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SUMMARY Image sensor communication (ISC), derived from visible
light communication (VLC) is an attractive solution for outdoor mobile en-
vironments, particularly for intelligent transport systems (ITS). In ITS-ISC,
tracking a transmitter in the image plane is critical issue since vehicle vi-
brations make it difficult to selsct the correct pixels for data reception. Our
goal in this study is to develop a precise tracking method. To accomplish
this, vehicle vibration modeling and its parameters estimation, i.e., represe-
tative frequencies and their amplitudes for inherent vehicle vibration, and
the variance of the Gaussian random process represnting road surface ir-
regularity, are required. In this paper, we measured actual vehicle vibration
in a driving situation and determined parameters based on the frequency
characteristics. Then, we demonstrate that vehicle vibration that induces
transmitter displacement in an image plane can be modeled by only Gaus-
sian random processes that represent road surface irregularity when a high
frame rate (e.g., 1000 fps) image sensor is used as an ISC receiver. The
simplified vehicle vibration model and its parameters are evaluated by nu-
merical analysis and experimental measurement and obtained result shows
that the proposed model can reproduce the characteristics of the transmitter
displacement sufficiently.
key words: visible light communication, image sensor communication, ve-
hicle vibration, road surface irregularity, transmitter displacement, vehicle
motion model

1. Introduction

With the development of intelligent transport systems (ITS),
the number of advanced driver assistance systems (ADASs)
that use image sensors is increasing [1]. An image sensor
can be used not only for view assistance and image recogni-
tion but also for visible light communication (VLC) [2]–[5].
VLC that uses an image sensor as a receiver is called image
sensor communication (ISC) [2].

ISC is well suitable wireless communication method
for ITS applications because the image sensorreceiver only
uses pixels that sense LED transmission sources and dis-
cards other pixels including noise such as sunlight or street
light by image processing [2]. This spatial separation of
transmission sources enables multiple and simultaneous re-
ception [6]. Thus, ISC is an attractive solution for the
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field of ITS. ISC for an automotive application is referred
to as ITS-ISC [6]–[12], including infrastructure-to-vehicle
ISC (I2V-ISC), vehicle-to-infrastructure ISC (V2I-ISC), and
vehicle-to-vehicle ISC (V2V-ISC).

It is critical to detect and track LED transmitters for
robust data reception in ITS-ISC in which an image plane
moves according to vehicle movement and vibrations. Such
displacement impedes the receiver’s ability to select the cor-
rect pixels which contains the data. Therefore, for ITS-ISC,
the displacement of LED transmitters in the image plane
must be considered to receive the optical signal accurately.

Previously, we proposed a vehicle motion model that
expresses the motion of an LED transmitter in an image
plane based on a single pinhole camera model [13]. A single
pinhole camera model can be expressed as multiplication of
a camera calibration parameter, an extrinsic parameter, and
a world coordinate projected to the image plane [14]. We
focused on the extrinsic parameter, which comprises a 3×3
rotation matrix and translation vector representing camera
posture and camera position, respectively. For an in-vehicle
image sensor, the extrinsic parameter varies according to
vehicle movement and vibration, i.e., the camera posture
fluctuates relative to vehicle vibration and camera position
moves with vehicle movement and vibration. Thus, consid-
ering vehicle movement and vehicle vibration, a single pin-
hole camera model successfully describes vehicle motion in
the image plane.

It is generally accepted that vehicle vibration is induced
by inherent vehicle vibration and vibration that occurs due
to road surface irregularity. Such vehicle vibration can be
written as follows:∑

A fi cos 2πνit + G(t) (1)

where Aνi is the amplitude of a sinusoidal waveform with
frequency νi representing inherent vehicle vibration and G(t)
denotes a Gaussian random process representing road sur-
face irregularity. Note that (1) is derived based on the lit-
eratures [15]–[19] in the previous work [13]. The vibration
given by (1) is transformed into the image plane, and vehi-
cle vibration makes it difficult for the VLC receiver to select
the correct pixels in the image plane.

In this study, we attempt to develop a precise tracking
method. To accomplish this, we must estimate the parame-
ters given in (1), i.e., representative frequencies, νi, and their
amplitudes, Aνi , for inherent vehicle vibration, and the vari-
ance of G(t) representing road surface irregularity.
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It has been shown that vehicle vibration frequencies are
typically less than 20 Hz, in particular approximately 1.5–
4 Hz and 10 Hz [15]–[17]. However the characteristics dif-
fer depending on vehicle type (e.g., car, bus, or truck) [18].
Thus, the parameters that must be estimated differ depend-
ing on vehicle type, and generalization of the parameters
may be difficult. Road surface irregularity is modeled by a
Gaussian random process [19].

The purpose of this paper is to derive the dominant
components of vehicle vibration and road surface irregu-
larity that induce transmitter displacement in ITS-ICS from
(1) and to determine their parameters, such as effective fre-
quencies, νi, amplitudes of vehicle vibration, Aνi , and the
variance of Gaussian random processes, based on vehicle
vibration measurements for precise tracking.

To accomplish this, we first measured actual vehicle
vibration in a driving situation using a six-axis acceleration
sensor in a smartphone. Using the measurement results, we
conducted frequency analysis of the vehicle vibration and
determined parameters based on the frequency characteris-
tics. Based on the results, we propose a simplified vehicle
vibration model that uses only Gaussian random processes.
Further, since our primary interest is how our simplified ve-
hicle vibration model affects an image plane, we compared
the probability density of transmitter displacement in an im-
age plane using the simplified vehicle vibration model with
that obtained by an experimental measurement. As we show
in detail, the probability densities are nearly identical i.e.,
the Kullback-Leibler (KL) divergence is sufficiently small.

The main contribution of this paper is to demonstrate
that vehicle vibration that induces displacement of an LED
transmitter in an image plane can be modeled using only
Gaussian random processes representing road surface irreg-
ularity. This can be achieved because, when a high frame
rate (e.g., 1000 fps) image sensor is used as an ISC receiver
[6]–[12], inherent vehicle vibration expressed by the sum of
the lower frequencies of sinusoidal waveforms disappears
and only the random processes representing road surface ir-
regularity have an impact on vehicle motion in the image
plane. This implies that transmitter tracking is sufficient to
limit the search area to a few pixels without displacement
compensation.

The remainder of this paper is organized as follows.
We first briefly review our previous work [13] and describe
the vehicle motion model in Sect. 2. In Sect. 3, we describe
the vehicle vibration measurement and vehicle vibration and
road surface irregularity parameter estimation based on the
measured data. To verify accuracy, Sect. 4 provides the re-
sults of a numerical analysis with pseudo-generated vibra-
tion using the parameters determined in Sect. 3. Finally,
conclusions are presented in Sect. 5.

Note that in this paper, we limit our discussion to I2V-
ISC. Vehicle motion models for V2I-ISC, V2V-ISC, and
I2V-ISC are essentially identical; however, some variables
differ [13]. Nonetheless, the discussion in this paper can be
applied to V2I-ISC and V2V-ISC.

2. Overview of Vehicle Motion Model for ITS-ISC

In this section, we first briefly review our previous work.
We proposed a vehicle motion model that expresses the mo-
tion of an LED transmitter on a captured image by a single
pinhole camera model [13].

The pinhole camera model [14] projects world coordi-
nate (x, y, z) to image coordinate (u, v). The geometory of a
pinhole camera is shown in Fig. 1 and its transformation is
as follows:

λ

 u
v
1

 =

 f 0 0
0 f 0
0 0 1

 [ R T
] 

x
y
z
1

 , (2)

where λ is an arbitrary scale factor, f is focal length, R is a
3 × 3 rotation matrix, and T is a translation vector. In (2), R
and T indicate camera posture and camera position, respec-
tively. We considered a world coordinate component (x, y, z)
as the transmitter position. For I2V-ISC, the camera moves
with the vehicle and the LED transmitter is static. Therefore,
camera posture (R) fluctuates based on the vehicle vibration,
and camera position (T) moves with the vehicle movement.
Thus, the motion of the LED transmitter in the image plane
for I2V-ISC can be expressed as follows:

λ

 u(t)
v(t)
1

 =

 f 0 0
0 f 0
0 0 1


 Tx(t)+nx(t)

R Ty(t)+ny(t)
Tz(t)+nz(t)




x
y
z
1

 , (3)

where Tx(t), Ty(t), and Tz(t) are time functions of vehicle
movement, and nx(t), ny(t), and nz(t) are the vibration com-
ponents of the camera. The rotation matrix R is defined as
follows:

R =

 1 0 0
0 cosα(t) − sinα(t)
0 sinα(t) cosα(t)


 cos β(t) 0 − sin β(t)

0 1 0
sin β(t) 0 cos β(t)


×

 cos γ(t) − sin γ(t) 0
sin γ(t) cos γ(t) 0

0 0 1

 , (4)

Fig. 1 Projection of a world coordinate (x, y, z) to the image coordinate
(u, v) by pinhole camera model.
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where α(t), β(t), and γ(t) are the rotation angles of the X-,
Y-, and Z-axis circumferences, respectively.

Similarly, vehicle motion model for V2I-ISC and V2V-
ISC can be modeled.

However, components caused by vehicle vibrations,
i.e., nx(t), ny(t), nz(t), α(t), β(t), and γ(t), have not examined
in detail. In this paper, we derive vehicle vibration model
for such components and estimate their parameters.

3. Vehicle Vibration Measurement and Modeling

For the vehicle motion model in (3), the vehicle vibration
components of the camera, nx(t), ny(t), and nz(t), and rota-
tion angles of the camera, α(t), β(t), and γ(t), must be con-
sidered in a driving situation.

Consider the vehicle vibration component and rotation
angles of the camera expressed as follows: nx(t)

ny(t)
nz(t)

 =


∑

Axνi cos 2πνit + Gx(t)∑
Ayνi cos 2πνit + Gy(t)

0

 , (5)

and  α(t)
β(t)
γ(t)

 =


∑

Aανi cos 2πνit + Gα(t)∑
Aβνi cos 2πνit + Gβ(t)∑
Aγνi cos 2πνit + Gγ(t)

 , (6)

where Axνi , Ayνi , Aανi , Aβνi , and Aγνi are amplitudes of sinu-
soidal waveforms with frequency νi, and Gx(t), Gy(t), Gα(t),
Gβ(t), and Gγ(t) are Gaussian random processes represent-
ing road surface irregularities. Note that we assume the ve-
hicle drives along the Z-axis and it moves about 1.1 cm be-
tween frames, i.e., ∆Tz = Tz(t) − Tz(t − 1) ≈ 1.1 cm, in
our condition (vehicle speed: 40 km/h, frame rate of image
sensor: 1000 fps). On the other hand, the order of the ampli-
tude of nz(t) is expected to be 10−5 m. Hence, we consider
the vehicle vibration in the Z-direction can be ignored (i.e.,
nz(t) ≈ 0) because ∆Tz � nz(t).

Vehicle vibration measurements were conducted to de-
rive the dominant components of vehicle vibration and road
surface irregularity that induce transmitter displacement in
ITS-ICS from (5) and (6), and to determine their parame-
ters, such as the effective frequencies of vehicle vibration
and their amplitudes, as well as the variance of the Gaussian
random processes.

3.1 Measurement Scenario

We conducted vehicle vibration measurement to determine
vehicle vibration and road surface irregularity parameters,
i.e., nx(t), ny(t), α(t), β(t), and γ(t). (For nz(t), slight acceler-
ation and deceleration are inevitable and these components
are dominant in the measured data in Z-direction. There-
fore, nz(t) is difficult to mesure precisely.) The measure-
ments were taken in two different scenarios, i.e., well-paved
straight roads in an urban area (Fig. 2(a)) where ITS-ISC is
likely to be used and unpaved bumpy road (Fig. 2(b)). Ve-
hicle vibration was measured eight times for each scenario

Fig. 2 Vehicle vibration measurement locations: (a) paved scenario, (b)
unpaved scenario.

Table 1 Standard deviations of measured vehicle vibrations.
Paved Unpaved

σnx 2.89 × 10−5 1.10 × 10−4

σny 5.50 × 10−5 1.65 × 10−4

σα 1.89 × 10−3 9.78 × 10−3

σβ 4.99 × 10−4 1.38 × 10−3

σγ 1.69 × 10−3 6.18 × 10−3

at a constant speed (40 km/h) using a six-axis acceleration
sensor in a smartphone† set on the dashboard of a vehicle
(1.2 m height from the ground). The six-axis acceleration
sensor measures acceleration and angular velocity in X-, Y-,
and Z-directions, respectively. In Sect. 3.2, we show in that
the measured results agree with previously reported results
[15]–[17]. Thus, we consider that an acceleration sensor in
a smart phone provides sufficiently accurate measurements.
All measurements were acquired between 10 a.m. and 2
p.m. on a clear day in Nagoya, Japan.

3.2 Measurement Results

Table 1 summarizes the standard deviations of the measured
vehicle vibrations averaged over eight trials for each sce-
nario (mean values were set to zero to remove the offset
i.e., the gravity acceleration as general approach). The mea-
sured waveforms taken in the paved and unpaved scenarios
are plotted in Figs. 3 and 4, respectively.

From the measured waveforms, the vehicle vibration
frequency characteristic was derived for each scenario. In
the frequency domain, the measured vehicle vibrations are
characteristically lower frequency for both cases. These re-
sults agree with previously reported results [15]–[17]. Fig-
ures 5 and 6 show the frequency characteristics for the paved
and unpaved scenarios, respectively. As can be seen in both
Figs. 5 and 6, although the amplitude in Fig. 6 is greater than
that in Fig. 5, it is evident that vehicle vibrations are primar-
ily distributed in lower frequencies.

3.3 Simplified Vehicle Vibration Model

According to the measurement results, vehicle vibrations are

†We used a six-axis acceleration sensor in iphone6. InvenSense
MPU-6500 is used as one of the six-axis acceleration sensor in
iphone6 and its maximum sensitivity is 16684 LSB/g. Hence, the
maximum sensitivity is expected to be about 16684 LBS/g.
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Fig. 3 Measured vehicle vibration (paved scenario, Fig. 2(a), 40 km/h):
(a) vibration components nx(t) and ny(t); (b) rotation angles α(t), β(t), and
γ(t).

Fig. 4 Measured vehicle vibration (unpaved scenario, Fig. 2(b), 40 km/h):
(a) vibration components nx(t) and ny(t); (b) rotation angles α(t), β(t), and
γ(t).

primarily distributed in lower frequencies.
In the assumed ITS-ICS system, a high-speed image

sensor with a frame rate greater than 1000 fps is used as a
receiver [6]–[12]. For a high frame rate image sensor, e.g.,
1000 fps, it is expected that such low frequency components
do not influence the characteristics of transmitter displace-
ment significantly because the variation of amplitude is very
small (nearly zero) between frames for such low frequency
waveforms. Thus, the summation of sinusoidal terms in (5)
and (6) can be ignored, and only Gaussian random processes
impact vehicle motion in the image plane.

Consequently, (5) and (6) can be simplified as follows: nx(t)
ny(t)
nz(t)

 ≈
 G̃x(t)

G̃y(t)
0

 , (7)

and  α(t)
β(t)
γ(t)

 ≈
 G̃α(t)

G̃β(t)
G̃γ(t)

 , (8)

where G̃x(t), G̃y(t), G̃α(t), G̃β(t), and G̃γ(t) are Gaussian ran-
dom processes.

3.4 Parameter Determination of Simplified Vehicle Vibra-
tion Model

As discussed above, the only parameters we need to deter-
mine are the variances of the Gaussian random processes

Fig. 5 Frequency characteristics of measured vehicle vibration (paved
scenario, Fig. 2(a), 40 km/h): (a) vibration components nx(t) and ny(t); (b)
rotation angles α(t), β(t), and γ(t).

Fig. 6 Frequency characteristics of measured vehicle vibration (unpaved
scenario, Fig. 2(b), 40 km/h): (a) vibration components nx(t) and ny(t); (b)
rotation angles α(t), β(t), and γ(t).

representing road surface irregularity. Because inherent ve-
hicle vibration is primarily distributed at less than 20 Hz
[15]–[17], we assume that vibration frequencies above
20 Hz are induced by road surface irregularity. Therefore,
variances of the Gaussian random processes, G̃x(t), G̃y(t),
G̃α(t), G̃β(t), and G̃γ(t), for each scenario were determined
by simply averaging the amplitude of frequency components
above 20 Hz in the frequency characteristic of the measured
vehicle vibration shown in Figs. 5 and 6, respectively, and
other spectrums less than 20 Hz were ignored. Note that the
mean values were set to zero as well as the vibration mea-
surement (i.e., µx = µy = µα = µβ = µγ = 0). Based on
the measured vehicle vibration waveforms, we obtained the
variances of the Gaussian random processes, G̃x(t), G̃y(t),
G̃α(t), G̃β(t), and G̃γ(t), for both scenarios shown in Table 2.

We also measured vehicle vibrations at vehicle speed
of 50 km/h and 60 km/h in the paved scenario. As an ex-
ample, Fig. 7 shows the frequency characteristic at vehicle
speed of 60 km/h. Under the legal speed limit in Japan,
i.e., 60 km/h, although specific peaks and amplitudes dif-
fer, the vehicle vibrations are primarily distributed in lower
frequencies. Hence, we can use the simplified vehicle vibra-
tion model and the parameter estimation method explained
above. Although we have not measured vehicle vibration at
a higher speed than 60 km/h, we expect that the tendency is
similar and our model can be used.

To show the validity of the simplified vehicle vibration
model, we compared the probability density of the transmit-
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Table 2 Vehicle vibration parameters for (7) and (8).

Paved Unpaved
σ2

x 6.02 × 10−7 2.73 × 10−6

σ2
y 1.49 × 10−6 5.44 × 10−6

σ2
α 2.50 × 10−5 3.60 × 10−4

σ2
β 6.85 × 10−6 4.88 × 10−5

σ2
γ 2.69 × 10−5 1.19 × 10−4

Fig. 7 Frequency characteristics of measured vehicle vibration (paved
scenario, Fig. 2(a), 60 km/h): (a) vibration components nx(t) and ny(t); (b)
rotation angles α(t), β(t), and γ(t).

ter displacement in an image plane using the simplified ve-
hicle vibration model to that obtained by the experimental
measurement. Specifically, we produced an image coordi-
nate (u1(t), v1(t)) provided from nx(t), ny(t), α(t), β(t), and
γ(t) generated by (7) and (8). In other words, the trans-
mitter displacement (u1(t), v1(t)) is the result of an approx-
imately generated vehicle vibration using (7) and (8). In
Sects. 4.2 and 4.3, we compare the results with experimen-
tally obtained transmitter displacement in an image plane
(u2(t), v2(t)).

4. Validation of Newly Derived Vehicle Vibration
Model

4.1 Numerical Analysis with the Simplified Vehicle Vibra-
tion Model

Our main interest is how our simplified vehicle vibration
model affects an image plane; therefore, in this section, we
compare the probability density of transmitter displacement
in the image plane using the newly derived vehicle vibration
model (simplified model) to that obtained by experimental
measurement.

Based on the vehicle motion model, we performed nu-
merical analysis with vehicle vibration generated by the
simplified vibration model, i.e., (7) and (8), whose parame-
ters were determined above to evaluate transmitter displace-
ment characteristics for both paved and unpaved scenarios.
A conceptual diagram of the numerical analysis is shown in
Fig. 8. Table 3 shows the numerical analysis specifications.

In the numerical analysis, the camera position (1.2 m
height from the ground) was moved toward the point light
source assumed as the transmitter along the Z-axis at a
constant speed (i.e., Tx(t) = Ty(t) = 0) with vibration.
Note that to match the experimental measurement condi-

Fig. 8 Displacement of LED transmitter in an image plane induced by
vehicle movement. Our main interest is how our simplified vehicle vibra-
tion model affects an image plane; therefore, we generated the transmitter
displacement using our simplified vehicle vibration model (Gaussian ran-
dom processes only) and compared it to the experimental measurements.

Table 3 Specifications of numerical analysis.

Frame rate 1,000 fps
Pixel size ρ = 10 µm
Focal length f = 35 mm
Interval 5 seconds (5,000 frames)
Vehicle speed 40 km/h

tions (Sect. 4.2), the transmitter was set to (x, y, z) = (0.0 m,
5.0 m, 90.0 m) in the paved scenario (assumed to be a traffic
light) and (x, y, z) = (0.0 m, 0.6 m, 90.0 m) in the unpaved
scenario (assumed to be a headlight). The vehicle speed
was set to 40 km/h which is the same as the experimental
measurement. According to (3), transmitter position (x, y, z)
was projected onto the image plane (u(t), v(t)). The simpli-
fied vehicle vibration model considers only the influence on
an image plane; thus, projection onto the image plane is re-
quired for evaluation. Then, we detected displacement by
taking the difference between the transmitter positions pro-
jected onto the image plane in two consecutive frames (i.e.,
δu = u(t) − u(t − 1), δv = v(t) − v(t − 1) between tth and
t − 1th frames). The transmitter displacement characteristic
was evaluated by the probability density of the detected dis-
placement in the horizontal (δu) and vertical (δv) directions.

Figure 9 shows the transmitter displacement character-
istic obtained by numerical analysis with vehicle vibration
generated by the simplified vibration model, i.e., (7) and (8),
with the parameters for the paved scenario listed in Table 2.
These results describe the probability density of transmit-
ter displacement in the horizontal (δu) and vertical (δv) di-
rections. Standard deviations were σδu = 4.07 × 10−2 and
σδv = 8.77 × 10−2, respectively.

Figure 10 also shows the transmitter displacement
characteristic obtained by the simplified vibration model
with the parameters for the unpaved scenario. The standard
deviations of displacement in the horizontal (δu) and vertical
(δv) directions were σδu = 5.13×10−2 and σδv = 580×10−2,
respectively.

4.2 Experimental Measurement

To compare the transmitter displacement characteristic ob-
tained by the numerical analysis to the simplified vehicle vi-
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Fig. 9 Numerical analysis results with vibration generated by the sim-
plified vehicle vibration model for paved scenario: (a) probability density
of the transmitter displacement in the horizontal direction; (b) probability
density of the transmitter displacement in the vertical direction.

Fig. 10 Numerical analysis results with vibration generated by the sim-
plified vehicle vibration model for unpaved scenario: (a) probability den-
sity of the transmitter displacement in the horizontal direction; (b) proba-
bility density of the transmitter displacement in the vertical direction.

bration model, we also measured transmitter displacement
under conditions similar to those of the numerical analysis.
We recorded images of a light source (e.g., traffic light or
a vehicle headlight) using a high-speed camera set on the
dashboard of a vehicle (1.2 m height from the ground) in
both the paved and unpaved scenarios. We started to record
images from 90.0 m away from the light source that is within
the target communication range of our ITS-ISC system [10].
Note that the height of the traffic light is about 5.0 m from
the ground and the height of the headlight is about 0.6 m
from the ground. Then, we detected the displacement of
the center of the light source from the captured images us-
ing a post-processing operation [12], [13]. The experimental
measurement parameters were listed in Table 4.

The transmitter displacement characteristics obtained
by the experimental measurement in the paved and unpaved
scenarios are shown in Figs. 11 and 12, respectively. The
standard deviations of displacement in the horizontal (δu)
and vertical (δv) directions wereσδu = 3.57×10−2 andσδv =

7.70×10−2 for the paved scenario and σδu = 6.38×10−2 and
σδv = 1.69× 10−1 for the unpaved scenario. The probability
of the displacement exceeding one pixel was very low, i.e., 0
% in the paved scenario and 1.28 % in the unpaved scenario.
These results suggest that the search area of the transmitter

Table 4 Specifications of experimental measurement.

Camera model IDP-Express R2000-F
made by Photoron

Sensor type CMOS
Frame rate 1000 fps
Shutter speed 1/1000 second
Resolution 512×512 pixel
Pixel size ρ = 10 µm
Focal length f = 35 mm
Output image 8 bit gray scale
Number of acquired frames 5000 frames (5 seconds)

Fig. 11 Experimental measurement (paved scenario): (a) probability
density of transmitter displacement in the horizontal direction; (b) prob-
ability density of transmitter displacement in the vertical direction.

Fig. 12 Experimental measurement (unpaved scenario): (a) probability
density of transmitter displacement in the horizontal direction; (b) proba-
bility density of transmitter displacement in the vertical direction.

can be limited to approximately one or two pixels.

4.3 Comparison of Transmitter Displacement Generated
by Simplified Vehicle Vibration Model and that Ob-
tained by Experimental Measurement

For the paved scenario, by comparing the transmitter dis-
placement characteristics shown in Figs. 9 and 11, it can be
seen that the form and tendency of the probability densi-
ties were nearly identical, and their standard deviations were
in close agreement. We also calculated the KL divergence
between the two probability densities. The KL divergence
is a criterion that indicates the similarity of two probability
densities. Note that zero indicates that the two probability
densities are equal. The KL divergences between the trans-
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Table 5 Parameters of sinusoidal waveform of the rotation angle α(t).

Vibration frequency [Hz] Amplitude [deg]
1.56 1.85 × 10−2

11.52 8.44 × 10−3

Fig. 13 Numerical analysis of vibration generated by the simplified ve-
hicle vibration model and sinusoidal waveform of the rotation angle α(t)
listed in Table 5 (unpaved scenario): (a) probability density of the transmit-
ter displacement in the horizontal direction; (b) probability density of the
transmitter displacement in the vertical direction.

mitter displacement characteristics shown in Figs. 9 and 11
are sufficiently small (7.21×10−3 in the horizontal direction
and 0.294 in the vertical direction). Therefore, these results
indicate that pseudo vibrations generated by the simplified
vibration model with parameters determined based on the
vehicle vibration measurements can reproduce the transmit-
ter displacement characteristic of I2V-ISC in a paved sce-
nario. Furthermore, for a high frame rate image sensor,
transmitter displacement characteristics can be analyzed by
a vehicle motion model by providing only Gaussian random
processes that represent road surface irregularities.

In addition, for the unpaved scenario, comparing the
transmitter displacement characteristics shown in Figs. 10
and 12, the KL divergences were 2.15 × 10−2 in the hor-
izontal direction and 0.498 in the vertical direction. Al-
though the KL divergence in the horizontal direction was
sufficiently small, the KL divergence in the horizontal di-
rection was greater than that of the paved scenario, and the
approximation accuracy of transmitter displacement charac-
teristic was insufficient. However, considering some lower
frequency components representing inherent vehicle vibra-
tion, the approximation accuracy could be improved. For
example, using the frequency components for rotation angle
α listed in Table 5 determined according to the frequency
characteristic shown in Fig. 6(b), the KL divergence in the
vertical direction improved to 0.296, which is nearly equal
to the paved scenario case. The transmitter displacement
characteristics are shown in Fig. 13.

Finally, we also calculated KL divergences for lower
frame rate (500, 250, 100, 50 fps) in the paved scenario. Fig-
ure 14 shows KL divergences in the vertical direction with
corresponding frame rate. According to Fig. 14, for lower
frame rate such as 100 fps and 50 fps, KL divergences were
greater than that of 1000 fps and 500 fps. For such lower
frame rate, the transmitter displacement characteristic does

Fig. 14 KL divergence in the vertical direction versus frame rate (1000,
500, 250, 100, 50 fps).

not fit well by using the simplified vehicle vibration model
and inherent vehicle vibration must be considered.

5. Conclusions

In this paper, we have derived the dominant components
of vehicle vibration and road surface irregularity that in-
duce transmitter displacement in ITS-ISC. We measured ac-
tual vehicle vibration using a six-axis acceleration sensor
in a smartphone in a driving scenarios. Using the measure-
ment results, we performed frequency analysis of vehicle vi-
bration and determined parameters based on the frequency
characteristic.

We have demonstrated that vehicle vibration that in-
duces transmitter displacement in an image plane can be
modeled by only Gaussian random processes that repre-
sent road surface irregularity when a high frame rate (e.g.,
1000 fps) image sensor is used as an ISC receiver in a paved
scenario. The inherent vehicle vibration, as expressed by the
sum of the lower frequencies of sinusoidal waveforms, van-
ishes and only the random processes representing road sur-
face irregularity impact vehicle motion in the image plane
for the paved scenario. For the unpaved scenario, the ap-
proximation accuracy of the transmitter displacement char-
acteristic obtained by only Gaussian random processes was
insufficient. However, by considering some lower frequency
components of sinusoidal waveforms, approximation accu-
racy could be improved.

Our results are encouraging, particularly for LED
transmitter tracking that road surface irregularity, modeled
by a Gaussian random process, which is the only parameter
that affects transmitter displacement. Since inherent vehicle
vibration has no impact on the displacement, the transmitter
displacement in ITS-ISC depends less on vehicle type than
on the condition of the road surface. In other words, we
reduce the vibration frequency characteristic depending on
vehicle type and suggest that the design of a tracking sys-
tem should consider road surface rather than vehicle type.
According to the obtained results, the probability of the dis-
placement exceeding one pixel is very low, (0% in a paved
scenario and 1.28% in an unpaved scenario), and a displace-
ment compensation may be unnecessary, particularly for the
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paved scenario. If a car drives on a smooth road, such as a
highway, the variance of the Gaussian random process may
be low. Thus, the search area for tracking may be limited
to a few pixels around the current pixel. In contrast, on a
bumpy country road, or a road under-construction, the vari-
ance and search area may be large. Such road surface con-
dition information could easily be transmitted through I2V
communication, thereby allowing the VLC receiver to limit
the search area of the transmitter.
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