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Analytical evaluation techniques for the safety performance of signalized intersections are
applicable to limited scenarios and conditions, whereas simulation-based analysis tools are
very flexible and promising. This study is part of intensive efforts to develop a microscopic
simulation model for the safety assessment of signalized intersections. One important
aspect of analyzing driver maneuver is vehicle paths. Broadly varying paths may result
in widely distributed potential conflict points with other movements, which may affect
the occurrence probability of severe conflicts. Therefore, this study aims to develop a tech-
nique to reproduce the variations in the paths of turning vehicles, considering intersection
geometry, vehicle type, and speed. Several signalized intersections in Nagoya City, Japan,
with various traffic and geometric characteristics were videotaped. The analysis revealed
that the paths of right-turning vehicles (left-hand traffic) are more sensitive to the vehicle
speed and turning angle whereas those of left-turning vehicles are more sensitive to the
intersection corner radius, turning angle, and vehicle speed. For modeling individual vehi-
cle paths, this study applies the Euler-spiral-based approximation methodology where
each trajectory is fitted by an entering Euler spiral curve followed by a circular curve
and an exit Euler spiral curve. The proposed models are unique since they provide a real-
istic and rational representation of the variations in turning vehicles’ paths inside
intersections.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Depending on cultural customs, prevailing traffic characteristics, and locally available technologies, various safety
improvements are implemented at intersections; however, they are, thus far, based on experience and post-implementation
assessments. A major achievement would be to enable engineers to conduct pre-implementation assessments at the plan-
ning stage. Simulation tools are the means to realize such an assessment. Existing simulation software, however, simplifies
the traffic flow inside intersections to an extent that safety assessments are not reliable.

This study is part of continuous efforts to develop a microscopic simulation model for the safety assessment of signalized
intersections. This model would allow practitioners to evaluate the effects of various improvements in the layout and oper-
ation of signalized intersections on the overall safety performance. For instance, through this simulation, it would be possible
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to predict the impacts of adding channelization or adjusting the positions of crosswalks or intersection corner radii. The sim-
ulation can further be applied to modify the signal timing parameters such as all-red intervals. However, in order to develop
a rational simulation model, driver behavior must be realistically represented.

One important aspect in analyzing driver behavior, which is a vital element in the safety performance of signalized inter-
sections, is vehicle paths (spatial trajectories). Several previous studies found that there are significant variations in trajec-
tories of turning vehicles. It is rational to assume that such variations might result in specific unfavorable conditions, which
might lead to collisions. In reality, road users behave by anticipating other users’ behavior in order to avoid collisions.
Broadly varying road user behavior and trajectories may lead to misunderstandings of other users’ decisions, which might
result in safety problems. Large variations in vehicle paths lead to widely distributed potential conflict points with other
users. This indicates that users must pay attention to a broader area where conflicts may occur. Therefore, it is quite impor-
tant to consider not only an average vehicle maneuver but also its variations, which are affected by the geometric layout of
intersections and interaction with other users.

The paths of left-turning and right-turning vehicles have different characteristics and influencing factors. It is important
to mention that this study is based on the traffic system in Japan where vehicles are driven on the left side of the road and
most drivers sit in the right side of vehicles. Thus, the definition of turning movements throughout this paper is based on
left-hand traffic system. However since the positions of the driver relative to road curb in right-hand and left-hand traffic
systems are symmetric, it is expected under the same operation and driver characteristics, the traffic systems do not leave
significant impacts on vehicle paths.

In common signal phasing plans, pedestrians and through-left turning traffic of the same direction share the same phase;
thus, left-turners will have frequent conflicts with pedestrians and cyclists, which might affect their paths. In contrast, right-
turning vehicles are often provided with exclusive phases, which significantly limit the effects of pedestrians and cyclists.
Furthermore, since right-turning vehicles cross from the middle of an intersection, their paths might get affected by various
geometric elements such as the turning angle (i.e., the angle between entering and exit approaches) and median configura-
tion at the entering and exiting approaches. Left-turning vehicles are affected by the corner radius as well as the turning
angle.

The objective of this study is to investigate factors influencing turning vehicle paths and their variations. Therefore, a
model representing variations in the turning vehicle paths (left-turning and right-turning) under different geometric condi-
tions is proposed. The spatial distributions of vehicle paths are analyzed considering the intersection geometry, vehicle type,
and the presence of pedestrians or cyclists. Finally, conclusions and future works are discussed.
2. Literature review

In general, intersection layout is the main factor affecting vehicle-turning maneuver (Japan Society of Traffic Engineers,
2002). For instance, the manual suggests modifying intersection corner geometry or crosswalk position to improve the safety
performance regarding accidents between left-turning vehicles (left-hand traffic) and pedestrians. Therefore, understanding
the effects of intersection layouts on driver turning maneuvers is essential.

The design vehicle turn templates, such as the template shown in AASHTO (2004), are commonly assumed to provide ac-
tual turning paths. However, the variation in driver–vehicle interaction at intersections and the resulting paths have not
been studied nor analyzed intensively.

Stover (2008) identified the issue of variations in vehicle turning trajectories as one of the main concerns that should be
carefully studied in the design of intersections, since a significant variation in driver paths was found empirically. Stover and
Koepke (2002) presented a number of figures illustrating the dispersion of right-front wheel paths of right-turning vehicles
(right-hand traffic) for various combinations of curb radii and roadway widths. These figures clearly showed a considerable
variability in vehicle trajectories. However, they did not provide any quantification for such variations.

Decabooter and Solberg (1988) collected data for several trucks making a right turn (right-hand traffic) at two signalized
intersections. A camera system was used to obtain the observed paths of the left-front overhangs and the right-rear wheels
of individual vehicles. They found significant variations in the paths of trucks in the two sites, which reflect the idea that
drivers behave differently at intersections with identical geometric characteristics. However, the study did not provide
any methods to predict such variations under various geometric and traffic conditions.

Read (2008) analyzed the effect of a vehicle’s body (A-pillar) on driver visibility and its effect on the path variation of
right- and left-turning vehicles. However, since the objective of the study focused on vehicle design issues, the factors that
affect driver behavior while turning were not modeled or analyzed in depth.

Although a few studies analyzed the path variations of vehicles, these studies did not quantitatively analyze the effect of
intersection geometric characteristics on paths and their variations. This study proposes an empirical model to explain this
relationship.

Asano et al. (2011) analyzed the paths of left-turning vehicles (left-hand traffic) at several signalized intersections in Na-
goya City, Japan. They analyzed the effect of intersection geometry on the variations of vehicle paths and proposed a proce-
dure to model the variations in left-turning vehicle paths. The modeling method is based on approximating the curvature of
each individual vehicle using a polygonal line. The results showed that left-turning vehicle paths can be well fitted by using a
polygonal line, which is a combination of straight segments, Euler spiral curve segments, and circular curve segments. One of
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the shortcomings of their proposed models is that they do not consider the effect of left-turning vehicle speed. Furthermore,
their analysis is limited to left-turning vehicles.

This paper is an extension to the previous works done by Asano et al. (2011), aiming to refine the developed empirical
models to consider vehicle speed and to extend the analysis to right-turning vehicles, as well.

3. Study sites and data observation

3.1. Study sites

In order to analyze the significance of various factors influencing the maneuvers of turning vehicles (left-hand traffic),
video data was collected at several signalized intersections with different geometric and traffic conditions. Tables 1 and 2
present the observation dates and geometric characteristics of the observed sites for the analysis of left-turning vehicles
and right-turning vehicles, respectively. All sites are located in Nagoya City, Japan. The definitions of the parameters in Ta-
bles 1 and 2 are illustrated in Fig. 1. The observed sites have significantly different geometric layouts, such as curb radii,
intersection angles, crosswalk setback distances, and median configurations. Such a wide range of layouts is necessary to
rationally study the variations in the maneuvers of turning vehicles. All observed sites in Table 2 are operated with an exclu-
sive right-turning phase. Thus, observed right-turning vehicles theoretically have no conflict with opposite through traffic or
crossing pedestrians.

The average turning vehicle, pedestrian, and bicycle demands during the observation periods are presented in Table 3.
Pedestrian and left-turning vehicle demands are quite high at the Imaike Intersection. Furthermore, according to the obser-
vations, all sites have very low left-turning heavy vehicle demands, except the Nishi-osu Intersection where almost 14% of
Table 1
Surveyed sites for the analysis of left-turning paths.

Intersection name Approach Survey date Radius of the
corner Rc (m)

Intersection
angle hl (�)

Number of
exit lanes No

Crosswalk setback
distance Ds (m)

Suemori-dori 2 East 11/18/2008 9:00–12:00 9.7 88.3 2 4.8
West 19 65.4 2 8.3
North 17 117 3 13.1

Chikatetsu Horita East 06/18/2009 9:00–10:30 14 94.1 3 3.5
South 12 88.3 3 13.7

Taiko-dori 3 West 10/13/2009 7:30–10:30 17 94.1 3 12.4
South 17 88.3 2 14.6

Nishi-osu West 01/18/2009 9:00–12:30 17 76.9 3 17.8

Kawana West 12/01/2008 7:30–10:30 21 106 2 22.0

Imaike East 10/15/2005 13:00–15:00 16 91.2 3 18.5

Table 2
Surveyed sites for the analysis of right-turning paths.

Intersection name Approach Survey date Number of exit
lanes No

Intersection
angle hr (�)

Distance from center of the intersectiona

to the median hard nose (m)

Entering hard nose Exiting hard nose

Suemori-dori 2 West 11/18/2008 9:00–12: 00 2 88 15.3b 13.9
North 3 67 23.0 13.6b

South 3 93 17.2 12.0

Sunadabashi West 6/27/2008 7:30–11:00 2 90 19.3 18.5
North 2 91 15.3 19.1

Nishi-osu North 01/18/2009 9:00–12:30 3 74 31.1 31.0
East 3 106 27.2 29.2

Kawana North 12/01/2008 7:30–10:30 2 106 35.4 24.1

Sakurayama South 12/04/2008 7:20–10:20 2 90 22.9 29.2

Atsuta Shrine South North 12/04/2008 7:00–12:00 3 61 21.1 23.2

Taiko-dori 3 West 10/31/2009 7:30–10:30 3 84 22.6 17.2
North 2 95 17.9 22.1

a Center of the intersection is defined as the crossing point of the median extension from the entering and exiting approaches.
b At the West approach of Suemori-dori 2 Intersection, there is a plastic pole in the zebra marking after the hard nose of the median. Thus, this pole is

considered as the hard nose of the median.



Table 3
Traffic volumes at observed intersection approaches.

Intersection name Approach Turning vehicle
demand (veh./h)

Pedestrian demand
(ped./h)

Bicycles demand
(byc./h)

Pedestrian demand
(ped./h)

Bicycles demand
(byc./h)

Left Right Entering from near-side Entering from far-side

Suemori-dori 2 East 312 � 28 60 28 28
West 204 112 16 32 64 52
North 304 136 8 32 12 36
South � 240 � � � �

Chikatetsu Horita East 84 � 20 64 172 76
South 28 � 20 36 128 36

Taiko-dori 3 West 84 76 � � � �
North � 76 � � � �
South 88 � 68 80 48 44

Nishi-osu West 344 � 20 76 20 44
North � 120 � � � �
East � 168 � � � �

Kawana West 208 20 52 108 28
North � 268 � � � �

Imaike North 250 � 175 78 210 102

Sunadabashi West � 140 � � � �
North � 400 � � � �

Sakurayama South � 96 � � � �

Atsuta shrine south North � 84 � � � �

Fig. 1. Definition of the parameters related to intersection layout.
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the observed left-turning vehicles are heavy vehicles. Regarding right-turners, most are passenger cars at all observation
sites.

3.2. Trajectory tracking

Vehicle trajectories, which include the positions and timings, were extracted from video data using the video image pro-
cessing system TrafficAnalyzer (Suzuki and Nakamura, 2006). The positions of each vehicle were extracted every 0.5 s, and
the corresponding video coordinates were converted to global coordinates by projective transformation. The point where the
right-rear wheel is touching the ground is the reference observation point for all vehicles. All video observations were con-
ducted from high buildings surrounding the intersections; thus, for all video tapes, the observation angle is large. This allows
us to track the right rear wheel of all turning vehicles without issues such as occlusion or high coordinate transformation
error. By considering the size of each turning vehicle, the observed path based on the right-rear wheel is transformed to
the path that corresponds to the center-front of the vehicle. The transformed paths are smoothened by the Kalman smooth-
ing method.
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4. Data analysis on paths of turning vehicles

Several factors might affect the path variations of turning vehicles. According to the observations, the turning angle (i.e.,
the angle between entering and exit approaches), corner radius, number of exit lanes, vehicle type, and approaching speed
are the most significant factors that affect the left-turning vehicle paths, as discussed by Asano et al. (2011). Regarding right-
turning vehicles, observations revealed that the turning angle, the distances from the center of the intersection to the enter-
ing and to the exit hard noses, the number of exit lanes, and the approaching speed are the most significant parameters that
affect the path distribution. The hard nose is defined as the end of the physical median either at the entering approach
(entering hard nose) or at the exit approach (exit hard nose) as shown in Fig. 1.

The effects of the turning angles on driver behavior are shown in Fig. 2, in which the paths of the right-turning vehicles at
the North approaches of Suemori-dori 2 Intersection and Kawana Intersection are compared. The lateral trajectory density
distribution (D.D.) and the lateral cumulative distribution (C.D.) at three cross sections along the turning paths are also pre-
sented. The density and cumulative distributions are drawn in an interval of 0.5 m, starting from the curb of intersection
corner. The right-turning vehicle paths at cross-sections 2 and 3 are clearly significantly less distributed at the Kawana Inter-
section as compared to the Suemori-dori 2 Intersection (at a 95% significance level). This can be attributed to the sharp turn-
ing angle from the North approach of the Suemori-dori 2 Intersection, which leads to a wider range of vehicle paths.
Furthermore, the West approach of the Suemori-dori 2 Intersection has three exit lanes, whereas the West approach of
the Kawana Intersection has only two. More exit lanes give drivers a higher degree of freedom and more choices, which
is reflected in wider trajectory distributions.

Another possible factor that might affect driver behavior while turning is the presence of pedestrians. However, Asano
et al. (2011) found that the difference in the trajectories of the vehicles that faced and did not face pedestrians or cyclists
is not statistically significant at a 95% confidence interval.

According to the previous analysis, it is concluded that there are significant variations in the turning vehicle trajectories
dependent on several factors. Furthermore, when excluding the effects of the factors discussed above, significant variations
still exist in turning vehicle trajectories, which can be attributed to other external factors that affect driver behavior. The
available data is not detailed enough to investigate the effect of vehicle type on the paths of right-turning vehicles.
Fig. 2. Paths of right-turning vehicles at the north approaches of Suemori-dori 2 Intersection and Kawana Intersection.
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The variations in vehicle paths significantly affect the positions of potential conflicts with other users. For a better under-
standing of this relationship, the distribution of the potential conflict points between right-turning vehicles and crossing
through traffic entering at the beginning of the next phase is illustrated in Fig. 3. The paths of crossing through traffic are
assumed to be in the middle of the approach lane, which means that they do not change their direction inside the intersec-
tions. Therefore, cross-section 4 in Fig. 2 is assumed to represent the average path of entering through traffic, which means
that all potential conflict points will be located along this cross section. Fig. 3 shows the observed distributions of paths at
the Kawana and Suemori-dori Intersections. The horizontal axis represents the position along cross-section 4, where the ori-
gin is the point where the 50th percentile of the potential conflict points along the axis is measured. Fig. 3 clearly shows that
the potential conflict points are widely distributed at both intersections. The Kawana Intersection has a significantly wider
distribution than the Suemori-dori Intersection. The Kawana Intersection has a very long distance from the center of the
intersection to the entering hard nose, i.e., almost 35 m. Such a long distance encourages drivers to start turning earlier,
which leads to a wider distribution of potential conflict points. These observed wide distributions of potential conflict points
might impact the occurrence probability of hazardous conditions.
5. Structure of trajectory model

The objective of this study is to model the distribution of turning vehicle paths as a function of intersection geometry,
vehicle type, and speed. The model is intended to be incorporated into a microscopic simulation model for safety evaluation
to represent the variation of vehicle positions according to intersection geometries. In general, the modeling method can be
divided into the two consecutive steps as follows:

(1) Individual vehicle path approximation.
(2) Modeling the variations in paths.

The path of a turning vehicle is defined as a set of vehicle positions at each moment while turning. Therefore, modeling
vehicle paths means representing vehicle positions sequentially as time proceeds. Instead of sequential representation of
vehicle positions, this study approximates the entire turning movement as a combination of straight lines, Euler spiral
curves, and circular curves, as shown in Fig. 4. The advantage of this approximation method is that the complicated shape
of the paths can be expressed by a few parameters: start and end points of the turning path, circular curve radius, and Euler
spiral curve parameter.

Vehicle paths vary as discussed in the previous section. Estimating the distribution of paths is also important for safety
evaluation. In this study, the distribution is assumed to be dependent on several representative parameters, which are nor-
mally distributed.

5.1. Individual vehicle path approximation

5.1.1. Curvature calculation
Vehicle paths are assumed to consist of small portions of curves with different curvatures. Pi(t) is assumed as the position

of vehicle i at time t. Furthermore, Oi(t) is defined as the crossing point between the perpendicular bisector of positions
Pi(t � Dt) and Pi(t) with that of positions Pi(t) and Pi(t + Dt), as illustrated in Fig. 4a. The curve radius, Ri(t), at position Pi(t)
represents the radius of a circle, where its center is at Oi(t) and passes through positions Pi(t � Dt), Pi(t), and Pi(t + Dt).
The observation time interval, Dt, is set as 0.5 s. Curvature ji(t) is the reciprocal of Ri(t) (i.e., ji(t) = 1/Ri(t)). Fig. 4b shows
an example of the observed curvatures of left and right-turning vehicle paths at the North approach of the Suemori-dori
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2 Intersection. The horizontal axis of Fig. 4b is normalized so that the position of the stop line corresponds to zero and the
position of the end of path measurement (slightly downstream of the exit crosswalk) corresponds to one. Most of the cur-
vature profiles in Fig. 4b start from zero, and increase until the middle of the curve where it starts decreasing to zero again.
This characteristic implies that turning-vehicle paths can be represented by modeling the change in the curvatures.

5.1.2. Trajectory elements
For modeling the change in the curvatures, three types of segments are used: straight lines, circular curves, and Euler spir-

al curves, as shown in Fig. 5. This section explains the features of these curves and their curvature.
The curvature of any straight line is zero, while circular curves have constant curvature. Euler spiral curves are generally

installed in road alignment as transition segments between straight and circular curve segments in order to not force drivers
to steer suddenly when entering the circular curve. The basic formula of Euler spiral curves is shown below.
RsLs ¼ A2 ð1Þ
where Rs is the radius of the spiral curve at the end point (the point where it is connected to the circular curve in this study),
Ls is the distance from the spiral starting point, and A is the parameter of the Euler spiral curve to be estimated. Eq. (1) can be
rewritten as follows:
1
Rs
¼ 1

A2 Ls ð2Þ
Eq. (2) shows that the curvature 1/Rs of an Euler spiral curve is a linear function of Ls, with a gradient of 1/A2.
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5.1.3. Path approximation
According to the curvature profiles in Fig. 4b, it is reasonable to approximate a curvature profile with a polygonal line,

which is a combination of straight, Euler spiral, and circular curve segments. This polygonal line starts from a straight seg-
ment and then moves to an Euler curve segment with a linear curvature with a gradient of 1=A2

1. This Euler curve is followed
by a circular curve segment with a constant curvature of 1=R2

min, then an Euler curve segment that has a linear curvature with
a gradient of �1=A2

2, and finally a straight segment. These curves are defined as the entering straight segment, the entering
Euler spiral curve segment, the circular curve segment, the exit Euler spiral curve segment, and the exit straight segment,
respectively. This polygonal line can be uniquely determined by defining five parameters: A1, A2, Rmin, beginning point
(BP) of entering the Euler spiral curve, and end point (EP) of exiting the Euler spiral curve, as shown in Fig. 5. By applying
the dynamic programming, these parameters for each vehicle trajectory are estimated by minimizing the error between
the polygonal line and the measured curvature profile.

To provide a better insight on the path approximation, Table 4 shows the utilized data in the path model estimation for
right-turning vehicles. The average and standard deviation of the estimated parameters A1, A2, and Rmin are shown in Table 4.
The sample size in Table 4 is different from that in Fig. 2, since only leading vehicles were considered and the following vehi-
cles were excluded in the modeling.

To reproduce vehicle paths, the lengths of the Euler spiral and circular curve segments are uniquely calculated from the
input variables A1, A2, Rmin, and the angle between entering and exiting approaches, h (Japan Road Association, 2001). In or-
der to fix the global position of the curves, the global position of the intersection point (IP) is required. IP is defined as the
crossing point between the extended lines of the entering and exiting straight segments as shown in Fig. 5.

5.2. Modeling the variations in paths

In this section, the effects of intersection geometry, vehicle speed, and vehicle type on the distribution of approximated
paths are modeled. The explanatory variables are vehicle approaching speed, minimum speed (Vmin), and the elements of
intersection geometry, such as intersection angle and corner radius. Output variables are the distribution of A1, A2, and Rmin.
The entering and exiting Euler spiral curves’ parameters A1 and A2 are estimated by multiple regression models as shown in
Table 5.

For left-turning vehicles, the estimated path parameters A1, A2, and Rmin are dependent on intersection geometry, as
shown in Tables 5 and 6. However, for right-turning vehicles, the effect of intersection geometry was found to be insignif-
icant on the entering and exiting Euler spiral curves’ parameters A1 and A2 except the distance from IP to the entering and
exiting median hard nose (DHN_IN and DHN_OUT), which has significant impact.

The radius of the circular curve, Rmin, is estimated by assuming normal distribution as shown in following equation.
Rmin � Nðl;rÞ
l ¼ f ðx1; x2 � xnÞ ¼ a1;1x1 þ a1;2x2 � a1;nxn þ a1;nþ1

r ¼ f ðx1; x2 � xnÞ ¼ a2;1x1 þ a2;2x2 � a2;nxn þ a2;nþ1

ð3Þ
where l is the mean of the normal distribution, r is the standard deviation of the normal distribution, x1, . . . ,xn are indepen-
dent variables, and a1,1, . . . ,a1,n, a2,1, and a2,n are the model coefficients estimated by the maximum likelihood method. The
estimation results for left-turning and right-turning vehicles are shown in Table 6.



Table 4
Parameters of trajectory approximation (right-turning vehicles).

Intersection Exit
lanea

A1 Rmin A2 Number of
samples

Name Approach Average
(m)

Standard
deviation (m)

Average
(m)

Standard
deviation (m)

Average
(m)

Standard
deviation (m)

Suemori-dori
2

West 1 21.45 1.39 19.12 1.34 21.75 1.28 4
2 19.10 1.85 17.34 3.09 19.33 2.43 6

North 2 21.68 1.92 1.889 0.73 18.99 1.76 6
3 20.41 � 12.42 � 14.70 � 1

South 1 23.55 2.94 21.39 6.10 25.16 5.53 2
2 22.60 1.37 18.09 2.04 21.16 1.52 3

Sunadabashi
(West)

West 1 24.35 � 21.24 � 20.72 � 1
2 20.34 2.65 18.59 2.73 19.30 2.98 11

North 1 18.53 2.01 16.78 1.66 19.84 1.44 5

Nishi-osu North 2 22.92 2.67 19.35 3.27 23.63 3.23 10
3 21.77 3.00 20.26 1.98 27.12 3.44 5

South 2 17.96 1.99 19.63 3.23 27.06 5.84 2
3 19.31 � 17.91 � 31.17 � 1
4 22.23 2.18 16.61 2.46 20.30 1.66 2
5 25.18 � 15.60 � 19.65 � 1

Kawana North 2 28.26 4.85 26.59 6.01 27.68 3.89 13

Sakurayama South 1 24.52 0.69 22.18 1.56 25.80 2.50 3
2 22.58 3.36 23.71 4.43 20.85 5.23 3

Atsuta Shrine
South

North 1 24.22 � 24.45 � 25.70 � 1
2 21.30 0.91 20.59 2.20 30.38 5.35 3
3 19.76 2.00 16.89 1.09 27.86 2.10 5
4 15.39 � 14.79 � 26.05 � 1

Taiko-dori 3 West 2 21.84 2.64 17.06 2.35 20.73 3.35 17
North 1 24.43 1.30 24.01 0.82 25.75 0.03 2

2 23.72 2.44 20.55 3.26 22.71 3.29 9

a Exit lane is numbered from the median (center) to the shoulder.

Table 5
Results of estimated Euler spiral parameters.

Explanatory variables Parameter of entering Euler spiral
curve A1 (m) coefficients (t-values)

Parameter of exit Euler spiral curve
A2 (m) coefficients (t-values)

Left-turning Right-turning Left-turning Right-turning

Const. �1.65 (�1.85) �8.65 (�3.33) 2.33 (2.83) 3.63 (1.64)
Corner radius Rc (m) 0.33 (8.73) – 0.34 (7.52) –
The angle between entering and exit approaches h (�) 0.0404 (3.61) – – –
Heavy vehicle dummy (heavy vehicle:1, passenger car: 0) – – 2.051 (2.89) –
Lateral distance from shoulder to center of exit lane (m) 0.46 (7.70) – 1.041 (15.2) –
Distance from IP point to hard nose (m)a DHN_IN – 0.17 (6.9) – –

DHN_OUT – – – 0.24 (4.84)
Minimum speed Vmin (km/h) 0.37 (9.04) 0.29 (4.48) 0.27 (6.88) 0.29 (3.05)
Sample size 238 117 238 117
Modified R2 0.772 0.663 0.774 0.424

a Refer to Fig. 5.
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Vehicle minimum speed, Vmin, along the whole maneuver for leading vehicles that did not face any pedestrian or cyclist is
used as one of the explanatory variables in modeling the parameters for the entering and exiting Euler spiral curves and in
modeling the radius of the circular curve, Rmin, as well. Vmin is modeled by assuming normal distribution as shown in follow-
ing equation.
Vmin � Nðl;rÞ
l ¼ f ðx1; x2 � xnÞ ¼ b1;1x1 þ b1;2x2 � b1;nxn þ b1;nþ1

r ¼ f ðx1; x2 � xnÞ ¼ b2;1x1 þ b2;2x2 � b2;nxn þ b2;nþ1

ð4Þ
where l is the mean of the normal distribution, r is the standard deviation of the normal distribution, x1, . . . ,xn are indepen-
dent variables, and b1,1, . . . ,b1,n, b2,1 and b2,n are the model coefficients estimated by the maximum likelihood method. The



Table 6
Results of estimated minimum radius and minimum speed.

Explanatory variables Radii of circular curve Rmin (m)
coefficients (t-values)

Minimum speed Vmin (km/h)
coefficients (t-values)

Left-turning Right-turning Left-turning Right-turning

Average l Const. �6.46 (�6.31) 1.86 (0.67) �1.08 (�0.68) 4.49 (2.62)
Corner radius Rc (m) 0.39 (12.9) – 0.22 (3.68) –
The angle between entering and
exit approaches h (�)

0.13 (13.1) 0.062 (2.36) 0.14 (8.12) 0.072 (5.57)

Heavy vehicle dummy (heavy
vehicle:1, passenger car: 0)

– – �1.79 (�1.6) –

Lateral distance from shoulder to
center of exit lane (m)

0.86 (16.8) – 0.84 (8.44) –

Distance from IP point to hard
nose (m)a

DHN_IN – – – 0.0092 (4.5)
DHN_OUT – – – 0.105 (3.17)

Minimum between DHN_IN and
DHN_OUT

– 0.13 (3.2) – –

Approaching speed Vin (km/h) 0.091 (2.99) 0.38 (13.1)
Minimum speed Vmin (km/h) – 0.36 (4.4) – –

Standard deviation r Const. �2.86 (�3.77) 0.601 (0.5) 2.39 (7.44) 0.13 (2.69)
Corner radius Rc (m) 0.062 (3.09) – – –
The angle between entering and
exit approaches h (�)

0.036 (4.95) – – 1.71 (4.57)

Lateral distance from shoulder to
center of exit lane (m)

0.19 (3.89) – 0.15 (2.34) –

Minimum speed Vmin (km/h) – 0.101 (2.17) – –

Sample size 238 117 238 117

a All variables related to intersection geometry are shown in Fig. 1.
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estimation results of Vmin for left-turning and right-turning vehicles are shown in Table 6. Vmin of turning vehicles along the
turning path is dependent on approaching speed, Vin, as shown in Table 6, which is quite rational. Turning vehicles with high-
er running speeds approaching the intersection will reach higher minimum speeds compared to vehicles that are approach-
ing the intersection with low running speeds.

In reality, vehicle path is not independent from speed. This correlation between vehicle path and speed is empirically pro-
ven in this study. Vehicle path is affected by the entering speed of the vehicle, Vin, which significantly affects Vmin along the
turning path. This phenomenon is reflected in the developed empirical models as shown in Tables 5 and 6.

Since the currently available data of right-turning heavy vehicles is not sufficient to reflect the effect of vehicle type, all
developed models for right-turning vehicle paths do not consider vehicle type.
6. Comparison between estimated and observed paths

Although the estimated parameters are well-fitted, each variable explains only a part of the whole path. For validation,
generated distributions are compared with the actual observed distributions.

Fig. 6 compares the estimated and observed path distributions of left-turning passenger cars at the West approach of the
Nishi-osu Intersection. The IP is set for path generation by assuming that the entering and exiting straight segments are lo-
cated at the midpoint of each lane. The observed lane usage ratio of exit lanes is used in the developed path model to gen-
erate turning vehicle paths. Monte-Carlo simulation with 1000 trials is conducted to generate these path distributions.

The red-colored numbers of each graph in Fig. 6 correspond to the cross sections defined along vehicle path. The esti-
mated paths clearly fit well, especially the paths before reaching the exit crosswalks. The shape of the estimated distribution
at cross-section 3 tends to be stepwise since the exiting straight segments are assumed to be located at the center of traffic
lanes. However, in reality, the positions of the exiting straight segments may also vary laterally inside each lane.

Fig. 7 compares the estimated and observed path distributions of right-turning passenger cars from the North approach of
the Nishi-osu Intersection. The results are very similar to those of left-turning vehicles. The estimated path distributions at
cross-sections 1 and 2 are not significantly different (95% confidence level) from the observed distributions, while at cross-
section 3, they are significantly different. This difference is attributed to the assumed exit positions, which are located in the
mid-point of each exit lane.
7. Sensitivity analysis

The effect of intersection geometry on left-turning vehicle paths is demonstrated by the developed models. Fig. 8a shows
estimated path distributions at hypothetical intersections with a corner radius of 15 m. Left-turning vehicle paths are esti-
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Fig. 6. Comparison between observed and estimated paths of left-turning passenger cars at the West approach of Nishi-osu Intersection.

Fig. 7. Comparison between observed and estimated paths of right-turning vehicles at the North approach of Nishi-osu Intersection.
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mated at three different intersection angles: 60�, 90�, and 120�. The origin point of the X axis is assumed to be the entering
point of the intersection. Furthermore, all hypothetical intersections are assumed to have one exit lane. The lateral distance
between the center of the vehicle and the curb is set as 1.5 m. The results show that the approach with a smaller angle tends
to have larger path variations. This can be attributed to the ability of left-turning drivers to maintain their higher speeds at
larger angle approaches, while at smaller angles, drivers need to reduce their speed, which reflects directly on the turning
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Fig. 8. Sensitivity of left-turning vehicle paths to intersection geometric parameters.
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radius and the whole maneuver. It is rational to conclude that the probability that drivers might change their maneuver
(speed and position) becomes smaller if intersection angle is large and vehicle speed is high.

Fig. 8b shows the estimated path distributions at two hypothetical intersections with corner radii of 10 m and 20 m, while
intersection angle is the same (90�) for both intersections. The intersection radius clearly and significantly affects the distri-
bution of vehicle paths. Larger corner radii will result in longer turning maneuvers as shown in Fig. 8b.

To illustrate the effect of the angle between entering and exiting approaches, hr, on the variation of right-turning vehicle
paths, Fig. 9 is presented. It is assumed that all right-turning vehicles will exit in one lane, which is the median lane. The
results conclude that as hr increases, vehicle paths become less distributed. These results are rational since the possibility
that drivers can maintain their speed increases as hr increases, which means that the effect will lessen. This is in accordance
with the results of left-turning vehicles.
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8. Conclusions

In this study, the trajectory distribution of turning vehicles is analyzed and modeled as a function of intersection geom-
etry, vehicle type, and speed. According to the empirical data analysis, the path distribution of left-turning vehicles is deter-
mined to be mainly dependent on the intersection angle, corner radius, number of exit lanes, vehicle type, and approaching
speed. The path distribution of right-turning vehicles is determined to be dependent on the angle between entering and exit-
ing approaches, the positions of the entering and the exiting hard noses of the median (see Fig. 1), number of exit lanes, and
vehicle approaching speed. Furthermore, this study proved that the variations in vehicle paths significantly affect the distri-
bution of potential conflict points, which implies that the path distribution may strongly impact the occurrence probability
of severe conflicts.

A unique model that can reflect the variations in turning vehicle paths is proposed. A comparison between the estimated
and the observed paths shows that the developed model reasonably represents the effect of intersection geometry not only
on average vehicle trajectories but also on their distribution. This quantitative representation of detailed microscopic behav-
ior can be used to predict the changes in vehicle maneuver as a result of improvements in the intersection layout. Further-
more, the proposed model combined with other behavioral models can be utilized to stochastically evaluate intersection
safety.

However, the proposed trajectory model still has several limitations. The exit positions are assumed as input to the tra-
jectory model. Since exit positions are widely distributed, as shown in Fig. 2, incorporating a lane choice model in the pro-
posed method is necessary to provide a complete procedure to reproduce the spatial maneuver of turning vehicles.
Furthermore, the number of turning lanes and the turning lane width are not considered in the developed method since
the available data does not include various sites with different numbers of turning lanes and widths.

The developed turning vehicle path model is planned to be used in a microscopic simulation tool for the safety evaluation
of signalized intersections. However, a trajectory model will not be sufficient; thus, a probabilistic speed profile model,
which considers the yielding behavior as a result of intersection geometry and interaction with other users, is necessary
to provide a successful presentation of the left-turning vehicle behavior in a microscopic simulation environment.
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