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Analysis of Drivers’ Gaze Behavior on Winding
Roads™

Masafumi Hisada

Abstract

Modeling of drivers’ gaze is important to understand driving behaviors since
we can predict the steering behaviors. Although there are many studies in sim-
ulated /natural situations, most of them focus on analyzing the gaze behavior in
a single curve. In this thesis, we extend these studies to a natural situation,
where roads are winding, and aim to investigate how gaze moves during driving
on winding roads. Based on a conventional model called the tangent point (TP)
model, drivers gaze near TP on winding roads and may move their gaze points
jump from the front TP to the back one. To test the behavior, we collected real
gaze data during driving on winding roads and analyzed their properties. Since
there are multiple TPs in winding roads, we also take eye movements between
TPs into account. As a result, the vertical position of the gaze did not correlate
to the time while the horizontal position did, and drivers’ eye movements were
not saccades but like smooth pursuits. It implies that drivers’ gaze does not jump
from one TP to the next one. These results provide a new insight that we cannot
express the gaze model on winding roads using the merely connecting two TP

models, and also have to consider the gaze transition between two TPs.
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1 Introduction

1.1 Background

Advanced driver assistance systems (ADAS) [1] or autonomous cars coexisting
with general vehicles are under development [2]. Under such conditions, their
systems need to predict other vehicles’ behaviors in order to achieve appropriate
driving without collisions or accidents [3]. Since a driver mainly obtains sur-
rounding information and 80% of driving information using the vision [4] [5], a
mathematical model of driving behaviors should be a function of visual informa-
tion. In fact, the intention of a driver such as directions in which he/she wants to
go appears in the gaze [6] [7], and the gaze affects a driver’s steering behaviors [8].
Additionally, a model based on optical flow can predict steering behaviors [9].
Thus, if we make a model of a driver’s gaze as a function of the visual infor-
mation, we can predict the driver’s steering behaviors. In other words, if we can
understand the driver’s gaze behavior, we can prevent accidents from the gaze of

drivers.

1.2 TP model

One of the most popular models for a driver’s gaze is the tangent point (TP)
model (Fig. T). TP is defined as the point on the lane edge on the inside of the
curve where the line of sight is tangential to the lane edge. Existing works have
shown that drivers mainly gaze at the TP in a curve [6] [10]. Drivers can drive
smoothly by looking at the TP in a curve [I1]. Also, looking at the direction of
TP is very suitable for the driver to predict the curvature of the road ahead [12].
Therefore, TP is visually important for the driver during steering. Moreover, we

can simply represent the TP model by using only one tangent point. Although



Gaze Direction

ent Point

Figure 1: Gaze direction and tangent point (TP). The arrow shows the direction

of the driver’s gaze. Red circle shows TP.

this is still controversial since a driver changes the behavior when instructed to
gaze at the tangent point (TP) [8], the difference between the real gaze points
and TPs has been confirmed to be small [13]. Therefore, we discuss the gaze
behavior based on the TP model in this paper.

However, the conventional studies considered the steering behaviors at a corner
with a constant curvature. This study extends the scenario of these studies to a
natural situation, where roads are winding, and the curvatures change not only

its value but also its signature.

1.3 Gaze transition between TPs

There are multiple TPs in the view of the driver on winding roads. Therefore, if
we consider the drivers’ gaze behavior on winding roads, we also have to consider
how the gaze points changed according to TP moving, including the case where
multiple TPs appeared in the view. Here we consider the eye movement of the

driver when moving the gaze from the front TP to the back one.

1.3.1 Types of eye movements

Eye movements are categorized into six types: fixations, saccades, smooth pur-
suits, optokinetic reflex (OKRs), vestibulo-ocular reflex (VORs), and vergence
[14]. Since drivers mainly use saccades and smooth pursuits, we focus on them
in this chapter. Saccades are the rapid movement of eyes like moving to jump.

There is no visual information during saccades. Smooth pursuits allow the eyes



to follow a moving object. Drivers strategically use saccades and smooth pur-
suits [15]. Also, expert drivers more often use smooth pursuits than beginner
drivers since they can select visual strategies according to the complexity of the

roadway [15] [16].

1.3.2 Gaze transition between TPs

There are multiple TPs on the winding roads. Based on the TP model, drivers’
gaze points may jump from one TP to the next one in winding regions. If the
driver always looks at the TP and moves the gaze from TP to TP promptly, it
is considered that saccade is regarded to be appropriate. As mentioned above,
however, drivers cannot get the visual information during saccades. Although
transition time is longer than saccades, if a driver intends to obtain visual infor-

mation firmly, the driver uses smooth pursuits.

1.4 Research question

In this study, we analyze the drivers’ gaze on winding roads. Also, we take eye
movement into account in order to analyze how to move the gaze point between
TPs. We investigate whether drivers use saccades or not to move the gaze in the

winding roads.



2 Materials and methods

2.1 Driving experiment

To measure the gaze points and eye movements during driving, experiments were
carried out where drivers with an eye tracker maneuvered a car in winding roads.
The experiments were approved by the ethical committee of Nara Institute of
Science and Technology (2016-1-12).

Six participants (SK, YI, YY, JO, AY, SA) were recruited for the experiments
who gave their informed consent in advance. They drove a car (i-MiEV, Mit-
subishi Motors Corp., Fig. 2) along a winding road of seven kilometers length in
Mount Tkoma, Nara/Kyoto Prefectures, Japan (Fig. 3), where no explicit intersec-
tions nor traffic signals existed. The drivers were instructed to drive as naturally
as possible. They drove two laps along the road (12 laps in total). Table 1 shows

the driver status.

Figure 2: Experiment car



Turnaround point
THFHEED

SNBVDE

Katano Country Club @
EE A B —BER

& 11 min
1V.0km

-

Segment 3 )

Cemetery
TR RS

Shinto Shrine
F

Kasagami Shrife
Start / Goal ity G

Figure 3: Driving course

Table 1: Driver status

Name Frequency of driving cars The getting date of a driver’s license

SK 3 days per week 4 years ago
YI 3.5 days per week 4 years ago
YY 6.5 days per week 4 months ago
JO 7 days per week 5 years ago
AY 2 days per week 1 month ago
JO 5 days per week 4 years ago




2.2 (Raze measurement

During each session, the driver’s gaze points were measured every twenty mil-
liseconds using a glass-type eye tracker (Tobii Pro Glasses 2 [17], Fig. 4). The
tracker equips a fulll-HD wide-angle scene camera that captures the front view
of the driver and the software associated with the tracker shows the gaze point
in the front view. The experimenter (the author) confirmed whether it could
correctly measure in the back seat of the car using the Live Viewer which allows
us to view real-time eye tracking data overlaid on the scene camera video while

we make a recording.

2.3 Preprocessing

To consider how the gaze points change in the cases where roads are winding
and the curvatures change not only its value but also its signature, three winding
regions were extracted from the roads, named Segment 1, 2, and 3. The start-
ing point of each segment (a red circle in Fig. 3) was the place where a driver
recognized two curves, and the segment continued for eight seconds in Segment
1, seven seconds in Segment 2, and six seconds in Segment 3, since the location
information was not included in the measurement. Fig. b, Fig. 6, and Fig. 7 show
enlarged views of each segment on the left side and front images of the eye tracker

corresponding to the starting point on the right side.

Figure 4: Glass-type eye tracker
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Figure 6: Course of Segment 2 and scene of its starting point
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Figure 7: Course of Segment 3 and scene of its starting point



3 Gaze position on winding roads

3.1 Visualization results

Since these driving experiments conducted on the real road, sometimes the ex-
periment car passed an oncoming car that may attract the driver’s gaze [18].
Nevertheless, it is considered that a driver basically gazes at TP except for the
gaze transition section between TPs in each curve by watching the videos of the
front view of the driver. On the other hand, it takes too long for saccade during

the gaze transition section between TPs.

3.2 Results of correlation coefficients

Due to the limitation of the analysis, we do not confirm the TP model so far.
Instead, we calculated the correlation between the elapsed time and the horizontal
position (hereinafter called "X direction") or the vertical position (hereinafter
called "Y direction") to confirm the TP model indirectly. As a result, 81% of the
data have a correlation with X direction. (Table 2, 3, and 4) On the other hand,
only 31% of the data have a correlation with Y direction. (Table 5, 6, and 7)
This result indicates that the drivers move gaze point linearly in the X direction

in winding roads.



Table 2: Correlation coefficients in X direction in Segment 1

Data name Correlation coefficient P-value
SK1 -0.791 3.15 x 10787
SK2 -0.910 1.94 x 107154
YY1 -0.168 7.12 x 107*
YY2 -0.249 4.56 x 1077
JO1 -0.622 2.99 x 10~
JO2 -0.466 5.36 x 1072
AY1 -0.705 1.50 x 1076t
AY?2 -0.661 8.80 x 10752
Y11 -0.734 6.55 x 10769
YI2 -0.716 2.86 x 10764
SA1 -0.574 1.73 x 10736
SA2 -0.340 2.71 x 10712

Average -0.908 5.45 x 107153

Table 3: Correlation coefficients in X direction in Segment 2

Data name Correlation coefficient P-value
SK1 -0.922 1.51 x 10714
SK2 -0.790 3.94 x 10776
YY1 -0.661 1.65 x 1074
YY2 -0.211 6.96 x 107°
JO1 -0.692 2.12 x 107!
JO2 -0.310 3.26 x 107
AY1 -0.800 2.47 x 1077
AY?2 -0.470 1.14 x 10720
Y11 -0.740 4.28 x 10762
YI2 -0.898 2.18 x 107126
SA1 -0.736 5.46 x 10761
SA2 -0.843 4.54 x 1079

Average -0.951 2.30 x 10717




Table 4: Correlation coefficients in X direction in Segment 3

Data name Correlation coefficient P-value
SK1 0.905 3.04 x 107113
SK2 0.815 1.08 x 10~
YY1 0.435 2.69 x 10710
YY2 0.377 1.27 x 1071
JO1 0.439 1.24 x 10715
JO2 0.354 2.68 x 10710
AY1 0.823 2.64 x 1077
AY?2 0.455 8.32 x 10717
Y11 0.495 5.36 x 10=%0
Y12 0.661 4.24 x 1073
SA1 0.707 7.92 x 10747
SA2 0.831 5.20 x 10778

Average 0.895 6.87 x 107107

Table 5: Correlation coefficients in Y direction in Segment 1

Data name Correlation coefficient P-value
SK1 -0.193 1.02 x 1074
SK2 0.643 3.67 x 10748
YY1 -0.710 6.77 x 10763
YY2 -0.566 2.37 x 1073
JO1 -0.602 7.64 x 1074
JO2 -0.275 2.22 x 1078
AY1 -0.652 6.03 x 10750
AY?2 -0.187 1.65 x 107*
Y11 -0.485 5.16 x 1072
YI2 -0.128 1.05 x 1072
SA1 -0.356 2.18 x 10713
SA2 -0.335 5.93 x 10712

Average -0.759 1.69 x 1077
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Table 6: Correlation coefficients in Y direction in Segment 2

Data name Correlation coefficient P-value
SK1 0.773 5.95 x 1077
SK2 0.464 3.81 x 10720
YY1 -0.113 3.50 x 1072
YY2 0.325 4.35 x 10710
JO1 0.187 4.32 x 1074
JO2 0.380 1.56 x 10713
AY1 -0.626 1.45 x 10739
AY?2 -0.397 1.12 x 10714
Y11 0.191 3.14 x 1074
YI2 0.175 9.65 x 1074
SA1 0.132 1.30 x 1072
SA2 0.760 2.60 x 10767

Average 0.625 1.87 x 1073

Table 7: Correlation coefficients in Y direction in Segment 3

Data name Correlation coefficient P-value
SK1 0.164 4.23 x 1073
SK2 0.198 5.35 x 1074
YY1 0.228 6.79 x 107
YY2 -0.219 1.28 x 107*
JO1 -0.134 1.98 x 1072
JO2 0.065 2.59 x 1071
AY1 0.460 3.56 x 10717
AY?2 0.119 3.95 x 1072
YI1 0.203 4.02 x 1074
YI2 0.057 3.24 x 1071
SA1 0.047 412 x 1071
SA2 -0.131 2.27 x 1072

Average 0.315 2.25 x 1078
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3.3 Discussion

As well as in single curve, drivers gaze near TP in winding roads. Additionally,
the TP model with jumping was not supported in our experiments since they
moved their gaze smoothly between TPs. As a result of correlation coefficients, it
is considered that drivers basically move their gaze in the X direction in winding
roads. Fig. 8, Fig. 9, and Fig. 10 show the relationship between the gaze point in
the X direction or Y direction and elapsed time in each segment. As can be seen
in these figures, drivers gaze linearly moved in the X direction.

Here we consider the reason for the data with a low correlation coefficient.
The gaze point of some data moved to the left and right like vibration many
times. However, such data also move to the same X direction (from right to
left in Segment 1 and 2, from left to right in Segment 3). As mentioned above,
sometimes the experiment car passed an oncoming car. Also, there are traffic
signs or signboards in Segment 1 and 2. These things may attract the driver’s

gaze.

12
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4 Classification of eye movements

4.1 Classification method

As mentioned above, there are six types of eye movements : fixations, saccades,
smooth pursuits, optokinetic reflex (OKRs), vestibulo-ocular reflex (VORs), and
vergence. We found that fixations, VORs, and vergence little appear in the
moving car since their magnitudes are small compared to the others. Additionally,
smooth pursuits and OKRs are difficult to distinguish due to the resolution of
the sensors. Thus, we regard both smooth pursuits and OKRs as non-saccades
and classify the eye movements to saccades or non-saccades.

Saccades are eye movements where the gaze direction suddenly changes, say,
faster than 30 deg/sec in angular velocity. In contrast, smooth pursuits are eye
movements where the gaze direction tracks a moving object. We regard any eye
movement other than saccades as non-saccades in the following analysis. Based
on the TP model, drivers’ gaze points may jump from one TP to the next one in
winding regions where TPs appear one after another. To test this behavior more
directly, we counted the time-points in each segment when the eye movement
belonged to either saccade or non-saccade. If the eye movement was difficult to

classify, we gave the label, unknown, to the time-point.

4.2 Results of classification

Table 8, 9, and 10 show the proportion of eye movements on each segment. As a
result, the proportion of saccades is very small. More than 92%/96%/95% of eye

movements are non-saccade in Segment 1/2/3.

14



Table 8: Types of eye movements of each participant in Segment 1

Data name Saccade Non-saccade Unknown Saccade rate

SK1 6 383 12 0.015
SK2 19 374 8 0.048
YY1 25 288 88 0.080
YY2 37 353 11 0.095
JO1 30 323 48 0.085
JO2 46 316 39 0.127
AY1 18 383 0 0.044
AY?2 44 289 68 0.132
YI1 15 376 10 0.038
YI2 25 363 13 0.064
SA1 52 313 36 0.142
SA2 9 384 8 0.023
Sum 326 4145 341 0.073

Table 9: Types of eye movements of each participant in Segment 2

Data name Saccade Non-saccade Unknown Saccade rate

SK1 15 330 6 0.043
SK2 11 337 3 0.032
YY1 19 328 4 0.055
YY2 12 339 0 0.034
JO1 23 318 10 0.067
JO2 22 321 8 0.064
AY1 1 350 0 0.003
AY2 21 306 24 0.064
YI1 7 339 5 0.020
YI2 25 324 2 0.072
SA1 3 334 4 0.009
SA2 3 342 6 0.009
Sum 162 3978 72 0.039

15



Table 10: Types of eye movements of each participant in Segment 3

Data name Saccade Non-saccade Unknown Saccade rate

SK1 5 294 2 0.017
SK2 5 295 1 0.017
YY1 8 291 2 0.027
YY2 7 275 19 0.025
JO1 24 262 15 0.084
JO2 31 246 24 0.111
AY1 18 280 3 0.060
AY?2 24 264 13 0.083
YI1 3 298 0 0.010
YI2 21 264 16 0.074
SA1 12 284 5 0.041
SA2 8 287 6 0.027
Sum 166 3340 106 0.047

4.3 Discussion

This is quantitatively confirmed by comparing to the proportion in the whole
road (Table 11). As a result of analyzing eye movements, more than 90% are non-
saccade in winding roads. Although there are some saccades, there was no one
thought to have transitioned between TPs by watching the video. Additionally,
Table 11 shows the ratio of saccade of each participant in the winding regions
and the whole driving course. The rate of the saccades of the five experimental
participants was smaller in the winding roads than in the whole driving course.
The saccades observed in the winding roads may be not due to transition between
TPs. It is considered that eye movement in the winding roads is not saccades.

If drivers use saccades during moving between TPs, we can express the gaze
model on winding roads using merely connecting two TP models. However, we
cannot express the model since we also consider the gaze transition between two
TPs.

Why do drivers not use saccades? During saccades, a driver cannot have any vi-

sual information. Drivers may keep obtaining visual information by using smooth

16



pursuit even when they need to change the gaze point from one TP to the next
TP. As mentioned above, experienced drivers are known to use smooth pursuits
more than beginners. Since we recruited participants who are used to driving, it

may affect the result.

Table 11: Comparison of saccade rate between the winding regions and the whole

road
Data name | Winding roads | Whole driving course
SK 0.029 0.049
YY 0.055 0.056
YI 0.047 0.057
JO 0.090 0.081
AY 0.063 0.071
SA 0.042 0.050

17



5 Conclusion

In this study, we measured drivers’ gaze points during natural driving in a real
road in order to understand the drivers’ gaze behavior. Based on the TP model,
drivers’ gaze points may jump from one TP to the next one in winding regions
where TPs appear one after another. To test this behavior indirectly, we cal-
culated the correlation between the elapsed time and the horizontal /vertical eye
movements, which did not support the TP model with jumping. To confirm
this more directly, we evaluated the saccade rate to the whole eye movements
and found that a driver rarely uses saccades when driving in winding regions,
indicating that a driver changes their gaze smoothly from one TP to the next

one.
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