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Abstract
Mobile and handheld electronic products such as smartphones and dashboard cameras are fre-
quently used to record occurrences of traffic accidents nowadays. Most existing studies require 
at least one entire lane marking as a reference to calculate a certain amount of driving dis-
tances and are not adapted to a targeted vehicle with a rapidly changing speed in a short time. 
Therefore, existing approaches cannot provide the desired accuracy of speed estimation in 
real-life scenarios. In this study, we obtain dynamic time and space data from recorded foot-
age using dashboard cameras and then apply photogrammetry and cross-ratio methods to esti-
mate the vehicle speed. In addition, the proposed method is applied to other cars’ speed esti-
mation and ego-speed estimation even though both cars are moving. The experimental results 
show that given the frame rate on the recorded footage, our proposed method only needs one 
object in each frame to estimate the vehicle speed even at a rapidly changing speed. Our pro-
posed method shows that the difference between the estimated speed and the reference speed 
by the Global Positioning System (GPS) is smaller than 1 km/h when only one car is on the 
move, and smaller than 3 km/h when both cars are on the move. Nevertheless, the difference 
between the estimated speed and the reference speed is between 1.46 km/h and 5.28 km/h 
when one car moves by AUPD method. To our knowledge, there is no existing method that 
estimated the front vehicle speed when both cars are on the move using dashboard cameras.
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EDR	� Event data recorder
MPH	� Miles per hour
3D	� Three-dimensional
2D	� Two-dimensional
NIST	� The National Institute of Standards and Technology
SWGIT	� The Scientific Working Group on Imaging Technology
SWGDE	� The Scientific Working Group on Digital Evidence
PUPD	� The pictorial unit pixel distance
AUPD	� The actual unit pixel distance

1  Introduction

Driving speed is usually one of the bases for judging whether the driver is at fault in an 
accident during the identification of vehicle driving accidents and judicial proceedings. 
Because vehicle speed can be used to analyze and judge the responsibility of the vehicle 
involved in the accident, many studies have been devoted to finding better and more accu-
rate methods to estimate the vehicle speed of the accident vehicle.

Many methods of speed measurement are currently in use. Klein et  al. introduce the 
inductive loop speed measurement [1]. Two induction loops are embedded in the front and 
rear of the road section when paving, and a signal is generated when the vehicle passes over 
the loop. Since the distance between the two loops is known, the vehicle speed can be cal-
culated by measuring the time difference between the two loops. Krishnan et al. proposed 
the interval speed measurement to estimate vehicle speed [2]. A vehicle identification sys-
tem is set up at two fixed points on the road. By collecting a vehicle’s information such as 
its license plate and passing time, its speed can be easily calculated. Another method used 
to measure vehicle speed is radar [3, 4]. Using a speed measurement system settled on 
the ground, radio waves are transmitted to vehicles in motion. According to the Doppler 
effect, the faster the vehicle speed, the higher the frequency of reflected waves received 
by the speed measurement system. The system automatically calculates the vehicle speed 
from the frequencies of the transmitted and receives reflected radio waves. Zou et al. used 
laser light to make speed measurements [5]. Two distances can be measured by transmit-
ting two infrared signals at a fixed time interval. Since the speed of light is constant, the 
speed of the target can be obtained by dividing the difference between the two distances by 
the time interval of the transmission. More research used digital images to estimate vehicle 
speed [6–9]. They used on-site recording equipment to identify distances that are visible 
in the footage and then measure the time the vehicle takes to travel that distance to esti-
mate its speed. Adnan et  al. [10] grouped these methods into three categories: invasive, 
non-invasive, and off-road. Invasive methods include inductive loops, pneumatic tubes, etc. 
Non-invasive methods such as radar, laser, and digital image speed measurements. Probe 
vehicles, radar guns, and laser guns are off-road speed measurement methods.

Those above-mentioned vehicle speed estimation methods require their equipment to be 
pre-installed at the accident scene, which is impractical for many unexpected accidents. As 
a result, those methods cannot provide useful information concerning the accident for judi-
cial proceedings. In contrast, an on-site video recording device can provide such a need. 
Recently, the commonly used video recording devices for recording car accidents can be 
divided into two types, fixed-point static filming monitors, such as a traffic camera installed 
in the intersection, and dashboard cameras, such as a dashboard camera, which can record 
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on the move at any time. Accidents often occur in places where traffic cameras are una-
ble to capture, either due to dead spots that they do not capture or the absence of them 
altogether. Therefore, based on the protection of their rights in traffic accidents, dashboard 
cameras gradually become the necessary equipment to protect the rights of driving.

Nowadays, more and more drivers prefer to install a dashboard camera on their vehicles 
to record the entire driving process. In the event of an accident, video recordings can be 
used as reference evidence to determine responsibility. In addition to presenting the instan-
taneous location, trajectory, and speed of the vehicles involved before and after the acci-
dent, these images also provide a notarized account of the incident. Through the recording, 
not only can they determine their driving speed, but they also can view the speed of other 
moving vehicles. The video analysis of driving speeds has become a widely used method 
for an estimate the speed of vehicles involved in traffic accidents and provides important 
evidence for judicial investigations. Because the existence of traffic accident images is very 
common nowadays, and because the video recording data is easy to keep, immediate and 
clear, it has become important information for road traffic accident management.

In traffic accident reconstruction, the use of digital images to estimate the speed of 
the involved vehicle is an important process in accident analysis. This process is used to 
focus on identifying the distance that is visible in the video and then measuring the time 
for the vehicle to pass that distance to estimate its speed. However, when there are no 
clear lane markings or landmarks to locate the car, accurate speed estimation becomes 
difficult or even impossible. In the past [6–9], the traffic appraisal digital image meas-
urement process was based on the image frame method. Before the speed of a vehicle 
was estimated, it was always necessary to take measurements at the accident scene or 
on the monitor screen to obtain the distance traveled by the vehicle and its correspond-
ing time interval. The distance traveled is then divided by the time interval to obtain 
the average speed. In this method, the key process is how to obtain the exact distance 
traveled and the corresponding time interval. However, the time interval used in these 
methods [6–9] often lasts several seconds or at least several image frame intervals. Even 
if the exact travel distance and time interval have been obtained, the average speed is 
hardly representative of the instantaneous speed, especially when the vehicle is in the 
process of acceleration or deceleration. In some practical cases, the average vehicle 
speed estimated from the above image-frame-based digital image measurement method 
will be close to, but slightly lower than, the maximum speed in the estimated informa-
tion. In cases where the speed may be underestimated, the maximum speed of the mov-
ing vehicle in the estimation data may exceed the maximum speed limit of the road but 
cannot be detected. Liu et al. [11] proposed a pixel-based method to estimate the rela-
tive instantaneous velocity of a vehicle from Closed-circuit television (CCTV) images. 
However, CCTV systems are not set up everywhere. Therefore, to compensate for this 
drawback, it is necessary to calculate the instantaneous speed of the vehicle in traffic 
identification. To correctly sort out the liability, it will be important to find an effec-
tive method to estimate the instantaneous speed of the vehicles involved in an accident. 
Thus, the contributions of this paper are as follows:

1)	 we propose a framework to obtain dynamic time and space data from recorded footage 
using dashboard cameras and then apply photogrammetry and cross-ratio methods to other 
cars’ speed estimation and ego-speed estimation even though both cars are moving; and

2)	 according to our experiment, our proposed framework only needs one single lane marking 
in each frame to accurately estimate the vehicle speed even at a rapidly changing speed.
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The paper is organized as follows: Sect. 2 shows related works about estimating vehicle 
speed by image frames; the proposed method is described in Sect. 3; Sect. 4 demonstrates 
experimental results, the limitations of application are given in Sect.  5 and Sect.  6 con-
cludes this research.

2 � Related work

As per the previous descriptions, the use of digital images to estimate the speed of the 
involved vehicle is an important process in accident analysis. The section will introduce 
in detail the related research that estimated the vehicle speed based on digital images. In 
2010, Hoogeboom et al. [6] designed two experiments to determine vehicle speed based on 
CCTV images. The two experiments respectively positioned the testing vehicle in the same 
camera and different cameras in a CCTV system and then used a simple distance-time 
calculation to calculate the vehicle speed. The location of the vehicle is derived through 
the observation of independent observers or some reference points for comparison, and 
then the images are obtained by the monitor to estimate the speed of the moving vehicle. 
According to the experiment result, they measured the speed estimation uncertainty based 
on the traditional observative vehicle positions on CCTV images.

Kim et al. [7] designed a vehicle speed estimate method (VSEM) that applies a virtual 
plane and virtual reference lines to estimate the vehicle speed on a video. Although the 
difference between the estimated speed and the GPS-based speed is very close, they found 
that the reference position (virtual lines) of the vehicle did not fit exactly with the bound-
ary of the speed analysis section causing the error of the vehicle speed estimation. In other 
words, the error is caused by the manual location of the vehicle positions on videos. Shim 
et al. [8] proposed an effective method for estimating vehicle speed using a recorded video 
from a car dashboard camera. This method considered the case of vehicle speed measure-
ment under different road conditions and accurately measure the speed of the vehicle at 
that time than Kim et al.’s method [7].

Epstein and Westlake [9] proposed a case report that used reverse projection photo-
grammetry and file metadata on digital video recorder (DVR) videos to estimate the vehi-
cle speed in a real accident. They used the reverse projection photogrammetry technique 
to locate the vehicle position in the real world and extracted the time interval based on 
the metadata of videos by the FFprobe software. After the speed comparison with the 
Bosch event data recorder (EDR) data, the estimated speed is found to be within an average 
of ± 1.43538 miles per hour (MPH).

However, the above methods [6–9] often estimate the vehicle speed at several seconds 
or at least several image frame time intervals, even if the exact travel distance and time 
interval have been obtained, the average speed is hardly representative of the instantaneous 
speed, especially when the vehicle is in the process of acceleration or deceleration. In some 
practical cases, the average vehicle speed estimated from the above image-frame-based 
digital image measurement method will be close to, but slightly lower than, the maximum 
speed in the estimated information.

Liu et al. [11] first proposed a pixel-based method to estimate the relative instantaneous 
velocity of a vehicle. An image (or a frame) captured by the recording device is a project 
result from the three-dimensional (3D) space to a two-dimensional (2D) representation. 
For the projection, through the use of an imaginary projection plane, the outline of each 
part of the object is projected onto the image plane with point projection. A line is used to 
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connect the points on the projection plane to form the image, which is called the projection 
of the object on the imaginary plane. That is, each 3D position in the real world has been 
mapped to a two-dimensional (2-D) point on the screen, and the mapping or transformation 
from the 3D space to the 2D space follows the projection geometry principle [12]. This can 
be impractical for data acquired by a smartphone or dashboard camera during the accident. 
The actual distance per pixel is used to estimate the distance of the vehicle in successive 
images, which is divided by the time of the image frame to obtain the speed of the vehicle. 
However, if the recording direction of the video recorder or monitor is not perpendicular to 
the direction of vehicle travel, an uneven distance between adjacent pixels occurs and this 
method cannot be used. Although entropy-based approaches [13–15] improve the accuracy 
of vehicle speed estimation, they need to acquire multiple characteristics of the desired 
vehicle for speed estimation.

Wong et  al. [16] first proposed a method to directly estimate the speed of a vehicle 
by combining the images obtained from a fixed monitor with a cross-ratio [17]. Figure 1 
depicts the projection of line AD from the 3D real world to the 2D spatial lines A’D’ of the 
image frame. If the four points A, B, C, and D in Fig. 1 are co-linear in the 3D real world 
and transformed into 2D space by projection, then each point A’, B’, C’, and D’ in 2D space 
is also co-linear. The co-linearity of any point does not change when the projection is trans-
formed, so it is a projection invariant [18]. In other words, a straight line in the real world 
is still a straight line in the image. The cross-ratio speed analysis method is one combining 
the starting and ending frame images, by using the combined frame to calculate the cross-
ratio of four points first, and then using the cross-ratio to estimate the distance the vehicle 
moves to calculate its speed.

The cross-ratio (AB; CD) of the four co-linear points A, B, C, and D is calculated as 
Eq. (1) [17]:

where |XY| represents the distance between X and Y points.

(1)(AB;CD) =
|AC|∕|AD|
|BC|∕|BD|

Fig. 1   Cross-ratio projection diagram
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The cross-ratio of any four points of the line is preserved by projective transformation and 
is projection invariant. In the real world, the four co-linear points A, B, C, and D are projected 
to A’, B’, C’, and D’, respectively, in the image space. If (A’B’;C’D’) represents the cross-
ratio of the four-projection points A’ to D’, then (AB;CD) and (A’B’;C’D’) are equal.

In Fig. 1, A and C are the positions of the front and rear wheels on the path at time point 
T2; B and D are the positions of the front and wheels on the path at time point T1; d is the 
distance the car travels; and l is the axle distance of the vehicle. The four points A to D 
form a straight line, whose cross-ratio (AB; CD) can be expressed by d and l as follows:

The equation can be rewritten as:

Finally, through the invariance of the cross-ratio, the cross-ratio (A’B’;C’D’) of the four 
points A’ to D’ in the 2D image space is equal to the cross-ratio (AB;CD) of the four points 
A to D in the 3D real world, and d can be obtained as follows:

If the axle distance of the car is known, then the distance the car travels can be deter-
mined. Once the distance is obtained, the speed of the car can be determined from the 
time elapsing between the two image frames (T2—T1) by a simple distance-time equation. 
The speed of the vehicle is monitored by a tachograph using a car of known size traveling 
along a straight road at different speeds. The distance of the vehicle traveled is obtained 
by calculating the cross-ratio using the pixel distance of the captured images, and then the 
corresponding speed is calculated based on the time difference between the images, which 
enables the speed to be estimated directly from the recorded images without reference to 
the exact physical location of the vehicle on the road. However, the disadvantage of the 
proposed method also requires the use of a fixed monitor.

Han et al. [19] used the images of the dashboard camera on the vehicle to estimate the 
vehicle’s speed. They also applied the cross-ratio technique to estimate the possible speed 
of the vehicle in the real case and compared it with the traditional method of estimating 
the speed of the vehicle by the time difference between the distance of the vehicle passing 
the visible landmarks or objects. They concluded that the cross-ratio method was superior 
to the conventional method for estimating the actual vehicle speed because in the cross-
ratio method, if a single marker is fully visible in both frames, it can be used as a refer-
ence regardless of the duration, in contrast, the conventional method requires a complete 
marker as a reference. However, the lack of impact factors evaluation, such as the various 

(2)(AB;CD) = (A�
B;

�
C
�
D

�)

(3)(AB;CD) =
|AC|∕|AD|
|BC|∕|BD|

=
l∕(l + d)

(l − d)∕l

(4)(AB;CD) =
l2

l2 − d2

(5)d = ±

√
l2((AB;CD) − 1)

(AB;CD)

(6)d = ±

√
l2((A�B�;C�D�) − 1)

(A�B�;C�D�)
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shooting angle, the various traveling speeds, etc., and estimated error analysis are the main 
disadvantages.

Recently, due to the popularity of artificial intelligence, some studies [20–24] used 
deep learning and object detection techniques for vehicle speed estimation. However, these 
methods need the preset camera and fixed angle to train the network weights and are not 
suitable for use in real forensic cases.

In this study, a new vehicle speed estimation method based on the cross-ratio 
method is proposed. Three scenarios under various conditions are designed to estimate 
the instantaneous velocity of the moving vehicle by the stationary dashboard camera, 
the instantaneous velocity of other moving vehicles, and the ego-speed by the moving 
dashboard camera. The speed data from the Global Positioning System (GPS) installed 
in the dashboard camera on the testing vehicle is used to evaluate the accuracy of our 
proposed method. The mean, standard deviation, and coefficient of variation are calcu-
lated to find out the error range of the cross-ratio for estimating the actual speed under 
various scenarios.

3 � Proposed method

The proposed method is carried out in 3 scenarios, as described in Fig. 2. The estimation 
on a stationary platform simulates the situation where the speed estimation of a moving 
vehicle under various conditions is captured by the on-site monitor, such as a traffic cam-
era. The estimation on a moving platform simulates two scenarios where the estimation of 
the ego-speed when moving with a dashboard camera installed, and the estimation of the 
speed of other vehicles involved in the accident while moving.

Cross-ratio 

estimation

Other car’ s speed 

estimation 

One car moving

Ego-Speed 

estimation

Other car’ s speed 

estimation 

44 54 64 6945 93 50 64
Unit: 
km/h

Both cars moving

GPS Speed GPS Speed GPS Speed

0 45 90

Shooting Angle

Unit: 
degree

Fig. 2   Three scenarios of experimental design
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3.1 � Static estimation of moving vehicle

In this step, a straight road was selected for the speed measurement test. A stationary vehi-
cle is parked on the side of the road, and the vehicle is equipped with a dashboard camera 
to record another vehicle at a constant speed at shooting angles of 0, 45, and 90 degrees. 
The experimental vehicle passes through the observation area of the vehicle at a constant 
speed along a straight path. The speedometers on the experimental vehicle are set at three 
constant speeds of 50 km/h, 60 km/h, and 70 km/h while the GPS speed of the vehicle is 
measured at 44 km/h, 54 km/h, and 64 km/h, respectively. The video recording of the vehi-
cle running on the measured road section is used as a data source for estimating the speed 
of the vehicle. The range of vehicle speed observed in this experiment is 40-70 km/h, the 
speed of driving commonly found on most general roads and highways.

Figure  3c is the fused image showing two image frames of the dashboard camera at 
the T3 timestamp (as shown in Fig. 3a) and the T4 timestamp (as shown in Fig. 3b). If the 
wheelbase of the test vehicle is given, the cross-ratio can be used to estimate the distance 
traveled by the vehicle.

3.2 � Estimation of the ego‑travel speed while moving

The same straight road is selected for the speed measurement test in this step. The experimen-
tal vehicle is driven at constant speeds of 50 km/h, 75 km/h, and 100 km/h. The correspond-
ing GPS speeds of the vehicle are measured at 45 km/h, 69 km/h, and 93 km/h, respectively. 
Due to the limited road condition, the vehicle speed range in this experiment is between 
40–100 km/h, which falls within the speed of driving on general roads and highways.

a b

c

Fig. 3   a An image frame of the moving experimental vehicle at the T3 timestamp. b. An image frame of 
the moving experimental vehicle at the T4 timestamp. c. A fused image of Fig. 3a. and Fig. 3b
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Here, a car equipped with a dashboard camera is driven along a straight path at a fixed 
speed. The two image frames of the dashboard camera at the T5 timestamp (as shown in 
Fig. 4a) and the T6 timestamp (as shown in Fig. 4b) are fused to form the image in Fig. 4c. 
Then the virtual 2-dimensional space image is employed to calculate the distance of the 
receding line, the distance before the car travels forward.

During the markings of lines and points due to some low frame rate or low resolution of 
the dashboard camera, they become blurred when zoomed in, and it is impossible to accu-
rately mark the lines or points. Therefore, to detect the pixels at the edge of the reticle more 
easily and stable, we first use the rgb2gray function in MATLAB software to convert the 
captured image into grayscale (Fig. 5a). Then, based on the entropy and statistical property 
of an image, we employ the adapt-thresh function which takes the average intensity near 
each pixel as its binarized threshold (Fig. 5b) instead of the fixed threshold. The binarize 
function is applied to convert the original image with the adapt binarized threshold into a 
binarized image (Fig. 5c). Finally, the continuous binarized images are fused. (Fig. 5d).

3.3 � Estimation of the speed of other vehicles on moving

This step selects the straight road for the speed measurement. The vehicle (the rear car in 
Fig. 6a equipped with a dashboard camera is driven along the straight path at a fixed speed, 
and meanwhile, another test vehicle passes at a constant speed in the adjacent lane at a higher 
speed. The rear vehicle is equipped with a dashboard camera at a constant speed of 40 km/h. 
The vehicle speed measured by GPS is 39 km/h, and the whole process of video recording the 
image frames of the experimental vehicle running on the measured road section is used as a 
data source for estimating the moving speeds of the ego-travel and the experimental vehicle. 

a b

c

Fig. 4   a An image frame of the moving experimental vehicle at the T5 timestamp. b. An image frame of 
the moving experimental vehicle at the T6 timestamp. c. A fused image of Fig. 4a and Fig. 4b
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a b

c d

Fig. 5   a Fig. 4a processed with the rgb2gray function. b. Figure 5a processed with the adapt-thresh func-
tion. c. Figure 5b processed with the imbinarize function. d. A fused image of continuous binarized images

a b

c

Fig. 6   a An image frame of the moving experimental vehicle at the T7 timestamp. b. An image frame of 
the moving experimental vehicle at the T8 timestamp. c. A fusion image of Fig. 6a and Fig. 6b
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The speedometer on the other experimental vehicle was set at constant speeds of 55 km/h and 
70 km/h, and the GPS speeds are measured at 50 km/h and 64 km/h, respectively. The range 
of vehicle speed observed in this experiment is 40-70 km/h. which is common on most gen-
eral roads and highways in a city. Additionally, due to the traffic law and insurance policy, the 
speed limitation in the testing site is set to 70 km/h.

The two image frames at the T7 timestamp (Fig.  6a) and T8 timestamp (Fig.  6b) of 
the dash cam are captured and fused into the image in Fig. 6c. From the white dotted line 
in the lane line on the screen and the wheelbase of the test vehicle, the distance traveled 
by the ego-traveling vehicle and the relative distance traveled by the test vehicle can be 
obtained, and then their speeds can be also estimated.

4 � Experiment and analysis

In the present study, the experimental vehicle is moving at a constant speed to estimate 
the vehicle speed of the video, and the dynamic data of time and space are captured from 
the DVR video, i.e., the dashboard camera. Then the cross-ratio method is employed to 
estimate the speed of the vehicle which is then compared with the speed obtained using the 
Global Positioning System (GPS) on the vehicle as a benchmark.

4.1 � Experimental equipment

The experimental equipment includes the vehicles, dashboard cameras, and global posi-
tioning systems (GPS) on the vehicles. The experimental vehicles are set to drive at the 
same speed during the test. One of the vehicles is a 2014 Ford Focus 4-door gasoline sports 
model with a commercial dash camera installed on the front windshield of the vehicle. 
The lens of the dash camera (PAPAGO GoSafe 738 rearview mirror dashboard camera) is 
a 130° ultra-wide-angle lens. The other vehicle is a 2018 Honda CRV 1.5 VTi-S with its 
original dashboard camera (Generplus). Both vehicles are equipped with GPS (PAPAGO 
GTM202) to measure their speeds. The whole process of recording the videos of the vehi-
cles moving on the measured road section is used as a data source for estimating the speeds 
of the vehicles.

We do not use the speedometers of the vehicles for analysis and evaluation, mainly 
because the vehicle speedometers record the forward rolling distance of the tire, which 
is complicated by tire wear, tire size (replacement of tires or rims), tire inflation, and 
the potential error from the factories of the speedometer suppliers. In addition, accord-
ing to Article 22 of the Vehicle Safety Testing Directions in Taiwan, vehicle speedometers 
must be tested under no-load conditions, i.e., the car is empty vehicle weight except for 
the driver and necessary instruments, and the indicated speed must never be less than the 
actual speed. The following relationship should be satisfied between the speed (V1) indi-
cated by the speedometer dial and the real speed (V2):

That is, if the true speed is 40  km/h, the speedometer should be displayed at 
40 ~ 48 km/h. While the GPS records the overall displacement of the vehicle, in the case 
of constant-speed driving, the error of the GPS speed relative to the speed of the vehicle 
speedometer is small.

(7)0 ≤ (V1 − V2) ≤ (V2∕10 + 4)
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4.2 � Selection of reference marks

When the recorded vehicle speed is estimated by the cross-ratio, a non-moving object 
with a measurable length (distance) should be used as a reference. For example, street-
lights, trees, or a constant space between lane markings are good references. To record 
the position of the vehicle in the video and measure the driving distance, in the pre-
sent study, the axle of the vehicle (the distance between the front and rear wheels) and 
the white dotted line in the lane of the observed road section are used as the reference 
points for distance measurement. According to Article 182 of the Regulations for Road 
Traffic Signs, Markings, and Signals in Taiwan, lane lines are employed to divide lanes 
and instruct drivers to follow the lanes. A typical lane line is a white dotted line with a 
length of 4 m, a spacing of 6 m, and a width of 10 cm.

4.3 � Analyzing tools

In the present study, the Virtual Dub software (Ver. 1.10.4) is used to load the video 
files and capture the image frames in the continuous video. The number of frames cap-
tured in the video files depends on the storage format of the video recording device. 
The experiments in the present study are all shot using the camera in 1920 × 1080 Full 
HD mode. After the images are captured by Virtual Dub, the PAPAGO GoSafe 738 and 
Generplus dashboard cameras can record 30 and 25 frames per second, respectively, 
so the time difference between consecutive image frames for each camera is 1/30 s and 
1/25 s, respectively.

In the present study, we use the FFmpeg component in its framework to capture 
image frames. In forensic analysis, FFmpeg can be used to examine the original data 
as well as play, transmit, and convert images without transcoding [25]. The National 
Institute of Standards and Technology (NIST) establishes forensic science-related stand-
ards. The Scientific Working Group on Imaging Technology (SWGIT) and the Scientific 
Working Group on Digital Evidence (SWGDE) are responsible for proposing standards 
and recommendations for imaging technology and digital evidence [26]. The SWGDE 
has developed FFmpeg-related specifications and recommendations for processing 
video data for further analysis or demonstration [25].

Afterward, we use MATLAB (R2019a) to fuse the consecutive image frames. The 
four points A’, B’, C’, and D’ in the composite image are collinear since the experi-
mental vehicle travels along a straight path. The path A’B’C’D’ in the virtual 2D image 
space is the projected line of the rectilinear path ABCD in the real world. The pixel-to-
pixel distances of A’D’, B’C’, A’D’, and B’D’ are measured directly from the composite 
image, and then the cross-ratio is determined.

Finally, we use the ruler tool in Adobe Photoshop (CS6 13.0) to measure the distance of 
the four image pixels of A’, B’, C’, and D’ on the screen, and calculate the actual movement 
of the vehicle by the method of cross-ratio. The distance is divided by the time difference 
between the image frames to obtain the speed of the vehicle in consecutive image frames.

4.4 � Experimental results

The data and analysis results obtained from the ego-travel, another vehicle, and relative 
vehicle speeds according to the above-mentioned three experiments are described below. 
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Some videos are also used in [27] and the cross-ratio calculation function could be down-
loaded from https://​dtclo​ud.​cpu.​edu.​tw/​index.​php/s/​8uxSU​2BRQ2​KaTj7.

4.4.1 � Static estimation of moving vehicle

When the roadside vehicle is stationary, three different shooting angles of 0°, 45°, and 90° 
are used to record the speeds of the experimental vehicles, which were measured by GPS 
to be 44 km/h, 54 km/h, and 64 km/h, respectively. In addition, according to the various 
vehicle speed, 44 km/h, 54 km/h, and 64 km/h, the number of frames in which the testing 
vehicle exists in the shooting area is 20, 17, and 14, respectively. The wheelbase of the 
experimental vehicle in the continuous images is calculated by the cross-ratio method. It 
is used as the reference point for distance measurement to compare the results with the 
average vehicle speed estimated from the relationship between the shooting area and the 
vehicle speed for calculations 19, 16, and 13 times, respectively. The results are shown in 
Table 1 and Fig. 7.

There is no significant difference in the average vehicle speed estimated by the cross-
ratio method at different vehicle speeds at different angles. In addition, the average vehicle 
speed estimated by the cross-ratio method at the same angle at different vehicle speeds for 
a high-speed vehicle is found to have a smaller coefficient of variation than that for a low-
speed vehicle; that is, the case where the vehicle is traveling at a high speed will be the 
lower measurement error of the video recording speed measurement method. When the 
conditions of the measurement errors generated in the process of image capture, computer 
manual interpretation, and measurement are consistent, the distance traveled per unit of 
time is inversely proportional to the measurement error.

4.4.2 � Estimation of the ego‑speed on the move

The experimental vehicle is driven at low speed (45 km/h), medium speed (69 km/h), and 
high speed (93 km/h) at the GPS speed, respectively. We use the four-meter white dotted 
line in the 31 consecutive image frames recorded by the self-driving dash camera as the 
reference point for the distance measurement and then compare it with vehicle speed calcu-
lated by the cross-ratio method.

At the low, constant speed of 45 km/h, the average speed estimated by the cross-ratio 
method is 45.62 km/h, with a standard deviation of 2.978 and a coefficient of variation 
of 0.065. At the medium, constant speed of 69  km/h, the average vehicle speed esti-
mated by the cross-ratio method is 69.80 km/h, with a standard deviation of 2.742 and 

Table 1   Estimated speeds of the experimental vehicle at different shooting angles and different speeds

GPS vehicle speed 44 km/h 54 km/h 64 km/h

Calculation times 19 times 16 times 13 times

Shooting angle 0° 45° 90° 0° 45° 90° 0° 45° 90°
Average speed 43.78 43.89 44.05 54.15 53.98 53.91 64.00 64.00 63.56
Standard deviation 0.790 0.789 0.897 0.892 0.618 0.777 0.805 0.561 0.659
Coefficient of variation 0.018 0.018 0.020 0.016 0.011 0.014 0.013 0.009 0.010

https://dtcloud.cpu.edu.tw/index.php/s/8uxSU2BRQ2KaTj7
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a coefficient of variation of 0.039. At a high, constant speed of 93  km/h, the average 
speed estimated by the cross-ratio method is 92.42 km/h, with a standard deviation of 
2.716 and a coefficient of variation of 0.029. The detailed results are shown in Table 2 
and Fig. 8.

The estimated speed of the low-speed vehicle has a larger coefficient of variation e 
than that of the high-speed vehicle. That is, the estimation for the vehicle traveling at a 
low speed leads to more measurement errors caused by the speed measurement method 
using recorded images. If the conditions of the measurement errors generated in the pro-
cess of image capture, computer manual interpretation, and measurement are consistent, 
the driving distance per unit time and the measurement error are inversely proportional.

4.4.3 � Estimation of the speeds of other vehicles on the move

In this scenario, the ego-traveling vehicle is traveling at a constant GPS speed of 
39  km/h, the experimental vehicle travels on the adjacent lane at two different GPS 
speeds of 50  km/h and 64  km/h. In addition, according to the various vehicle speed, 
50 km/h and 64 km/h, the number of frames in which the experimental vehicle exists in 
the shooting area is 10 and 7, respectively.

Fig. 7   The estimated speeds of the experimental vehicles at different GPS speeds and different angles. a., 
b., and c. are at a GPS vehicle speed of 44 km/h, 54 km/h, and 64 km/h, respectively; d., e., and f. are at an 
angle of 0 degrees; 45 degrees, and 90 degrees, respectively. Note that the upper and lower limits are each 
one standard deviation

Table 2   Comparison of GPS and 
cross-ratio estimated speeds at 
different driving speeds

GPS vehicle speed (Unit: km/h) 45 69 93

Average speed 45.62 69.8 92.42
Standard deviation 2.978 2.742 2.716
Coefficient of variation 0.065 0.039 0.029
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In the analysis, the cross-ratio method is used to calculate the wheelbase of the 
experimental vehicle in the continuous image frames recorded by the dashboard camera 
on the rear vehicle, which is employed as a reference point for distance measurement 
to estimate the relative speed of the two vehicles and then add the speed of the rear car 
estimated by the traffic line as the distance measurement reference point. The added sum 
is the estimated speed of the vehicle in front. The estimated vehicle speed averages of 9 
and 6 times are shown in Table 3 and Fig. 9.

To estimate other vehicles based on the dashboard camera video of the moving vehi-
cle, the cross-ratio method is used to calculate the speed of the other vehicle and then 
add the relative speed. Although the result is slightly higher than the GPS speed, it is 
an acceptable estimation. Therefore, it is feasible to estimate the speed of other vehicles 
from the tachograph of the moving vehicle in a cross-comparison manner.

4.4.4 � Comparison of vehicle speeds on the screen

In this section, we compare the speed of the center and both sides of the screen of the 
experimental vehicle traveling at different speeds, which is shot by a stationary vehicle 
on the roadside at a 90-degree shooting angle in 4.4.1, Static estimation of a moving 
vehicle. Then, we compare it with the speed obtained by the image pixel estimation 
described by Liu et al. [11].

A)	 Comparison of vehicle speeds between the center and both sides of the screen

To record the scene of the accident as much as possible, a wide-angle lens is used in the 
vehicle’s dashboard camera. However, the images obtained by the wide-angle lens appear 
to have barrel distortion of expansion deformation and spatial stretching parallax [28]; the 
straight line at the edge is stretched into a curve.

Fig. 8   Comparison of GPS and cross-ratio estimated speeds of experimental vehicles at different driving 
speeds
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We divide the vehicle frames according to the experimental screen into the center and 
the two sides parts and estimate the speed of the vehicle 13 or 19 times respectively by the 
cross-ratio method. Then, the results are analyzed and shown in Table 4 and Fig. 10.

Although the estimated vehicle speed in the center of the screen is lower than the GPS 
vehicle speed and also has a lower estimated vehicle speed, standard deviation, and coef-
ficient of variation values compared to the vehicles on both sides, the differences are not 
significant. Therefore, for the images captured by the wide-angle lens, although the distor-
tion of the images does have an impact on the accuracy of the speed, the error in estimating 
the vehicle speeds between the center and both sides is not significant.

B) Comparison with image pixel estimation of vehicle speeds

In 4.4.1, consecutive image frames of 20, 17, and 14 are obtained at 44  km/h, 
54  km/h, and 64  km, respectively. Then, the 10th, 9th, and 7th image frames are 
selected from the consecutive image frames of 44  km/h, 54  km/h, and 64  km/h, 

Table 3   Comparison of GPS and 
cross-ratio estimated speeds

Note that the GPS speed of the ego-traveling vehicle is 39 km/h

GPS speed of the vehicle in front 50 km/h 64 km/h

Calculation Times 9 6

Estimated speed of
the vehicle from behind

Average speed 39.12 38.53
Standard deviation 2.849 3.628
Coefficient of variation 0.073 0.094

Estimated relative speed Average speed 13.83 25.87
Standard deviation 1.464 0.899
Coefficient of variation 0.106 0.035

Estimated speed of
experimental vehicle

Average speed 52.95 64.40
Standard deviation 3.031 3.733
Coefficient of variation 0.057 0.058

Fig. 9   Comparison of the speed 
of the experimental vehicle with 
the cross-ratio-estimated speed
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respectively. Since it is impossible to keep vertical the dashboard camera and the 
continuous images of the vehicle, the pictorial unit pixel distance (PUPD) between 
the horizontally adjacent pixels in the image frame is used to calculate the pixel dis-
tance between the center points of the two wheels. With the actual wheelbase dis-
tance (2,648 mm) of the experimental vehicle, the actual unit pixel distance (AUPD) 
described by Liu et  al. [11] is used to compare the results. The detailed results are 
shown in Table 5 and Fig. 11.

The vehicle speed estimated by AUPD [11] is lower than the actual GPS vehicle 
speed. Compared with the proposed method, the estimated speed of AUPD has a larger 
error, a large standard deviation, and a large coefficient of variation value. The cross-
ratio method is more suitable for estimating the speed of the vehicle, primarily because it 
does not use the pixel distance of a single image but the reference object to estimate the 
entire continuous images, which is easy to generate a smaller difference in the screen far 
from the central point.

Table 4   Estimated vehicle speeds of the experimental vehicle of different screen positions at three various 
speeds

GPS vehicle speed 44 km/h 54 km/h 64 km/h

Screen position Left Middle Right Left Middle Right Left Middle Right

Calculation times 6 7 6 5 6 5 4 5 4
Average speed 44.20 43.76 44.34 54.40 53.53 53.88 64.06 63.24 63.46
Standard deviation 1.017 0.741 0.775 0.689 0.630 0.754 0.516 0.458 0.704
Coefficient of variation 0.023 0.017 0.017 0.013 0.012 0.014 0.008 0.007 0.011

a b

c
Fig. 10   The estimated speed at different positions on the screen when the GPS speed at a. 44  km/h. b. 
54 km/h. c. 64 km/h
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4.4.5 � Effect of cross‑ratio at low resolution

In the roadside stationary vehicle in 4.4.1, the images of the experimental vehicle trave-
ling at a constant speed are recorded at three different GPS speeds of 44 km/h, 54 km/h, 
and 64 km/h, and three different shooting angles of 0°, 45°, and 90°. The FFmpeg is used 
to reduce the resolution of the original image frame from 1920 × 1080 to 960 × 540, and 
then the results of the average vehicle speeds estimated by the relationship between the 
shooting angle and the vehicle speed are compared. The results are shown in Table 6 and 
Figs. 12–13.

For the estimation of the speeds of the other vehicle from the images taken with the 
reduced resolution from the stationary vehicle, there is little difference between the speeds 
of the original resolution and those of the reduced resolution. Therefore, the accuracy of 
the estimated speed is also feasible when estimating the other vehicle’s speed on a lower-
resolution screen using the cross-ratio method. However, after the resolution is reduced, 
there are larger standard deviation and coefficient of variation values compared with the 
original resolution results.

Table 5   Comparison of the cross-ratio and the AUPD method

GPS vehicle speed 44 km/h 54 km/h 64 km/h

Calculation method Cross-ratio AUPD [11] Cross-ratio AUPD [11] Cross-ratio AUPD [11]

Average speed 44.05 42.54 53.91 48.72 63.56 61.58
Standard deviation 0.897 5.723 0.777 6.996 0.659 8.006
Coefficient of variation 0.02 0.135 0.014 0.144 0.010 0.130

Fig. 11   Comparison of the cross-ratio and unit pixel-based method
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5 � Limitations of the approach used

According to the experiments in this study, the estimation of vehicle speeds using the 
proposed method for the reduced resolution videos has a larger standard deviation and 
coefficient of variation values than the original resolution results. Therefore, it should 
be careful to apply the proposed method in low-resolution, serious smear, and blurred 
videos. We will cope with these problems in future work.

Table 6   Estimated speed of the experimental vehicle at different shooting angles and different speeds 
(reduced image resolution)

GPS vehicle speed 44 km/h 54 km/h 64 km/h

Calculation times 19 times 16 times 13 times

Shooting angle 0° 45° 90° 0° 45° 90° 0° 45° 90°
Average speed 45.12 45.07 44.22 54.60 54.58 53.72 63.62 63.59 63.49
Standard deviation 2.798 1.306 2.665 1.738 1.062 1.395 1.644 0.943 1.241
Coefficient of variation 0.062 0.029 0.060 0.032 0.019 0.026 0.026 0.015 0.019

a b

c
Fig. 12   Comparison of two resolutions for estimating the speeds at different angles for the experimental 
vehicle with GPS speed at a. 44 km/h. b. 54 km/h. c. 64 km/h
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6 � Conclusion

Existing methods for calculating vehicle speed are based on image frames, and the esti-
mated speed usually requires a certain driving distance, which is not suitable for estimating 
the instantaneous speed of a vehicle whose driving speed varies greatly. This paper verifies 
the reliability of our proposed speed estimation method by evaluating the actual vehicle 
speed. Our proposed method based on the cross-ratio method is an application in which the 
projected geometrical cross-ratio remains unchanged. Even if the image resolution is low, 
the speed of the relevant vehicle can be determined directly from the video of the dash-
board camera. In addition, the experimental results show that when our proposed method is 
used to estimate the vehicle speed, the estimated vehicle speed variation coefficient of low-
speed driving is relatively large, therefore, this method is also suitable for speed calculation 
with speeding violations.

Nowadays, a dashboard camera is widely used. Image analysis on dashboard videos can 
be used to reconstruct the accident scene and evaluate whether the vehicles in the accident 
took action. Besides, it also provides a more in-depth understanding and solution to dis-
putes in vehicle accidents.

The dashboard camera usually has a higher resolution to obtain a clear image of 
the accident. However, because the monitors at the intersections need to have a larger 
viewing angle and shoot for 24 h, the quality and frame rate of the recorded video is 
not as good as those of the dashboard cameras. Our results show that vehicle speeds 

a b

Fig. 13   Comparison of two resolutions for estimating the speed at a. an angle of 0 degrees. b. an angle of 
45 degrees. c. an angle of 90° for different GPS speeds of the experimental vehicle
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estimated using the cross-ratio method at lower resolutions have very small gaps com-
pared with those at the original resolution but have larger standard deviation and coef-
ficient of variation values. Therefore, the following research can focus on the surveil-
lance video of the intersection monitors, which will help to improve the identification 
quality of vehicle driving accidents and help resolve more controversial issues about 
driving speed.
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