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Abstract. This study analysed unbalanced traffic distribution on Triple Left-Turn Lanes (TLTLs) at signalized intersections
that is caused by left-turn drivers’ unequal lane preferences. To develop statistical bonding between the multilane traffic
flow and individual lane choices, the lane volumes are formatted as compositional data to subject the sum-constant con-
straint. One-way and two-way Compositional ANalysis Of VAriance (CANOVA) models were formulated respectively to
estimate the independent effect of one factor and its joint effects with other factors on the multilane traffic distribution.
TLTL volume composition was the dependent variable of the models, while the factors of geometric design and traffic con-
trol that could affect left-turn drivers’ lane choice were the independent variables. Results indicate that variance of vehicle
turning curve, length of the upstream segment, the location of triple left-turn sign, signal phase / cycle length, could affect
the traffic distribution, and its balance could be achieved at specific levels of a factor. The joint effects of some factor cou-
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ples could improve the unbalanced traffic distribution while others could not work.

Keywords: traffic distribution, driver’s lane choice, geometric design, traffic control, CANOVA.

Notations

ANOVA - analysis of variance;
CANOVA - compositional ANOVA;
CT - central tendency;
ILR - isometric log-ratio transformation;
LTL - left-turn lane;
MSD - metric standard deviation;
TLTL - triple left-turn lane.

Introduction

Turning vehicles merge as one traffic movement or diverge
to different destinations at signalized intersections. Due to
the limited space of the intersection approach, the number
of traveling lanes on each approach is normally constant.
The lanes are assigned to through, right-turn and left-turn
traffic according to their demands. The traffic with the
heavier demand is allocated to more lanes. The capacity
of these multiple lanes serving the same traffic is directly
related to the saturation flow rate of each lane, so most

studies of multilane operation concerned about how to
maximize the rate (Bagheri et al. 2015; Chen et al. 2011;
Cooner et al. 2011; Yi et al. 2012; Zhao et al. 2017). How-
ever, compared with the variation of lane saturation flow
rates, another reason of multilane capacity reduction, mul-
tilane underutilization, has attracted much less attention
previously, thus which is the main concern of this study.
Underutilization is a term to depict the unsatisfac-
tory performance of multilane infrastructure under the
influence of unbalanced lane traffic distribution. Since
lane volume is the aggregated outcome of some drivers
choosing a lane, multilane underutilization reflects the
condition that a large part of the driver group on multi-
ple lanes prefer to a specific lane, rather than treating the
lanes equally. Naturally, in order to improve multilane un-
derutilization, it should induce a part of the drivers who
originally have such lane preference switch to other lanes
instead, which head to the same destination as their origi-
nal choices. Unfortunately, this idea has not been applied
in the work of improving multilane underutilization. For
example, some studies pointed out that multilane satura-
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tion flow rates could be influenced by travel demand, lane
changing rates or road geometrics (Qi et al. 2013; Ring,
Sadek 2012; Sando, Moses 2009; Yeom et al. 2014; Yousif
et al. 2013; Pompigna, Rupi 2017). These factors have been
considered in the work of optimizing lane assignment of
multiple lanes together with signal timing to maximize the
entire approach capacity or minimize total traveling de-
lay (Wong, Heydecker 2011; Zhao et al. 2013; Zhou et al.
2016; Alhajyaseen et al. 2017). The lane assigning methods
can adjust the number of the lanes serving the traffics in
different directions, but they did not take the existence of
multilane underutilization into account.

To adjust drivers’ lane preferences in a multilane infra-
structure, critical work is to identify the influential factors
of the preferences, which is the prerequisite of improv-
ing or preventing multilane underutilization by changing
road geometrics or traffic controls. Lane utilization is an
index to measure the underutilization degree, which was
proposed by Highway Capacity Manual (TRB 2000). This
index is calculated by dividing the ratio of average lane
volume with the highest one in a lane group. Such a cal-
culating method does not reflect the utilization of each
lane belonging to the same lane group. Hence, it can-
not be used to reveal lane choice pattern of the drivers
in multilane context, as the usage of each lane measures
the possibility of it being chosen by the drivers. To solve
this problem, this study proposed a new way to measure
multilane traffic distribution and a statistical method to
find out the causes of multilane underutilization as well as
unbalanced lane preferences of the drivers travelling on it.

This study takes TLTLs at urban signalized intersec-
tions as a case study. The main contributions of this study
are summarized as follows. The first and the most impor-
tant one is that some factors of roadway geometric and
traffic control that independently or jointly influence the
usages of the three LTLs are identified. Unlike relevant
previous studies (Sando, Moses 2009; Cooner et al. 2011),
the findings of this study are founded on a solid connec-
tion between lane usages and drivers’ lane preferences.
Hence, it is reasonable to claim that a factor influences
the drivers’ LTL preferences if it does lead to a variation
of traffic distribution on the TLTLs. The second contri-
bution is that three TLTL volumes are organized as the
compositional data to measure lane traffic distribution on
the TLTLs, instead of using the indicator of lane utiliza-
tion. The constant-sum constraint subjected by the com-
positional data is theoretical basis of intrinsic connection
mentioned in the first contribution. Such constraint en-
sures the connection constantly effective in the composi-
tional regression analysis that is to identify the influential
factors of the drivers’ LTL choices. This work is incapable
if takes the lane utilization as a dependent variable in the
statistical analysis. The third contribution is that a novel
method was introduced to estimate the compositional
regression model. The method solves the problem that
multivariate data, such as the LTL usages, which subjects
to the constant-sum constraint cannot be analysed by the
traditional multivariate regression model. It makes it pos-
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sible to infer drivers’ LTL preferences in virtue of the com-
positional regression analysis.

The rest of this paper is organized as follows. Section 1
describes the methodology used in this study. Section 2
provides the information of data collection work. Section 3
introduces the way of interpreting the analysis results with
some examples. Section 4 discusses the results from the
viewpoint of traffic distribution as well as individual driv-
ers. Last section concludes the findings of this study and
points out some directions for future improvements.

1. Methodology
1.1. Data

Compositional data, or composition, is a vector with sev-
eral elements. Each element is a compositional compo-
nent. It represents the portion of the value of a specific
vector element with respect to the value of all elements
(Aitchison 1982). Three lane volumes of the TLTLs can
be formatted into the TLTLs volume composition V; as:

V, =| VIL, VML, VOL], (1)

where: V; contains three intrinsic bonds of lane volumes
and drivers’ lane choices at the TLTLs. The first bond is
that the number of individual LTLs is the size of the lane
choice set for the left-turn drivers, which equals three. The
number also refers to the dimension of the volume vector
of the TLTLs v; (Equation 2), which is the original form
of Vi

vy =[ vil,yml,vol |, )

where: vil, viml, vol are the volumes of the inside, median
or outside LTL, respectively. Each vector element records
the number of left-turn drivers appearing on the inside,
median or outside LTL during volume counting period.
The second bond is that the proportion of vil, vml or vol
with respect to the total volume of v; measures the prob-
ability of each LTL being chosen by the drivers. Such a
probability can be extracted from v; by normalizing it
(Equation 3), which is named as closure operation in the
compositional statistics (Aitchison 1982):

C(v3)=k-[vil’, yml', vol']=k“’§’ 3)

where: v} is the ratio-scaled TLTLs volume composition;
k is the total volume of the TLTLs; vil', vml' and vol' are
the closed LTL volume components. The last but not the
least bond is that vil’, vinl' and vol’ subject to the constant-
sum constraint (Equation 4), which reflects the feature of
either-or lane choice of each left-turn driver:

vil' +vml'+vol' =1. (4)

Note that the ratio-scaled vj is reduced from original
volume count data. In term of statistical analysis, the rep-
resentativeness of vil', vml' and vol' for the drivers’ LTL
preferences is guaranteed only if total vehicle counts in the
LTL volume are large enough. If so, the variation of total
vehicle counts can be assumed to be irrelevant to the mean
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variation of vil', vml' and vol'. Such assumption stands
when total counts at least have the scale of hundreds (Van
den Boogaart, Tolosana-Delgado 2013), but such scale is
hardly achieved for the left-turn vehicles arriving at an
intersection in a signal phase or cycle period. Therefore,
sampling error of left-turn volume data should be con-
sidered in the statistical analysis of vj. In this sense, v} is
formatted as ratio-scaled count compositional data V; to
characterize the uncertainty of the drivers’ LTL choices.
The format of V; is shown in Equation (1), in which VIL,
VML and VOL are count compositional components. The
components are subjected to the constant-sum constraint
as v does:

VIL + VML + VOL = 1. (5)

Based on abovementioned three bonds, it is reasonable
to take V; as the dependent variable of the compositional
statistical analysis to infer the influences of external fac-
tors on drivers’ LTL preferences from the variation of the
LTL volumes. This study develops two compositional re-
gression models to achieve this target. The models will be
introduced in the next section.

1.2. Model

The constant-sum constraint subjected by V; is the most
intrinsic bond of lane volumes of the TLTLs and driv-
ers’ LTL choices, so it is important to hold it in statistical
analysis. However, the constraint does not exist if operates
V7 as a real vector. The statistical models defined in sam-
ple space for the real vector is not suitable for the com-
positional statistical analysis holding the constraint. To
solve this problem, Aitchison (1982) defined a new sam-
ple space, namely the 3-part simplex S* to organize the
compositional data and conduct relevant analysis. For the
TLTLs volume composition, S* presents as an equilateral
triangle (VIL, VML, VOL) in Figure 1. All possible values
of the TLTLs volume composition falls into the triangle.

Aitchison (1982) also defined a set of operations to
operate the compositional data in the simplex. The opera-
tions function similarly with the ones that are applicable
for real vector. For example, the function of perturbation
(@) or powering (@) is equivalent to the one of vector
summation or multiplication in real space.

Viewing direction

Figure 1. 3-part simplex S3

A statistical model can be defined in S® with the Aitch-
ison (1982) operations to identify the influential factors
for traffic distribution on the TLTLs. The factors consid-
ered in this study cover the aspects of roadway geomet-
rics and traffic signal control. Since the factor values are
constant in each study site, so they are taken as categori-
cal independent variables of the compositional regression
model. Their average influences on drivers’ LTL choices
can be inferred from the variation of the mean value of
V3, V3 in virtue of a one-way CANOVA model:

73 =0 ®p, De, (6)
where: i = [ﬁ, VML, VOLJ ;o= [otin, Oyed > Cout ], is
the compositional constant; f; = [Bi_m, Bizsmed> Bi—out ] is

the compositional coeflicient at the ith level of B, and its
components correspond to the ones of V; one by one;
€5 = [ain, €1ned> Eout ], is assumed to subject to normal dis-
tribution in S* with null compositional expectation and a
constant variance.

B; subjects to a compositional constant set {Bp By
By }, while p is level number of . At the oth level of f3,

V5 has a conditional expected value, p,:

ho =E[V; 1B =B, |-0 ®B,. )

However, L, is not unique, as u, can always be ob-
tained by replacing o and B, by another compositional
constant o and B, =, @(a* S a) respectively:

a*GBB;:a*@Bo@(a*@a):a@Bo. (8)

If so, the estimated coeflicients are non-identifiable.
To avoid this condition, the CANOVA model needs to be
reformulated into an equivalent version with identifiable
coefficients. The first level of B can be assumed to have
no effect on V;. When [ upgrades from its first level to a
higher level, the variance of V; can be interpreted as its
average response to the level change of B if the effect of 8
is significant.

Besides the effect of one factor, two factors of roadway
geometric and traffic control could be improved together
in engineering practice. In this case, their joint effect on
V; should be identified in virtue of a two-way CANOVA
model to measure the marginal factor effect based on the
independent effect of the two factors:

V;=a®B; ®1, O A, e, )

where: A, = [kk_in, Me—med > Me—out ]’ is the composi-
tional regression coeflicient of ?», at its kth level; B-2. 5 =
[B-Kjk_in, B ik—med> B'Mk-m} is the coefficient under
the joint effect of the {3 at its jth level and A at its kth level.
In the two-way CANOVA, there is a similar concern of
non-identifiable factor coefficient as it appears in one-way

CANOVA. Hence, a combination of the base levels of two
factors should be specified before joint effect estimation.
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The factor couples whose joint effect will be analysed and
their base levels are defined in Section 3.2.

A “staying-in-the-simplex” approach is applied to esti-
mate the parameters of the CANOVA models (Pawlowsky-
Glahn et al. 2015). This approach is found on a theory of
“the principle of working in coordinates” (Mateu-Figueras
et al. 2011), which can project the compositional data V;
defined in S” to the real space by ILR and obtain its Carte-
sian coordinates with respect to a new orthonormal basis.
In the basis, the angle and distance of the compositional
data is not changed and the obtained coordinates referring
to the basis have released the constant-sum constraint and
became real unbounded values. Hence, it can be analysed
straightforwardly with the desired traditional statistical
method. The way of developing an orthonormal basis can
refer to the literature (Pawlowsky-Glahn et al. 2015; Van
den Boogaart, Tolosana-Delgado 2013). Based on the de-
veloped orthogonal basis, the univariate one-way or two-
way CANOVA model defined in S* can be translated to
the multivariate ANOVA model defined in real space as:

ILR(Vy ) = ILR(c) + ILR(B; ) + ILR(e);
ILR(V; )= ILR () + ILR(B; ) + ILR (A )+ ILR (-2, )+ ILR (),
(10)

where: ILR(S) subjects to the normal distribution. The
model estimation is conducted in the orthonormal basis,
so the estimated coefficients of influential factors have to
be interpreted on the basis. They don’t one by one cor-
respond to LTL volume components defined in S3, which
makes the interpretation hardly understood. If translate
the coefficients back to S* by inverse ILR transformation,
each component has its own coeflicient referring to a fac-
tor, which is much easier to interpret in terms of the vari-
ations of LTL volumes and drivers’ LTL choices.

2. Data collection

2.1. Case study

Four TLTLs equipped at the signalized intersections in
Shanghai (China) were selected as a case study. Figure 2
illustrates their configurations: (1) three unshadowed
LTLs; (2) one shadowed LTL and two unshadowed LTLs.
A shadowed LTL is a lane used to accommodate more left-
turn traffic near the stop line by occupying the space of
opposite approach. Each lane of the TLTLs is named ac-
cording to its distance to the road central line. The closed
one is the inside LTL, the furthest one is the outside LTL,
and the one between them is the median LTL.

The right of way of left-turn traffic was regulated by
an exclusive signal phase at the signalized intersections.
LTL volumes were counted in green and red phases re-
spectively, and they were summed up as the cycle volume.
Correspondingly, three scenarios were set to analyse traffic
distribution on the TLTLs: (1) ST1 that refers to red phase;
(2) ST2 that refers to green phase; (3) ST3 that refers to
entire signal cycle. To reduce sampling error, enough vehi-
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cles should be counted into the volume data. So only, the
signal phase during which at least eight vehicles arrive at
one LTL was considered as eligible study period. This rule
is stricter than the one used in the survey of lane satura-
tion flow (TRB 2010). The volumes were collected in 336
red/green phases (or 168 cycles). A vehicle was counted
when it arrived at the queue back, as it cannot change to
other lanes until the queue discharged again. If no queue
existed, it was counted in at the stop line. One heavy ve-
hicle was equivalent to two passenger cars in the volume,
which refer to the regulation used in China.

The influential factors of left-turn traffic distribution
are listed in Table 1. They cover the aspects of traffic signal
timing and roadway geometrics. The measures of some
factors are illustrated in Figure 3. The values of all factors
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Figure 2. Typical layouts of TLTLs: a — without shadowed line;
b - with shadowed line
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Table 1. Factor list
Category No Name Unit Measure Priority
Traffic control | FO | Length of signal cycle s | Counted in per cycle 6
F1 | Length of red phase s | Counted in red phase 6
F2 | Length of green phase s | Counted in green phase 6
F3 | Distance to the first TLTLs sign m | Measured from the end of white solid line to the first 6
TLTLs sign at upstream
Geometric F4 | Length of upstream segment m | Measured from the end of solid lane separation line 1
design to the start of road segment
F5 | Length of longitudinal movement | lane |Measured in lane number
F6 | Length of lateral movement lane | Measured in lane number 3
F7 | Number of other traffic lanes lane | Total number of through and right-turn lanes in the
same approach of the TLTLs
F8 |Shadowed LTL binary | 0 if not equip the shadowed LTL; 5
1 if equipped the lane
Table 2. Factor measurements
Site 1 Site 2 Site 3 Site 4
No | B Hengfeng Road at Tianmu | EB Pujian Road at Pudong EB Yanan Road at Shimen WB Zhoujia Zui Road
Western Road Sourthern Road First Road at Inner Ring Line
FO 219 s (2nd) 104 s (1st) 242 s (4th) 230 s (3rd)
F1 183 s (2nd) 76 s (1st) 194 s (3rd) 184 s (2nd)
F2 36s (1st) 28 s (1st) 48 s (2nd) 46 s (2nd)
F3 94 m (1st) 157 m (2nd) 180 m (3rd) 200 m (3rd)
F4 142 m (1Ist) 172 m (2nd) 195 m (3rd) 300 m (4th)
F5 6 (3rd) 5 (2nd) 3 (1Ist) 5 (2nd)
F6 4 (2nd) 3 (1st) 4 (2nd) 4 (2nd)
F7 3 (2nd) 2 (1st) 2 (1st) 4 (3rd)
F8 Yes (2nd) No (1st) No (1st) Yes (2nd)

Notes: SB — South Bound; EB - East Bound; WB - West Bound.

are constant at each site, so their impacts work on total
frequency left-turn drivers selecting an LTL in the volume
counting period. In Equations (6) and (9), the factors are
set as ordinal categorical variables except F5 as an unor-
dered binary variable. Table 2 lists the value of each factor
at each site, which are assigned with a factor level marked
as “1st’;, “2nd’, “3rd” or “4th”. The criteria of factor level
division are: (1) the interval between two successive levels
of FO, F1 or F2 is more than 10 s; (2) the levels of F5, F6
and F7 are divided lane by lane; (3) the gap between two
successive levels of F3 or F4 is 20 m.

In addition, each factor is assigned with a priority
number. The priorities are ordered according to the se-
quence of their confirmations in a roadway design pro-
cess. The length of the upstream segment of the TLTLs F4
is confirmed when planning roadway network, so F4 is
assigned with the highest priority. The length of the lon-
gitudinal movement of left-turn vehicles F5 is determined
by the width of crossing road of the TLTLs. Since F5 is
harder to adjust than the width of the opposite approach
of the TLTLs F6, so the priority of F5 is higher than the
one of F6. The number of through and right traffic lanes
within the same approach of the TLTLs F7 could be ad-
justed if F6 needs to change, so F7 has the lower priority

than F6. The shadowed LTL only accommodates left-turn
traffic, so its priority is lower than F4, F5, F6, and F7. The
settings of traffic control devices, such like traffic signal -
F0, F1 and F2, or lane direction sign F3, is easier to adjust
than others, so they are assigned with the lowest priority.

2.2. Descriptive analysis

The TLTLs volumes collected in red phase ST1, green
phase ST2 and signal cycle ST3 are organized in the for-
mat of V3, and their distributions in S* are shown in Fig-
ure 4. The crossing point of the dotted lines in each graph
refers to the balanced status of the TLTLs volume compo-
sition, i.e., [0.33, 0.33, 0.33]. If one sample of the composi-
tion is closer to the point VIL with respect to the points
VML or VIOL, the value of VIL is larger than VML or
VOL. In other words, in the subject period, more drivers
choose the inside LTL than the median LTL or the outside
LTL. It results in unbalanced left-turn traffic distribution
on the TLTLs.

Figure 4 shows that the left-turn traffic distribu-
tion is gradually out of balance from red phase ST1 to
signal cycle ST3 then to green phase ST2. This trend is
also observed from the descriptive statistics in Table 3.
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Figure 4. Sample distributions of the TLTLs volumes in: a — red phase; b — green phase; ¢ - signal cycle

Table 3. Descriptive statistics

CT
Scenario MSD
VIL VML VOL
ST1 0.331 0.356 0.313 0.255
ST2 0.306 0.377 0.317 0.487
ST3 0.326 0.362 0.312 0.249

CT measures the mean value of VIL, VML or VOL among
all samples, while MSD measures the average spread of VIL,
VML or VOL to CT. The MSD in ST2 (0.487) is larger than
the one in ST1 (0.255) or ST3 (0.249). This indicates that
the compositions spread wider in the green phase than in
the red phase, while it spreads the least in cycle period. In
addition, the CT of VIL in ST1/ST3 (0.331/0.326) is smaller
than the one of VOL (0.313/0.312). It means that the inside
LTL attracts more drivers than the outside LTL in red phase
or cycle period, but it becomes less attractive in green phase
period reversely. VML equals 0.356 in ST1, 0.377 in ST2
and 0.362 in ST3, so the median LTL always attracts the
largest portion of left-turn traffic. Finally, sample distribu-
tion in ST1 looks similar to one in ST3. It could be owing to
the much shorter length of green phase than the red phase
assigned to left-turn traffic. Since the amount of green
phase volume is less than the one of red phase volume, cy-
cle volumes, as their summation, could be similar to red
phase volume in terms of volume amount and composition.

3. The way of results interpretation

3.1. One factor effect

The R package “compositions” (Van den Boogaart, To-
losana-Delgado 2013) was applied to develop and estimate
the CANOVA models. Null hypothesis H;, of the one-way

CANOVA model in Equation (6) is that V; has the same
expectation at different levels of a factor. The hypothesis
is tested at 90, 95 or 99% confidence level, and the test
results are listed in Table 4. The estimated values of V;
under the factor effect at its different levels are reported in
Table 5 in the compositional way. Each factor is assumed
to have no effect on Vj at its first level, and the variance
of V5 is caused by the upgrade of the factor level. The

values of VIL, VML and VOL after the level change are

obtained by adding their values at the first level of a factor
to the coeflicient obtained after the factor level upgrading.
By comparing the value of VIL, VML or VOL, with its
balanced status, i.e., 0.333, it can find if the change of the
factor level could improve or worsen the balance of the
TLTLs traffic distribution. The state of V; that is most
close to the balanced status is underlined in Table 5.

To explain how to interpret the results of one-way
CANOVA, it takes the results of F0 in ST3, i.e., the length
of the signal cycle, as an example. FO has four levels in this
study (Table 2). The regression coeflicients of FO and the
values of V; under its influence are demonstrated in Fig-
ure 5. L1...Ln indicates the ascending order that is used
to report the values of V; from the first level of FO to
its highest level. The sign “7” or “\” illustrates the vary-
ing trend of VIL, VML and VOL between two levels of
F0. The values of VIL, VML and VOL or the regression
coeflicients of FO satisfies the sum-constant constraint; in
other words, their summations equals 1. The regression
intercept of VIL at the first level of FO is 0.398 (see “VIL
” column, “Coefficient” row, Table 6), which also refers to
the value of VIL without the influence of FO (see “VIL”
column, “Component” row, Table 6). This value is larger

Coefficient of FO at ST3

107 ———— 107 — =[O
0.9 - 0.9 E“

P 0 vme

Composition of F0 at ST3

0.8 1 0.8
- el B

207 0.7

g

© 3

£ 06 Ul B os

=} (9]

-

2 05 E s

= g

N

S 04+ g 04

%D —

5 03 0.3 -
02 4 02 -
0.1 0.1

0 -

L1 L2 L3 L4 L1 12 L3 14

Figure 5. The graph of compositional regression coefficients
and the values of V; under different level effects of FO
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Table 4. Significant test of one-factor effect on ?3
Factor
Scenario Statistics
FO F1 F2 F3 F4 F5 F6 F7 F8
Degree of freedom -- 2 -- 2 3 2 1 2 1
ST1 F-value - 19.483 - 15.865 13.464 4.361 39.043 12.262 26.864
Significance -- <0.001 -- <0.001 <0.001 <0.01 <0.001 <0.001 <0.001
Decline H,, -- yes -- yes yes yes yes yes yes
Degree of freedom -- -- 1 2 3 2 1 2 1
ST2 F-value -- -- 2.232 1.310 4.193 2.778 0.891 6.187 4.992
Significance - - >0.1 >0.1 <0.001 <0.001 >0.1 <0.001 <0.01
Decline H, -- -- no no yes yes no yes yes
Degree of freedom 3 - -- 2 3 2 1 2 1
T3 F-value 17.737 -- -- 16.487 17.737 4.015 41.012 19.940 42.613
Significance <0.001 -- -- <0.001 <0.001 <0.01 <0.001 <0.001 <0.001
Decline H, yes -- -- yes yes yes yes yes yes
Table 5. The value of g under one factor effect
Factor VIL (L1...Ln) VML (L1...Ln) VOL (L1...Ln)
Scenario ST1
F1 (3 levels) 0.409 / 0.302 / 0.334 0.346 / 0.363 / 0.338 0.245/ 0.335/ 0.327
F3 (3 levels) [0.409/0.308 / 0.313 0.346/ 0.357/ 0.356 0.245/0.335/ 0.331
F4 (4 levels) 0.308/ 0.409/ 0.335 / 0.334 0.357 / 0.346 / 0.338 / 0.371 0.335/0.245 / 0.327 / 0.295
F5 (3 levels) |0.334/0.291 / 0.308 0.338 / 0.362 / 0.357 0.327 /0.347 / 0.335
F6 (2 levels) 0.409 / 0.311 0.346 / 0.356 0.245/0.333
F7 (3 levels) 0.371/0.308 / 0.295 0.344 / 0.357 / 0.371 0.285/0.335/0.334
F8 (2 levels) [0.371/0.302 0.344 / 0.363 0.285/0.335
Scenario ST2
F1 (3 levels) -- -- --
F3 (3 levels) |-- -- --
F4 (4 levels) |0.317/0.329/0.349 / 0.237 0.357 / 0.372/ 0.359 / 0.423 0.326 / 0.299 / 0.292 / 0.341
F5 (3 levels) 0.349/0.278 / 0.317 0.355/0.400 / 0.357 0.296 / 0.322 / 0.326
F6 (2 levels) | -- -- --
F7 (3 levels) ]0.339/0.317/0.237 0.366 / 0.357 / 0.423 0.295/ 0.326 / 0.340
F8 (2 levels) |0.339/0.282 0.356 / 0.385 0.305/0.333
Scenario ST3
F1 (3 levels) 0.398 / 0.306 / 0.279 / 0.341 0.354 / 0.360 / 0.382 / 0.343 0.248 / 0.334 / 0.339 / 0.316
F3 (3 levels) |0.398/0.306/0.311 0.354 / 0.360 / 0.360 0.248 / 0.334 / 0.329
F4 (4 levels) 0.306 / 0.398 / 0.341 / 0.279 0.360 / 0.354 / 0.343 / 0.382 0.334/0.248 / 0.317 / 0.340
F5 (3 levels) [0.331/0.333/0.306 0.343/0.372 / 0.360 0.307 / 0.295/ 0.334
F6 (2 levels) [0.398 /0.307 0.354 / 0.362 0.248 / 0.331
F7 (3 levels) 0.369 / 0.306 / 0.279 0.350 / 0.360 / 0.382 0.281 / 0.334 / 0.339
F8 (2 levels) [0.369 /0.295 0.350 / 0.369 0.281 / 0.336
Notes: “--” - not applicable; underline - indicates the lane distribution that achieves relative balanced status.
Table 6. The regression coefficients and the values of ?3 under different level effects of FO
Scenario ST3
Factor Estimate VIL (L1...Ln) VML (L1...Ln) VOL (L1...Ln)
Signal cycle length | Coefficient [0.398 /0.245/0.222/0.276  [0.354/0.324 /0343 /0.312 [0.248 / 0.430 / 0.435 / 0.412
FO (4 levels) Component |0.398/0.306 /0.279 / 0.341  |0.354 / 0.360 / 0.382/ 0.343 | 0.248 / 0.334/ 0.339 / 0.316

Notes: underline - indicates the lane distribution that achieves relative balanced status.
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than the value of VML or VOL, i.e., 0.354 or 0.248 (see
“VML” or “VOL” column, “Component” row, Table 6).
It means that more drivers choose the inside LTL instead
of the median or outside lane when the value of FO is at
its first level. If FO upgrades to the second, the third or
the forth level, the coefficient of VIL equals 0.245, 0.222
or 0.276, each of which is smaller than 0.333. The results
mean that continuously upgrading FO’s level could keep

reducing the value of VIL with respect to the one at the

first level (see 0.398 > 0.306 / 0.279 / 0.341 in “VIL ” col-
umn, “Component” row, Table 6). In other words, the
probability of the inside LTL being chosen by the left-turn
drivers could decline with the increased length of signal
cycle. Such meanings are similar with the case that a nega-
tive coeflicient of an independent variable is obtained in
a normal linear regression analysis. Due to the sum-con-
stant constraint, the loss of VIL is added up to the values
of VML and VOL. At the individual level, it indicates
that the driver is more likely to choose the median or out-
side LTL if the signal cycle prolongs.

3.2. Joint factor effect

The joint effect of two factors on V; measures the mar-
ginal effect of a factor on the basis of the independent
effect of another factor. The value of V; under the joint ef-
fect are estimated from the selected base levels of a factor
couple when their values change from the base levels to
other ones simultaneously. Table 7 lists the factor couples
considered in this study. A couple is selected if a factor has
the higher priority than another one. The factor priorities
are listed in Table 1. The factor with the high priority and
the one with the lower priority respectively refer to “major
factor” and “joint factor” here. Note that some factor cou-
ples are not taken into account. Since the drivers on the
TLTLs (“A” in Figure 2) hardly observe the crossing road,
especially in heavy traffic, so the joint effect of F5 with F3
or F4 are not analysed. In addition, the traffic distribution
and the significant influential factors in ST1 and ST3 are
similar (Table 4), so the two-way CANOVA are not made

for the V; in ST3.

To compare with the results of one-way and two-way
CANOVA, the base levels of the factor couple applied in
the two-way CANOVA contain the first level of the ma-
jor factor. Such a setting can help us to investigate if a
level change of the joint factor could rebalance the uneven
traffic distribution on the TLTLs caused by the upgraded
level of the major factor. The null hypothesis of the two-
way CANOVA is that V; has the same expectation at
different level combinations of a factor couple, which is
tested at 90, 95 or 99% confidence level. Test results at
the different combinations are listed in Table 8, and the
values of the estimated V; are reported in a composi-
tional way. In the table, the base level combination of a
factor couple is marked as “1”, such like “F1(2)xF4(1)” in
“V, in ST1” column, “F1xF4” row. The joint effects of
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the factor couple on V; are reported in other columns
marked by “1—52/3/4” if their level combination changes
from the base one to other one. The effect is marked by
“I” if the upgraded factor levels improves the unbalanced
V; caused by the major factor; otherwise, it is marked by
“IXI”. This judgement can be made according to the fol-
lowing rule:

o 3
V3:D1=z

i=1

V"9 _0.333| vs. D, =

3

v/ont —0.333‘, (11)
i=1

where: Vim“jm refers to the values of VIL , VML or VOL
under the independent effect of the major factor at its ith

level; VijOim refers to the ones under the joint factor ef-
fect of the level combination, which includes the ith level
of the major factor; D; and D, refer to summations of

the differences of each component of V""" and V/*"
with respect to its balanced status, i.e., 0.333, respectively.
The estimated effect is marked as “#” if the combination
contains the level of the major factor that it independently

causes relative balanced V3 (underlined in Table 5).

Here takes the value of V; under the joint effects of F1
and F4 in ST1 for example (bolded and italicized in Table 8).
The combination of the second level of F1 and the first lev-
el of F4, indicated as “F1(2)xF4(1)” and numbered as “(1)”
in the table, are selected as the base factor levels. Since the
joint effect of two factors can be estimated only if their lev-
els change at the same time, their joint effect on V; cannot
be estimated at the second level of F1 and the forth level of
F4, which is marked as “--” under the “F1(2)xF4(4)” cell
of the table. Significant joint effect on V; can be found
when the factor level combination changes from the base
one to the second one, which is marked as “1—2”. In this
case, F1 degrades from the second level to the first one
“F1(2)—F1(1)” meanwhile F4 upgrades from the first lev-
el to the second one “F4(1)—F4(2)”. Under such effect, V;
becomes [0.407, 0.328, 0.265]. This value is closer to the
balanced status of V3 than the one obtained under the
independent effect of F4 at its second level in ST1 (see V;:
[0.409, 0.346, 0.245] in ST1 column, F4 row of Table 4).

Table 7. Selected factor couples

Major Joint factor

factor FO | F4 | F5 | F6 | F7 | F8 | F1 | F2 | F3
F4 - x| N NN AN
F5 | - | - | - | N | x| V]| || x
F6 | - | - | - | - | N | N || AN|A
F7 | - | - | - | -] V|| N|A
F8 B

Notes: “--” — not applicable; “x” - the joint effect that is not taken

into account; “” _ the joint effect that is taken into account.
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Table 8. The value of ?3 under joint factor effect

Major factor Joint factor Vs :[VIL, VML, VOL} in ST1
Fixpal) |1 FL)XF4(1) 2. F1(1)xF4(2) (1>2) 3. F1(3)xF4(3) (1>3) 4. F1(2)xF4(4) (1>4)
-- [0.407, 0.328, 0.265] V1 [0.395, 0.304, 0.301] #XI -
i) | L F3(DXFA(D) 2. F3(2)xF4(2) (1-2) 3. F3(3)xF4(3) (1-3) 4. F3(3)xF4(4) (1>4)
-- [0.381, 0.332,0.287] 1 [0.375, 0.301, 0.324] #X [0.301, 0.345, 0.354] M
- Fexpal) | LF6Q)xFA(1) 2. F6(1)xF4(2) (1-2) 3. F6(2)xF4(3) (1-3) 4. F6(2)xF4(4) (1>4)
-- [0.397, 0.366, 0.237] --# -
Erpal) | LE7Q)xFA(1) 2. F7(1)xF4(2) (1-2) 3. F7(1)xF4(3) (1-3) 4. F7(3)xF4(4) (1>4)
-- [0.401, 0.399, 0.290] 1 [0.370, 0.309, 0.321] #X [0.317, 0.349, 0.334] M
F8xF4®) 1. F8(2)xF4(1) 2. F8(1)xF4(2) (1-2) 3. F8(1)xF4(3) (1—3) 4. F8(2)xF4(4) (1—4)
-- [0.397, 0.328, 0.275] M [0.382,0.317, 0.301] #XI --
P W TE ) 2. F1(1)xF5(2) (12) 3. F1(2)xF5(2) (13) 4. F1(2)xF5(3) (1>4)
--# [0.374, 0.345, 0.281] M [0.319, 0.354, 0.327] M [0.312, 0.350, 0.338]
- Fepst) | LF6@)XF5(1) 2. F6(1)xF5(2) (12) 3. F6(2)xF5(2) (13) 4. F6(2)xF5(3) (14)
--# [0.380, 0.340, 0.280] -- -
Eanps() | L F8QXF5(1) 2. F8(1)xF5(2) (1-2) 3. F8(2)xF5(2) (1-3) 4. F8(2)xF5(3) (1>4)
--# -- [0.310, 0.352, 0.338] 1 [0.310, 0.340, 0.350] M
I - 1. F1(1)xF6(1) 2. F1(2)xF6(2) (1—2) 3. F1(3)xF6(2) (1—3)
-- -- [0.385, 0.356, 0.259] #XI [0.377,0.343, 0.280] #XI
F3xF6®) -- 1. F3(2)xF6(1) 2. F3(1)xF6(2) (1-2) 3. F3(3)xF6(2) (1—3)
F6 -- -- [0.396, 0.343, 0.261] #XI [0.383, 0.336, 0.281] #[X]
Erpet) | LF7XF6(1) 2. F7(1)xF6(2) (12) 3. F7(2)xF6(2) (1-3) 4. F7(3)xF6(2) (1>4)
. - [0.456, 0.302, 0.242] #X] [0.403, 0.326, 0.261] #[XI
F8xF6®) -- 1. F8(1)xF6(1) 2. F8(1)xF6(2) (1-2) 3. F8(2)xF6(2) (1—3)
- -- [0.385, 0.326, 0.289] #[X] [0.376, 0.326, 0.298] #[X]
gyt | LFLXE7(1) 2. F1(3)xF7(1) (12) 3. F12)xF7(2) (13) 4. F1(2)xF7(3) (14)
- - [0.323, 0.337, 0.340] #M [0.294, 0.343, 0.363] M
F7 F3xE7®) 1. F3(2)xF7(1) 2.F3(3)xF7(1) (1->2) 3. F3(1)xF7(2) (1—3) 4. F3(3)xF7(3) (1—>4)
- - [0.298, 0.364, 0.338] #X [0.286, 0.342, 0.372]
F8xE7®) -- 1. F8(1)xF7(1) 2. F8(2)xF7(2) (1>2) 3. F8(2)xF7(3) (1—3)
- - [0.309, 0.330, 0.361] #&1 [0.315, 0.340, 0.345] &
F1xF8®) -- 1. F1(1)xF8(1) 2. F1(3)xF8(1) (1—2) 3. F1(2)xF8(2) (1—3)
F8 -- -- -- [0.289, 0.359, 0.352] #XI
apet) | LF3Q)xF8(1) 2. F3(3)xF8(1) (1—2) 3. F3(1)xF8(2) (1>3) 4. F3(3)xF8(2) (1—4)
-- -- [0.319, 0.345, 0.336] #M [0.285, 0.389, 0.326] #XI
Major factor Joint factor Vi [VIL, VML, VOLJ in ST2
FaxFa®) 1. F2(1)xF4(1) 2. F2(1)xF4(2) (1->2) 3. F2(2)xF4(3) (1—3) 4. F2(2)xF4(4) (1—>4)
--# -- [0.350, 0.342, 0.308] M [0.273, 0.384, 0.343] 1
F3xF4®) 1. F3(1)xF4(1) 2. F3(2)xF4(2) (1>2) 3. F3(3)xF4(3) (1—3) 4. F3(3)xF4(4) (1—>4)
F4 --# [0.336,0.351,0.313] 1 [0.350, 0.342, 0.308] [0.273, 0.384, 0.343] 1
F7xF4®) 1. F7(2)xF4(1) 2. F7(1)xF4(2) (1>2) 3. F7(1)xF4(3) (1—3) 4. F7(3)xF4(4) (1—>4)
--# [0.341, 0.343, 0.316] M [0.352, 0.342, 0.306] M [0.268, 0.388, 0.344] M
F8xF4®) 1. F8(2)xF4(1) 2. F8(1)xF4(2) (1>2) 3. F8(1)xF4(3) (1—3) 4. F8(2)xF4(4) (1—>4)
—# [0.351, 0.342, 0.307] & [0.362, 0.335, 0.303] V] -
Fexpst) | LF6@)F5(1) 2. F6(1)xF5(2) (12) 3. F6(2)xF5(2) (13) 4. F6(2)xF5(3) (1>4)
- - [0.309, 0.358, 0.333] & - —#
F8xE5() 1. F8(1)xF5(1) 2. F8(1)xF5(2) (1—-2) 3. F8(2)xF5(2) (1—3) 4. F8(2)xF5(3) (1—4)
-- -- [0.279, 0.367, 0.354] M [0.310, 0.340, 0.350] #XI
FaxE70) 1. F2(1)xF7(1) 2. F2(1)xF7(2) (1-2) 3. F2(2)xF7(1) (1-3) 4. F2(2)xF7(3) (1—4)
-- --# -- [0.268, 0.378, 0.354] M
7 FaxE70) 1. F3(2)xF7(1) 2. F3(3)xF7(1) (1-2) 3. F3(1)xF7(2) (1—3) 4. F3(3)xF7(3) (1—>4)
-- -- [0.327, 0.334, 0.339] M# [0.294, 0.358, 0.348]
EaxE7O) - 1. F8(1)xF7(1) 2. F8(2)xF7(2) (1-2) 3. F8(2)xF7(3) (1>3)
-- -- [0.327,0.337, 0.336] M# [0.287,0.357, 0.356] M
Eops() | LF2(DxE8(1) 2. F2(2)xF8(1) (1-2) 3. F2(1)xF8(2) (1>3) 4. F2(2)xF8(2) (1>4)
F8 -- -- -- [0.282,0.367, 0.351] XI#
Eapg() | LF3QXE8(1) 2. F3(3)xF8(1) (152) 3. F3(1)xF8(2) (153) 4. F3(3)xF8(2) (14)
-- -- [0.320, 0.318, 0.362] M# [0.241, 0.379, 0.380] XI#

Notes: " p < 0.01; " p < 0.1; “--” - not applicable; # is marked if relative balanced traffic distribution achieves at the major factor level;
M is marked if the upgraded factor level improves the unbalanced traffic distribution caused by the major factor; Xl is marked if the
upgraded factor level aggregates the unbalanced traffic distribution caused by the major factor.
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Hence, this beneficial joint factor effect is marked as “”
underneath the “F1(1)xF4(2)” cell. Moreover, V; achieves
relative balance in ST1 when F4 independently upgrades
from the first level to the third one (see V; :[0.335, 0.338,
0.327] in ST1 column, F4 row of Table 5). The perfor-
mance of V; becomes worse under the joint effect of F4
and F1 (see “[0.395, 0.304, 0.301] XI” in Table 8) even if
F4 makes the same change as it independent works (see
“F1(3)xF4(3) (1—>4)” in Table 8). The other joint factor
effects can be interpreted in the way described above.

4. Discussion

4.1. Independent effect of traffic control factors

From the estimated independent effect of signal cycle
length FO on traffic distribution on the TLTLs, we find that
the increase of cycle length could decrease the average vol-
ume ratio of the inside LTL with respect to the whole left-
turn traffic, while raising the one of the medians or the
outside LTL. From the individual view, the results indicate
some drivers that originally chose the inside lane could
switch to the median lane if signal cycle length becomes
longer, while the congestion appeared in the median lane
could induce a few drivers on that lane further change to
the outside lane. This trend gradually leads to balanced
traffic distribution on the TLTLs. Such a result is easy to
understand. The longer signal cycle usually happens along
with the longer green phase, so the more left-turn vehi-
cles have the opportunity to cross the intersection. It can
relieve the unbalanced traffic distribution caused by the
unbalance lane traffics in red phase (Section 4.2). For this
reason, prolonging the length of the signal cycle is ben-
eficial for full utilization of the TLTLs capacity. A simi-
lar finding was also found by Kikuchi et al. (2004). They
developed a procedure for determining the length of the
double LTLs based on the relationship between lane usage
and the left-turn volume. Their survey of left-turn traf-
fic revealed that when the total left-turn volume becomes
large, the drivers become concerned about the possibility
of not being able to clear the intersection in one cycle.
Thus, each driver chooses the lane with the shortest queue
length, and the usage of two TLTLs become nearly equal.

The influence of traffic signal switch on left-turn traffic
distribution has been considered in the design of the study
scenario. From the results shown in Table 4, we can find
that fewer factors perform significant effects in the green
phase ST2 than in the red phase ST1. It implies that less
factors could influence lane choices of left-turn drivers in
the green phase. In the red phase, an increase of the phase
length F1 is found to help the traffic distribution on the
TLTLs maintain balance. It means that more drivers arrive
at the intersection in the red phase, more possible three
LTLs are selected in equal opportunities. This result can be
explained from the same perspective as the independent
effect of signal cycle length is done.

The traffic sign or pavement marking that inform driv-
ers each lane function at downstream. The earlier they
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receive this message, the more time is left for their lane
choices and head to desired destinations. From the esti-
mated independent effect of the distance of the TLTLs to
its first sign at upstream F3, we find that the unbalanced
traffic distribution on the TLTLs could be improved in
the red phase or entire cycle time by setting the sign or
marking close to the upstream intersection. Such behav-
iour pattern of the left-turn drivers can be used to adjust
the drivers’ unbalanced lane preferences caused by other
factors.

4.2. Independent and joint effect
of road geometric factors

4.2.1. Length of upstream segment F4

Signalized intersections divide urban arterials into several
segments. The vehicles departing from the upstream in-
tersection could maintain platoon form when they arrive
at its downstream intersection. However, if the upstream
segment is long, the platooned vehicles could disperse,
and the left-turn drivers can have enough time and spac-
ing to make lane changing (Wei et al. 2016). We find that
the variant of upstream segment length F4 can influence
traffic distribution on the TLTLs at all study scenarios,
but the influencing patterns are different. An increase of
the length in red phase could raise the usage of the inside
LTL while decreasing the one of the outside LTL. Such
result can be owing to that if the vehicles disperse from
the platoon after they leave the upstream intersection, the
drivers’ choices of a lane is quite random, with each driver
choosing the lane that allows him or her the best access to
the desired lane downstream. In contrast, relative balanced
traffic distribution on the TLTLs in green phase appears at
the study site where the upstream segment is shortest with
respect to other sites. It is opposite to the case of the red
phase, because a longer upstream segment costs the driv-
ers more time to go through, and weaken their confidence
to cross the intersection ahead in the green phase. The
drivers could make lane choice to meet other needs, rather
than selecting the LTL with the shortest queue.

In most cases, the length of a road segment is con-
firmed when planning urban road network, so it is hard
to adjust in operation stage. However, after analysing the
estimated joint effects of this factor, we still observe the
opportunity to rebalance the traffic distribution on the
TLTL by adjusting the setting of other factors together
this factor.

The first solution comes from the shortened green
phase length or the increased red phase length of left-
turn traffic. The effectiveness of this method counts on
the countdown device of signal phase set at the surveyed
intersections. In red phase, the platooned vehicles caused
by a limited length of the upstream segment are easier to
be dispersed timely to fill the shorter queues emerged on
the TLTLs if the remained red phase time is illuminated
on the countdown device. Such assistance is also helpful
for the drivers in green phase, as the device can release
their anxiety of hurrying to go through the intersection
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ahead and allow them to select the lane with the shortest
queue, rather than irrationally select a lane with a longer
queue. Such function of the countdown device has been
observed in previous studies. The traditional target to
set the countdown timers at the intersection is to help to
reduce the start-up delay at the beginning of the green
phase, and reduce the number of red-light violations dur-
ing the beginning of the red phase (Limanond et al. 2010).
After a public opinion survey, Chiou and Chang (2010)
found that more than half of the surveyed drivers reported
that the timers help to relieve the frustration caused by
uncertain amounts of time during red or green phase.
This finding is verified by the field observation and traffic
analysis of this study.

The second solution is to set the TLTLs sign closer to
the upstream intersection. From the analysis of the inde-
pendent effect of F3, we know that this setting is helpful
to the balance of left-turn traffic distribution, as it gives
the drivers more time to adjust their target lanes. We find
that such function is also effective when the distribution
is unbalanced owing to the limited length of the upstream
segment of the TLTLs.

The third solution is to increase the number of
through and LTLs F7 in the same approach of the TLTLs.
Extending the length of the upstream segment is found to
enhance the usage of the inside lane of the TLTLs while
reducing the one of the outside LTL. This effect could be
weakened by upgrading F7’s level, and their interactive ef-
fect is helpful for rebalancing the left-turn traffic distribu-
tion. Such function of the upgraded F7 derives from a fact
that more through and right-turn lanes on the approach
decreases the possibility of left-turn drivers directly enter-
ing the LTLs, vice versa. The outside LTL will be the first
choice when the drivers intend to change from through
lane to their target LTL. If they want to switch to the me-
dian or inside LTL, they need to continue changing lane,
yet which conflicts with most drivers’ will. Hence, an in-
crease of the through and right-turn lanes easily results in
higher utilization of the outside LTL than the median and
inside counterparts. This tendency has been verified by
the estimated independent effect of F7 that will be men-
tioned in Section 4.2.3.

4.2.2. Length of longitudinal F5
and lateral F6 movement

The trajectory of a left-turn vehicle within an intersec-
tion presents as a part of a circle or ellipse. The trajec-
tory length is hard to measure accurately for the drivers,
but it can be estimated by dividing it as a combination of
longitudinal moving distance and the lateral one. For the
drivers on the approach (“A” in Figure 3), their longitudi-
nal movements aim to pass entry approach of the crossing
road (“B” in Figure 3), while the lateral ones aim to pass
exit approach in the same segment (“C” in Figure 3). The
drivers easily observe the longitudinal crossing distance
F5 when approaches to the intersection, while the length
of lateral movement F6 can be estimated when the drivers
get enough sight distance to the crossing road.

We find that the longitudinal crossing distance has a
significant independent effect on the left-turn traffic dis-
tribution. When the distance increases, the distribution is
away from its balanced state in the red phase or in cycle
period. In an individual perspective, the drivers originally
selecting the inside LTL could switch to the median or
outside lane. This change could be attributed to the larger
turning radius of the median or outside LTL than the in-
side one. The longer longitudinal moving distance in the
intersection provided drivers more accelerating space, and
the higher speed could make them prefer a larger turning
radius. Similar behavioural pattern is also found in green
phase. The larger accelerating spacing created by increased
longitudinal moving distance inside the intersection could
help the drivers maintain a relatively high speed when
they pass through the intersection in green phase. This
could help to relieve the unbalance of left-turn traffic dis-
tribution happened when the length is limited.

As another factor related to the exposure time of
left-turn vehicles in the intersection, the length of lateral
movement also determines the distance to their target exit
approach of the crossing road. We found that the usage of
the median or outside LTL exceeds the one of inside LTL
when increasing the lateral moving distance. This change
creates the left-turn vehicles the larger turning radius than
the inside lane does and allows the drivers conduct the
turning movement in a more comfortable way. In addi-
tion, compared with the change of the longitudinal mov-
ing distance, the variation of lateral one has a larger im-
pact on the TLTLs traffic distribution. From the view of
an individual driver, this result could be interpreted as the
drivers being more sensitive to the change of lateral mov-
ing distance than the longitudinal one. Such behavioural
pattern could derive from the fact that the drivers are hard
to observe entrance approach of the crossing road (F5 in
Figure 3) when they arrive at the end of the queues on
the LTLs. In contrast, the lane number of the opposite ap-
proach (F6 in Figure 3) are much easier to count for the
drivers, so it is not surprising to find F6 affecting the driv-
ers more than F5 does.

To improve unbalanced left-turn traffic distribution
caused by improper design of longitudinal moving dis-
tance, we can adjust the settings of red phase length F1 or
lateral moving distance F6. Shortening the length of red
phase independently could increase the usage of the inside
LTL while reducing the one of the outside lane, which can
be used to relieve the unbalance LTL traffics caused by in-
creased longitudinal moving distance. The increased dis-
tance arouses the drivers” anxieties to cross the intersection
as soon as possible in the green phase, which results in low
usage of the inside LTL. Hence, it is not surprising to find
that if the drivers make turning at a place, which is closer
to exit approach of the crossing road (“D” in Figure 3),
their anxieties can be released somewhat, and the possi-
bility of each LTL being chosen could tend to be equal.
This explains why the unbalanced distribution could be
improved by degrading F6’s level meanwhile upgrading
F5’s level. But this adjustment is not effective in the red
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phase, because the drivers have to wait behind the stop
line, and the slight advantage of a closer position to the
crossing road is ignorable for them.

4.2.3. Number of other traffic lanes F7

As mentioned in Section 4.2.1, the number of through and
right-turn lanes in the same approach of the TLTLs are
related to the way of left-turn drivers entering their target
lanes. Less through and right-turn lanes increase the pos-
sibility that the drivers directly enter the LTLs after leav-
ing upstream intersection without lane changing. Sando
and Moses (2009) analysed multilane traffics collected at
two successive intersections and found that the upstream
traffic distribution is directly related to the downstream
condition on the TLTLs. Although this study applied a
different method to collect data, their study still provided
valuable information for us.

We found that increasing the number of lanes could
impair the balanced left-turn traffic distribution on the
TLTLs in some cases. One solution of such unsatisfactory
condition is to extend the length of red F1 or green F2
phase. The increased interval of two signal phases can help
the drivers build stable future expectation and have time
to switch from the crowed outside LTL to the less crowded
median and inside lane. Another method is to adjust the
TLTLs sign F3 closer to the downstream intersection be-
cause the drivers have to change to a more inside lane in
advance in case of the changing opportunity being hard to
find near the stop line. Extending a shadowed inside LTL
F8 on the approach can also help improve the unbalanced
traffic distribution.

4.2.4. Shadowed LTL F8

Shadowed LTL provides left-turn drivers an opportunity
to switch from the median LTL to the inside LTL near
the stop line. By doing so, they can shorten the lateral
moving distance before they enter the intersection. But
we do not find the drivers express interest of the inside
shadowed LTL. In fact, balanced traffic distribution is
easier to achieve in the TLTLs without a shadowed lane.
This finding is consistent with the one of Sando and Mo-
ses (2009). They surveyed 15 TLTL sites in Florida, USA,
and the analysis of the LTL volume data support the con-
clusion that shadowed LTLs had lower utilization com-
pared to unshadowed ones. The drivers’ repellent to the
shadowed lane derives from the cost of additional lane
changing from the outside LTL to the inside one so that
they can achieve the turning target without this addition-
al movement. We also find that the unbalanced left-turn
traffic distribution caused by this design can be improved
by setting the TLTLs sign closer to the downstream in-
tersection. It means that postponing informing drivers
the downstream TLTLs could induce them to change to
more inside LTL before they arrive at the intersection, and
reduce their dependence on the outside LTL that is still
available near intersection stop line. This function can also
be used to improve the lane traffic balance caused by in-
creased longitudinal moving distance in the intersection.
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Conclusions

This study focuses on investigating the reasons for unbal-
anced left-turn traffic distribution on the TLTLs.

Individual LTL volumes were organized as the com-
positional data. The sum-constant constraint subjected by
the data connects the volumes with the LTL choices of in-
dividual drivers. Under this constraint, the compositional
regression analysis was applied to identify the influential
factors of the drivers’ lane choices on the TLTLs. Some
suggestions for improving unbalanced traffic distribution
by affecting individual drivers’ lane choices were proposed
after analysing the study results.

The method applied in this study could be used to
analyse the utilization of other multilane infrastructures
from an individual driver’s perspective. For the topic dis-
cussed in this paper, it still leaves ample room for future
improvements.

For example, due to the limited number of study sites,
the level combinations applied to the analysis of joint
factor effects do not cover all possible combinations. To
survey the volume data at more sites equipped with the
TLTLs will be helpful to fully understand the joint effect
on the traffic distribution on the TLTLs.

In addition, only static factors were taken into the anal-
ysis since the LTL volumes had been collected in phase or
cycle period. Some dynamic factors, such as queue length
ahead or remaining time of a phase, could also to affect
drivers’ lane choices, so their influences should be studied
in the future study.
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