in Fig. 6 (b), the average increase in the
through-vehicle delay under the DLTL scheme, D(T)', is

schemes. (a) Left-turning buses; (b) Through vehicles

DY = dx (25)
(D)
4o, = fT"nST(t) —(n-1)S(ndt +
[0 = (n = D8 (nas (26)

where d9 is the increase in delay for through vehicles, s.
The average delay variation of the schemes can be cal-
culated as follows:

-DJp,o, +D{pro,

DS, = 27

VBAL POy + P10, (27)
- D! p,o, + D% pro,

Dy = (28)

pbob +pT0c
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3 Sensitivity Analysis

A sensitivity analysis was conducted using MATLAB
(2017a) to analyze the impacts of the vehicle arrival rate,
green split of the main signal, and proportion of vehicle
types. Suppose the cycle length was 180 s. The saturation
flow rates of left-turn lanes and through lanes were 0. 3
and 0.6 veh/h, respectively. The saturation flow rate of
left-turning bus lanes was 0.5 veh/h. The average pas-
senger occupancy of cars and buses was 5 and 40 per/
veh, respectively. The advance time of pre-signal was
9 s.

As shown in Fig. 7(a), the delay reduction of left-turn-
ing buses in the VBAL scheme is larger than that in the
DLTL scheme. the VBAL scheme with an
overlapping phase has the largest reduction of left-turning
bus delay. The greater the arrival rate of left-turning bu-
ses, the greater the delay reduction. As shown in Fig. 7
(b), with the increase in green split, the reduction in the

Moreover,

left-turning-bus delay gradually decreases. In the two

phases, the reduction in the left-turning-bus delay in the
VBAL is greater than that in the DLTL.
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As shown in Fig. 8 (a), the delay increase of the
VBAL scheme is the lowest under the overlapping phase,
and the curve of the increase in delay tends to be flat with
the increase in the arrival rate of through vehicles. While
the arrival rate of through vehicles reaches approximately
3 000 veh/h, the increase in delay would significantly in-

crease. As shown in Fig.8(b), the increase in delay un-
der the VBAL scheme is lower than that in the DLTL
scheme. Clearly, the curve of the VBAL scheme gently
changes around 0, which proves the implementation ad-
vantage of the VBAL scheme again.
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Fig.8 Delay increase of through vehicles under different pa-
rameters. (a) Arrival rate; (b) Green split of the main signal

As shown in Fig. 9(a), the greater the proportion of
left-turning buses, the greater the reduction of delay on
the approach road. The DLTL scheme under the overlap-
ping phase is not suitable for intersections because al-
though its delay shows a downward trend, the variation of
delay is always positive. In the other three schemes, the
VBAL scheme with an overlapping phase has the largest
delay reduction. As shown in Fig.9(b), it has the oppo-
site tendency as compared to that in Fig. 9 (a). The
VBAL scheme with an overlapping phase has the largest
delay reduction.

4 Case Study

The effectiveness of the three schemes was evaluated at
an intersection, i.e., the Furong-Xinyao Road located in
Changsha. The traffic volume during the peak period is
shown in Tab.2. The overlapping phase was adopted in-
the north approach. Hence, the north approach was se-
lected to evaluate the three schemes. Meanwhile, the sig-
nal timing of the VBAL scheme was obtained based on
Egs. (1) and (2), as shown in Fig. 10. According to
Eqgs. (3) to (6), [, and [, are 32 and 14 m, respectively.
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Tab.2 Traffic flow at the intersection
Traffic volume /(veh - h™!)

Le Type
& P HT LT RT
Cars 214 811
East
Buses 0 23
Cars 134 531 154
West
Buses 0 28 3
Cars 1938 132
South
Buses 43 0
Cars 2577 518 703
North
Buses 55 27 23

Note: LT, HT, and RT refer to the left-turn, through, and right-
turn movements, respectively.
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Fig.10 Signal timing. (a) Before optimization (b) After optimi-
zation

We inputted the above data into the delay model, and
the results are shown in Tab. 3. In the VBAL scheme,
the delay of left-turning buses decreased by 5. 56 s,
whereas in the DLTL scheme, it only decreased by 0. 05
s. For through vehicles, the delay of the DLTL and
VBAL schemes increased by 8.2 and 0.85 s, respective-

ly. Hence, the VBAL scheme can effectively reduce the
delay of left-turning buses and minimize the increase in
through-vehicle delay.

Tab.3 Comparison of the average variations

Schemes Vehicle type Delay variation/s
LT buses -5.56
VBAL
HT vehicles 0.85
LT buses -0.05
DLTL .
HT vehicles 8.20

To further verify the applicability of the method, VIS-
SIM11.0 was used to simulate the three schemes. As
shown in Tab. 4, the delay reduction of left-turning buses
is lower under the DLTL scheme than that under the
VBAL scheme, whereas the delay of through vehicles
was significantly increased. The queue length of the left-
turn lane in the VBAL scheme was less than that of the
DLTL scheme, but the queue length of through vehicles
was slightly increased. Hence, the VBAL scheme is more
suitable than the DLTL scheme.

Tab.4 Simulation results of each scheme

Schemes Type Delay/s Lane Queue length/m
LT cars 151.30
LT buses 40. 80 LT 332.9
VBAL
HT cars 133.90 HT 470.2
HT buses 41.89
LT cars 199.58
LT buses 32.80 LT 355.8
DLTL
HT cars 172.59 HT 467.2
HT buses 45.21
LT cars 173.19
LT buses 93.39 LT 427.9
SLTL
HT cars 132.51 HT 433.1
HT buses 40.19

5 Conclusions

1) This paper presents a novel left-turning bus priority
method called VBAL. Under this method, left-turning
buses are provided with priorities by combining a variable
lane and local pre-signal. Accordingly, the increase in
through-vehicle delay can be minimized.

2) As an evaluation method, a cumulative curve was
used to establish a delay calculation model. On this ba-
sis, the VBAL, DLTL, and SLTL schemes were com-
pared through sensitivity analyses and case studies, and
the results validated the feasibility of the VBAL scheme.

3) In the real world, variable areas are crowded with
other vehicles, and a through vehicle getting stuck in a
VBAL would occur. These problems need the implemen-
tation of electronic signs, movable guardrails, and other
traffic facilities.
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(FHKFRBFER, K& 130022)

HE ARV ABATERE, RGXX0BAXE,RET —HATAXAESTOTEALE S F %
(VBAL). Z7 ¥ TEEEEARXKATRETHES, AR LMt mBR KFraeg A L, 2T £
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