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ABSTRACT Concomitant with the virtual ubiquity of dashcams in vehicles, the instantaneous speed of
vehicles during accidents can now be measured using dashcam videos to understand the causes of such
accidents. In this study, we estimated vehicle speeds using dashcam videos recorded in various road
environments and analyzed them by comparing them to ground truth. We also considered various scenarios
yielding retaken and re-encoded videos from additional recording devices, depending on the circumstances,
wherein the original video can be manipulated in terms of playback speed and/or frames per second.
The experimental results revealed that the actual and measured speeds were similar for most user-specific
intervals. Moreover, the results suggest that our estimated speed is adequately valid as evidence, regardless
of retake and re-encoding states. Furthermore, we adopted a statistical approach (i.e., Pearson’s correlation
coefficient analysis) to verify the proposed vehicle speed estimation method. The results showed that when
playback speed was manipulated in re-encoded or retaken video, the proposed method consistently measured
speeds at 99.99 % accuracy. This verified method will play an important role in deriving reliable results from
various evidential video sources.

INDEX TERMS Dashcam, retake, re-encoded video, vehicle speed measurement, video forensic, video

manipulation.

I. INTRODUCTION

Upon the occurrence of a traffic accident, the speed of the
vehicle prior to collision is considered as important for deter-
mining the root cause of the accident and for investigating
the responsibilities among interested parties [1]. Typically,
the investigator presumes the vehicle speed based on the
statements of drivers, who were involved or had witnessed
the accident, owing to the lack of objective evidence. Nev-
ertheless, the statements of drivers or witnesses cannot be
deemed acceptable as such statements are heavily dependent
on their memory and drivers can tort relevant information.
Therefore, vehicle speeds are required to be captured using
objective devices (i.e., event data recorders (EDRs), tachome-
ters, and/or video footage).
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Data from EDRs in airbag control units and digital
tachographs are commonly used to make these determina-
tions. Unfortunately, EDRs can sometimes provide unreliable
data if the impact of the collision is more significant than the
threshold (i.e., airbag deployment) [2]. Although the digital
tachograph constantly logs vehicle speed, its use is primarily
restricted to commercial vehicles, such as buses and trucks.

Recently, several studies have proposed methods to over-
come this limitation by adopting video sequences [3].
For instance, vehicle speed estimation methods using
closed-circuit television (CCTV) or automobile black box
devices on the dashboard (i.e., dashcams) constitute the most
fundamental approaches [1], [3] Additionally, CCTV videos
have been used in many studies to estimate vehicle speeds by
tracking vehicle movements from fixed locations [4]-[8].

Generally, CCTV cameras are fixed and cover a large area
at an instant and, thus, recorded objects including vehicles are
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indistinguishably small with relation to each other. Addition-
ally, light reflections from headlights and streetlights at night
tend to hinder analysis.

The dashcam is mounted on the dashboard of a vehicle
to record videos while driving, thereby providing better vis-
ibility in terms of the shorter distance between the viewer’s
perspective and the front of the car; plus, it is more robust with
illumination than CCTVs [9]. Recently, an increasing number
of drivers have used dashcams for evidence purposes [10].
Thus, the requirement of speed estimation using dashcams
has become essential, and it is widely used in situations
related to accidents [11]. Several studies have measured
vehicle speeds using dashcam videos [12]-[16]. However,
most did not consider weather conditions [17]. Other studies
have examined the problem of video manipulation when
videos are used as evidence [18], [19]. From this perspective,
researchers have considered numerous evidence-collection
situations (e.g., re-recording videos from a display dur-
ing playback or re-encoding videos for internet transmis-
sion). Nonetheless, the validation of the proposed vehicle
speed estimation methods has not considered the distinction
between originals, retakes, and re-encoded versions. There-
fore, in addition to vehicle speed estimation, dashcam videos
must be verified as authentic.

Therefore, we categorize dashcam videos into the follow-
ing three types based on the acquisition method as original,
retake, and re-encoded (as illustrated in Fig. 1). Original
videos are those directly extracted from the storage attached
to the dashcam. Retake videos are those recorded from the
playback using another device. Re-encoded videos are those
obtained from internet transmissions via e-mail or other
means.

Extract video from Receive later from
storage(or device) witness
Types of evidence
e N
[ Original video } [ Retake video J [ Re-encoded video J
|

L

Manipulable ]=>[ Verification required J

[ Not manipulable ] [

FIGURE 1. Types of collected videos.

Generally, applications automatically re-encode video files
for transmission to reduce file size. When a party submits a
retaken or re-encoded video, an investigator may not be able
to accurately measure the speed based on information loss or
tampering. Most extant studies have measured vehicle speeds
from original video. Hence, we extend the conventional vehi-
cle speed measurement method to provide verification of
retaken and re-encoded videos.
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This study proposes a robust methodology that can accu-
rately measure vehicle speeds regardless of the edited play-
back speed, frames per second (fps), etc. in the submitted
video. The methodology comprises detection and estimation
phases. During the detection phase, we determine the real
playback speed using optical character recognition (OCR) to
compare the time and fps presented in the video to a real
chronometer. During the estimation phase, vehicle speeds are
measured by fps, and distance is measured using a satellite
map.

Experiments show that when playback speed is manipu-
lated in re-encoded and retaken videos at 0.5 x, conventional
methods estimate vehicle speeds at around 50 % of their
actual speeds. This makes intuitive sense. With our proposed
method, the actual speed is preserved with 99.99 % accuracy.
Hence, our model is robust to editing manipulations.

The main contributions of this study can be summarized as
follows.

Recognition of Playback Speed Alteration Impact:
We validate that video playback speed manipulation results
in alterations to estimated vehicle speeds.

- Robust Measurement of Vehicle Speed in Any Situation:
Our real playback speed detection method can be easily
applied to conventional methods to accurately measure vehi-
cle speeds.

Verification of the Proposed Method: Experimental
results verify the accuracy of our proposed strategy in all
types of environments.

The remainder of this paper is organized as follows.
Related work and the problems addressed in this study are
detailed in Section II. The proposed vehicle speed mea-
surement method using dashcam videos is described in
Section III. Section IV presents the experimental results
of real and estimated speeds obtained from original dash-
cam videos compared under various environments. Subse-
quently, the results of measured speeds based on retaken and
re-encoded videos are compared with our proposed method
and the conventional method. Finally, the conclusions of this
study are presented in Section V.

Il. RELATED WORK AND PROBLEM STATEMENT

A. RELATED WORK

In past research, vehicle speeds were estimated by measuring
the number of moving frames and the changed distances
between vehicles in a video.

Wong et al. [4] proposed a vehicle speed estimation method
that leveraged cross-ratios from stationary surveillance cam-
era (e.g., CCTV) recorded video without designating the pre-
cise configuration of vehicles and cameras. Edelman et al. [5]
presented a method for estimating vehicle movement by
reconstructing three-dimensional data from CCTV videos.
Similarly, other studies suggested video-processing tech-
niques for estimating traveling path and speed by detecting
specific locations or the entire scenario [18]-[23]. Murashov
and Stroganov [24] produced a method of estimating vehicle
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speeds based on vision technologies from a fixed monocular
CCTV video of a road. Lu et al. [25] proposed a method
that used difference images to detect vehicle movement and
distance. Other motion detection methods [26], [27] have
been applied to estimate vehicle speeds from fixed locations.
However, fixed-location cameras and CCTVs have problems
with expanded areas, and they often have difficulty with lines
and background features.

As mentioned above, dashcam methods have also been
studied. Kim er al. [12] proposed a vehicle speed estima-
tion method utilizing CCTV and extended it to dashcam
videos. Han [13] proposed a vehicle speed estimation method
using cross-ratios to dashcam videos, which is similar to
Wong et al.’s method. The method was verified in several
accident situations, and the results were compared to speeds
measured by Global Positioning System (GPS) devices.

Moreover, most dashcams log GPS information that
can conveniently provide vehicle data for very accurate
speed acquisition. However, GPS signals can become unre-
liable in certain terrains and in cities. Li and Liu [14],
Yamaguchi et al. [15] and Osamura et al. [16] suggested
the use of additional information, such as vehicle accelera-
tion data, to more accurately estimate vehicle speeds. How-
ever, the proposed methods cannot be applied to most cases
because they require additional sensors.

Foremost, traditional vehicle speed measurement methods
do not consider video manipulation techniques [17]-[19].
Hence, they do not overcome the veracity and reliability prob-
lems inherent in human testimony. In this paper we provide a
robust method of accurately measuring vehicle speeds from
dashcam video, even when manipulated.

B. PROBLEM STATEMENT

In this study, we considered various situations in which inves-
tigators collect dashcam videos at the site of the accident,
as illustrated in Fig. 1. For instance, the video is submitted
separately after the accident in case it cannot be directly
extracted from the dashcam or storage on site or can be
played only with a dedicated viewer owing to digital rights
management and privacy protection issues. In those situa-
tions, the videos must be offloaded and encoded. In other
scenarios, someone may record the dashcam video playback
using a smartphone in order to relay it to an e-mail recipient.
This often requires re-encoding, segmenting, and/or file-size
reductions for transmission.

Thus, the evidential videos can be classified into three
types based on the abovementioned scenarios.

- Type 1: Original video is video directly viewed and/or
extracted from the dashcam without secondary conversion.
This is the most common evidentiary collection method.
Because the original video has not been edited, it is possible
to accurately measure the vehicle’s speed using conventional
methods.

- Type 2: Retake video pertains to a separate video record-
ing of another video’s playback. The original source is
assumed to be trustworthy. However, during re-recording,

132864

the playback speed can feasibly be changed, resulting in
unreliable vehicle speed estimation.

- Type 3: Re-encoded video refers to video offloaded from
the primary source device and converted for storage, play-
back, and/or transmission. As a result of compression and
other encoding alterations, the accuracy of vehicle speed
estimation cannot be guaranteed.

We measured vehicle speeds in a previous study [12] where
the playback speed was altered to 0.5x, 0.7x, and 1.5x
the ground truth. These alterations are applicable to
types 2 and 3 in this paper. The average speeds were measured
at a distance of 333 m in a highway environment. As shown
in Table 1, the average vehicle speed measured based on
wheel speed was 77.78 km/h.

TABLE 1. Difference of average speeds according to playback speed.

Difference
Estimated Speed  Real Speed  (errors relative to

Playback Speed (km/h) (km/h) real speed)
(km/h)
0.5x 37.78 -40.00
0.7x 53.00 -24.78
1.0% (type 1) 7570 7178 -2.08
1.5x 113.62 +35.84

When the playback speed is 0.5, 0.7, or 1.5x, it can be
seen that the measured vehicle speed is significantly altered.
Therefore, resolving and interpreting an accident scene
becomes challenging and untrustworthy under many techni-
cal scenarios. Although previous studies did well in investi-
gating various approaches to measuring vehicle speeds, they
did not consider cases of manipulated submissions. These
factors provide the impetus for our research herein.

ill. PROPOSED METHOD

A. OVERVIEW

In this paper, we propose a method that can robustly measure
vehicle speeds from dashcam video while considering the
video’s manipulation in various situations (i.e., types 1, 2,
and 3). The proposed method comprises a detection phase
that determines whether the playback speed of the video is
altered, and an estimation phase that calibrates and measures
the speed from the previous step.

- Detection Phase: Detection of the playback speed by
comparing the time information displayed on the video with
the fps.

- Estimation Phase: Measurement of the actual speed of
the vehicle using the dashcam video based on the playback
speed detected in the previous phase.

The vehicle speed can be robustly obtained from the dash-
cam video using these two proposed steps, regardless of video
editing.

Table 2 provides a summary of the notation used in the
proposed method. The fps, fds, and dps are used to detect the
actual playback speed, and Fj, ;, 1, d, and s denote the frame
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dashcam video

magnify the part of
time information

FIGURE 2. Examples of displayed time information in dashcam videos.

TABLE 2. Summary of notation used.

Notation Meaning

Frames per second (fps) is the number of frames
fps shown in the video per second based on the playback
time.

Frames per displayed second (fds) is the number of
frames shown in the video per second based on the
displayed time. For a 1x video, fps = fds; if the video
is not a 1x video (such as type 2 or 3 video), fps #/ds.
Detected playback speed (dps) refers to whether the
playback speed is edited; it is calculated using fps/fds.
If the playback speed has not been edited, dps is 1;
otherwise, it is not 1.

Frame number at reference point. F; is the start
reference point of the section and F; is the end
reference point of the section

Measured time (¢) is calculated using the start (¥;) and
end (F)) reference points of the section.

tinax 1s the maximum time that can be measured in
the section, and t,,;, is the minimum time that can be
measured in the section.

Measured distance (d) is calculated using a satellite
map. Given the distance error of the satellite map,
dmax s the measured distance plus error and d,,;, is
the measured distance minus error.

Measured speed (s) is calculated by using distance (d)
s, and time (7). Sy, is calculated by using dp,qx/tmin
and Smin is dmin/tmax’ and then avg (Smaxlsmin) =

fds

dps

F,

b J

L, tmaxs tmin

d, dmax: dmin

Smaxs Smin» Savg

Savg-

number, time, distance, and speed used for measurement
during the estimation phase.

B. DETECTION PHASE

During this step, the playback speed is detected using the time
information recorded in the video based on the fact that the
time information of the dashcam device is recorded in the
general video.! As depicted in Fig. 2, time information is
displayed in the actual video. Because editing the displayed
time is immensely difficult and is time-consuming even when
the video playback speed is manipulated, the precise playback
speed can be detected with reasonable assurance by extracting
the time information displayed in the video using the OCR
technique [28]. Furthermore, because the time is recorded
in the same font at the same position in the dashcam video,

UIn this paper, we do not consider the case where there is no time informa-
tion in the dashcam video because most dashcams display time information
in the video.
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the recognition rate is almost 100 %. Therefore, the technique
can be easily applied.

The time information extracted from the OCR technique
is utilized for the fps, which is used to obtain the detected
playback speed (see Eq. (1)).% fds denotes the number of
frames accounted for in a second using the OCR. Dividing
fds by the fps of the video gives the detected playback speed:

_ Jds
fos’
For example, if a video originally captured at 30 fps was

edited at 0.5 speed, the video would be viewed at 60 frames

per displayed second. In this case, fds is 60 and fps is 30.

Therefore, the dps can be calculated as two, which allows

the correction of the manipulation speed when measuring the

vehicle speed in the subsequent phase.

dps (1)

C. ESTIMATION PHASE

Speed is measured by dividing distance by time [8], [12],
[13], [29]. First, time ¢ is calculated from the dashcam video
by establishing a reference point for measurement. The video
frames before and after passing the reference point is used.
The dashcam cannot capture the moment at which the vehicle
crosses the reference point of the section for speed measure-
ment, because the dashcam does not record every instant, and
a time gap occurs according to the fps.

Reference points can be specified using road marking
(lanes, stop line, speed limits, zone markings, arrows, etc.).
As presented in Figs. 3(a) and (b), the video frame number
immediately prior to passing a white stop line with a red
square as the start reference point is set as F; (Fig. 3(a)),
and reference point is set as Fj (Fig. 3(b)). Additionally,
Figs. 3(c) and (d) display the video frame number imme-
diately the video frame number immediately after passing
the start before and after passing the tip of the white arrow
marked with a red square as the end reference point: F; and
Fjy1, respectively.

The t,4 covered by the vehicle in the area from
the reference line depicted in Figs. 3(a) and (b) to that
in Figs. 3(c) and (d) can be calculated by subtracting F; from
Fjy1 and dividing it by the fps. Similarly, the #,;, can be

2If the time information is up to the minute, the fps can be calculated by
dividing the frames per displayed minute by 60.

132865



IEEE Access

K.-S. Shim et al.: Vehicle Speed Measurement Methodology Robust to Playback Speed-Manipulated Video File

() (d)

FIGURE 3. Frame selection for time measurement: (a) immediately before
passing the reference point (F;); (b) immediately after passing the
reference point (F;_,); (c) immediately before passing the end reference
point (Fj); (d) immediately after passing the end reference point (Fi+l )-

calculated by subtracting F;y; from F; and dividing it by
the fps. This is expressed in the following equation:
Fiv1 — F; Fj — Fiy
tmax = L tmm = L -
Jps

Jps

For instance, if F; is the 10th frame, F; is the 11th frame,
Fj is the 50th frame, Fj;1 is the 51st frame, and the fps
is 30. The t,,4x required to travel from the start to end ref-
erence points can be evaluated as (51 — 10) /30, which is
approximately 1.37 s. Similarly, the #,,;, can be calculated as
(50 — 11) /30, which is approximately 1.3 s.

The distance, d, is measured using Google Earth satel-
lite maps [30] and Kakao Map [31] as portrayed in Fig. 4.
Although accurate results can be obtained if the actual dis-
tance is measured at the accident site, a satellite map is used
because the actual distance cannot be measured at all loca-
tions and requires extensive measurement trials. Moreover,
the error bound of satellite maps varies with region, but its
accuracy is sufficiently high with the error at a centimeter
scale, as confirmed in previous studies [32].

In this study, the range of the error (§) is set to reflect the
errors in satellites, inaccuracies in curved sections of roads,
and mistakes that can occur during selection of a location
on the map. This is derived in Eq. (3), wherein the d,,,, and
dmin are calculated by adding and subtracting the errors to the
values measured on the satellite map, as depicted in Fig. 4.

dpax =d + 8,  dpin =d — 6. (3)

@

Finally, the speed, s, was derived from Eq. (4) by rewriting
Egs. (2) and (3). The sy, is calculated by dividing the d,;, by
the #,,4x, and conversely, the s,y is calculated by dividing the
dimax DY the ;. Therefore, the speed is accurately calculated
by considering the altered playback speed. The playback
speed is corrected to 1 x by dividing the dps calculated in the
previous phase. Moreover, because the unit of time in Eq. (2)
is accounted in seconds, and the distance in Eq. (3) is con-
sidered in meters, the final speed is calculated by multiplying
by the conversion factor of 3.6 to convert from m/s to km/h.
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FIGURE 4. Distance measurement with satellite map from (a) Google
earth [30]. (b) Kakao map [31].

The average value of the minimum and maximum speed can
be derived as s4,,:

dpin 3.6

Smin = —— X —

‘min PN dps

dpax 3.6

S = X —

e Imin dps
Savg = avg(Smins Smax) @

IV. EXPERIMENTAL EVALUATION

In this section, we evaluate the performance of the pro-
posed method for measuring vehicle speed robustly even with
manipulated video. The variation in the real vehicle speed was
identified from the odometer on the vehicle dashboard based
on driving conditions. Subsequently, the measured speeds
were compared to the speeds estimated from the dashcam
videos for verification.

A. EXPERIMENTAL SETTING

To confirm the reliable speed measurement results, we used
three types of data: the actual speed of the vehicle, the video
extracted from the dashcam, and the video manipulated by
retake and re-encoding.

The real speed of the vehicle was collected through the
speedometer, as shown in Fig. 5. However, it is well known
that vehicle speedometers have a tendency to display a speed
higher than the real speed. Therefore, we considered this
point and compared the actual speed with the measured speed.

The original type 1 video extracted directly from the dash-
cam was taken for file modeling (see Table 3). When the
video was recorded with the default setting of the dashcam
in Table 3, there were differences in resolution of 2, 560 x
1.440, 1,920 x 1.080, and 1, 280 x 720, recoding at 30 fps
and using an H.264/AVC codec.’ The vehicle speed was

3The dashcam dataset can be found at https://github.com/Kyu-Sun/
Dashcam_manipulated_videos
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FIGURE 5. Actual speed displayed on the speedometer.

TABLE 3. Dashcam models and specifications utilized in the experiment.

Image Recording Video

Model resolution fps duration codec
iNavi Z500+  1,920x1,080 30 Tmin  HZ264/AVC
Eyecloneis  1,920x1,080 30 11‘6“‘5“ H.264/AVC

FineVu .

LX2000 1,920%1,080 30 various H.264/AVC
iROADTS  1,280x720 30 13‘5“5“ H.264/AVC

Lead K2  1,920%1,080 30 various  H.264/AVC

TopSync

G800 2,560 1,440 30 30 H.264/AVC

application (e.g., WhatsApp [36] and Facebook messen-
ger [37]. Thus, the video was re-encoded to reduce the file
size and hence speed up its network transmission.

Notably, the resolution, fps, and playback speed of the
types 2 and 3 videos were altered compared with those of
type 1. Owing to these factors, the variations in fps and
playback speeds influenced speed measurement.

Table 4 summarizes the files used in the experiment to
evaluate the method proposed in this paper. Files #1 and #2
were dashcam videos of downtown and highway environ-
ments, respectively, in type 1 compared with the actual.
Files #1 and #2 were original and were used as baselines in
each experiment, and types 2 and 3 videos were made by
re-encoding and retaking them. The playback speed varied
with values of 0.5x, 0.7x, and 1.5 x, and the fps varied with
values of 10, 24, and 60.

TABLE 4. Video files used in the experiments.

measured from the videos recorded by six dashcams using
the measurement method outlined in Section 111, and it was
compared to the real vehicle speed.

As aresult of measuring the speed with the dashcam videos
of the six models, there was no difference in the measured
speed depending on the model. Hence, it can be seen that
the resolution and recoding duration, the only differences,
did not affect the speed measurement. Since they are made
for commercial purposes, the experiment results were not
different as the video quality was sufficient to confirm the
driving of the vehicle and time information.

As expressed in Eq. (4), distance and time comprise the
parameters of speed, but distance is measured using the satel-
lite map. Thus, there is no variation, unless the video data are
not verified, owing to distortion. This study neglected a video
if it had serious distortions and could not be used as evidence.

Time is significantly affected by variations in fps and play-
back speed, because the number of video frames is used as
a factor of time measurement. Therefore, the measured time
varies with the number of video frames recorded per second.
Time is affected only by fps when the playback speed is 1x;
otherwise, the time is influenced by the playback speed. Thus,
the measured speed was validated based on variation of both
the fps and playback speed. Afterwards, the video of the iNavi
7500+ model was used in the experiment with the original
video corresponding to type 1.

We generated types 2 and 3 videos from the type 1 video to
verify the measured speed for manipulated videos. To obtain
type 2, type 1 was played using an ordinary video player
(e.g., VLC [33] or Windows Media [34]), and the play-
back screen was recorded using a digital camera. The
type 3 video was created using video editing software
(e.g., Adobe Premier [35] and a smartphone messenger
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File name. fps Plsel})f::(;:k Resolution Road Type
file il)gigoirlv;t)own 30 1x XI{?(?;) 0 Downtown
RN .
ﬁli(ﬁ ?;id_(avzrflli(;;vn 24 0.5x ><21,’5464?0 Downtown
ﬁi%i‘:ffzif;“)”:)‘y 24 05x ! 1’,95;)0 Highway
ﬁi%ifg%ﬁ*)‘y 30 0.5x L?gg Highway
ﬁi%ﬁfg%m? 30 0.7x 17258 Highway
ﬁiel #gl(f;(g)}%jy 30 1.5x L’; g 8 Highway
T T
ﬁli ff_(gffggay 24 1x Xl 1’?5:0 Highway
ﬁleiﬂ(jggﬁgvay 60 Ix N 1”95800 Highway

Files #3—10 were types 2 and 3 videos. Files #3 and #4
had edited fps and playback speeds. File #3 was cre-
ated using file #1, and file #4 was created using file #2.
Files #5-7 reflected the changing playback speeds of file #2,
and files #8-10 reflected the changing fps in file #2.

To determine whether the speed of the retake and
re-encoded dashcam video was accurately measured, a com-
parison was made with VSEM [12], which measures the
dashcam video speed with a methodology similar to that of
the proposed technique.

B. COMPARISON OF REAL AND MEASURED SPEEDS

1) SPEED VARIATION IN DRIVING ENVIRONMENT

The speed variation was reviewed by measuring the vehicle
speed during driving on two roads: downtown and a highway.
The speeds measured during driving downtown and on the
highway for approximately a minute are presented in Fig. 6.
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Speed (km/h)

downtown
30 highway

25 T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60

Driving time (s)

FIGURE 6. Real speed (wheel speed) of vehicle based on road types.

The variation in vehicle speed downtown varied signifi-
cantly from around 30 to 68 km/h, but the speed varied only
from 74 to 83 km/h on the highway. Generally, the variation
in speed is broad in the downtown area, owing to traffic
congestion. In contrast, the vehicle speed did not significantly
vary on highways.

For the downtown area, the standard deviation of the speed
was small, within 1.201, when the speed measurement unit
was 30 m, as shown in Table 5. Conversely, the standard
deviation was 3.808 and 12.153 when the speed measurement
units were 100 m and 1 km, respectively, which are signifi-
cantly higher than that for 30 m. The average speed for the
sections of 100 m and 1 km could not be used to represent the
speeds of these sections.

TABLE 5. Standard deviations of speed according to road type and
measurement unit.

Unit of Average Average speed  Standard

Road type measure time (%) (ki/hgj deviation
30 m 2.405 49.066 1.201
Downtown 100 m 8.283 47.924 3.808
1 km 82.733 45.749 12.153
30 m 1.442 76.914 0.497
Highway 100 m 4.717 78.509 1.204
1 km 47.662 77.373 2.288

For the highway, the standard deviation of the speed was
as small as 0.497 and 1.204 when measured in units of 30 and
100 m, respectively. However, a short driving period of ~1 s
was applied for units of 30 m. Additionally, if the time period
was small, the bound of the speed would increase if the speed
were measured. Moreover, the standard deviation of the speed
was 2.288 for a unit of measurement of 1 km, which is slightly
larger than that for 30 and 100 m.

2) RESULT OF DOWNTOWN ENVIRONMENT

The reliability of the measurement speed in the downtown
environment was compared with the real speed. The driving
speeds downtown and along the highway were measured
in units of 30 and 100 m, which provided small standard
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deviations, as mentioned. The speed of the vehicle was mea-
sured at intervals of 30 and 100 m, as depicted in Fig. 7, where
each reference point is marked as A, B, ..., J (Fig. 7(a)) for
30mand A’, B, ..., D’ (Fig. 7(b)) for 100 m intervals.

(b)

FIGURE 7. Reference points for measurements downtown at (a) 30 m and
(b) 100 m units.

The distance between the reference points depicted
in Fig. 7 was measured using the distance measurement func-
tion provided by satellite maps, such as Google Earth [30] and
Kakao Map [31] the results are listed in Table 6. The distance
was evaluated by setting the error range (§) to 1, 2, or 3 m.

TABLE 6. Distance measurement results for downtown.

Measurement Section Distance (m)
ur (Start—  Error (§=1)  Error (§=2)  Error (§ =3)
unit
End) min dmax dmin max min max
A-B 35 37 34 38 33 39
B-C 28 30 27 31 26 32
C-D 30 32 29 33 28 34
D-E 29 31 28 32 27 33
30 m

: F
(Fig. 7(2)) F-G 30 32 29 33 28 34
H
I

100 m
(Fig 7®)  cp jo0 102 99 103 98 104

Table 7 lists the time measurements for the course por-
trayed in Fig. 7. The frame number at which the vehicle
passed each reference point was determined, and the driving
time of the car was calculated using the dashcam video.

The comparison between the real speed of the vehicle and
that measured using a dashboard video for approximately
660 frames (i.e., 21.7 s) is presented in Fig. 8. The dis-
tance error range was set to 1 m for a measurement interval
of 30 and 3 m for 100 m. Moreover, the distance error of the
satellite was confirmed to be in the centimeter range for a
measurement unit of 30 m [32], whereas the distance error on
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TABLE 7. Time measurement results for downtown.

ST End point
Section point Time
Mea?;ﬁmem (Start— (frame n(lfrrzg; i) (s)
End) number)
Fi Fl tmin tmax
A-B 0 130 43 4.37
B-C 130 208 2.57 2.63
C-D 208 282 2.43 2.5
30m D-E 282 348 2.16 2.23
(Fig. 7(2)) E-F 348 410 2.03 2.1
g F-G 410 475 2.13 2.2
G-H 475 537 2.03 2.1
H-1 537 601 2.1 2.17
-] 601 659 1.9 1.97
100 m A'-B’ 0 290 9.63 9.7
(Fig. 7(b)) B-C’ 290 500 6.97 7.03
C-D' 500 697 6.53 6.6
60
554 1T g
0L T
50 VARLRERRRARARMANAYH
= I
g A
E -
;40 q 4ﬁ
8 JUNENINENINNINNE 113333
%35_HUUUUTH}U TTITTITIITTITIONT
30 JITITIILII LI
TN NN NN NN
- « real speed
254 downtown_30m
r + downtown_100m
20 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

Playback time (s)

FIGURE 8. Comparison of real and measured speeds from the original
video (type 1) in downtown.

the satellite map was in the meter range on the satellite map
for a distance measurement unit of 100 m. Notably, a long
distance interval may cause a curved road to occur, which
increases satellite error. The empirical results indicated that
the distance error was 1 m for every 30 m. Hence, the error
range at 3 m units was 100 m.

In Fig. 8, the upper and lower bars of the measured speed
(downtown_30m, downtown_100m) indicate the range of the
maximum (Syq,) and minimum (s,,;,) speeds. Additionally,
there was a slight difference between the real and measured
speeds at around 10 s from O to 282 frames, because the
actual speed varied rapidly. However, the speed increased
consistently, and the overall speed was slightly faster within
the range of the measured speed, because the speedometer of
the vehicle should not be less than the real speed on a flat
road, as per Article 54 Paragraph 1 and Article 110 Para-
graph 2 of MANAGEMENT ACT under the Korean law [38].
Furthermore, the speedometer should be designed to display
the speed of within +10 % plus 6 km/h of the real speed. The
average speed measured from the dashcam video was similar
to the overall real speed, although the real-time response in
areas was challenging at low speeds because the speed varied
significantly on the downtown road.
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3) RESULT OF HIGHWAY ENVIRONMENT

Next, the actual speed was compared to verify the reli-
ability of the measurement speed in the highway envi-
ronment. Similar to the method implemented downtown,
the vehicle speed on the highway was measured based on
the reference points depicted in Fig. 9, where each was
set as A, B,...,J (Fig. 9(a)) at intervals of 30 m and as
A, B/, ..., D (Fig. 9(b)) at intervals of 100 m. Additionally,
the distance and time measured by dividing the measure-
ment unit into 30 and 100 m are listed in Tables 8 and 9,
respectively.

FIGURE 9. Reference points for measurement on highway: (a) 30 m unit;
(b) 100 m unit.

TABLE 8. Distance measurement results on highway.

Measurement Section Distance (m)

it (Start—  Error (§=1)  Error(§=2) Error (6=3)
End) dmin dmax dmin dmax dmin dmax
A-B 29 31 28 32 27 33
B-C 36 38 35 39 34 40
C-D 37 39 36 40 35 41
D-E 37 39 36 40 35 41

30 m

: F
(Fig. 9(a)) F-G 3739 36 40 35 41
H
I

100 m
(Fig. 90)  cp 102 104 101 105 100 106

The real speed of the vehicle was compared to the speed
estimated from the dashcam video for 15 s, approximately
450 frames, as illustrated in Fig. 10. Similar to that for down-
town, the distance error of the satellite map on the highway
was 1 m for 30 m and 3 m for 100 m. On the highway,
the real speed of the vehicle did not vary considerably, and
the real speed tended to be slightly higher than the measured
speed but, overall, the real speed was within the range of the
maximum (Sy,qy) and minimum (s,,;,) speeds.
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TABLE 9. Time measurement results on highway.

. Start point ~ End point .
Section Time
Measurement (frame (frame
; (Start— (s)
unit End) number) number)

Fi F] tmin tmax
A-B 12 52 1.3 1.37

B-C 52 103 1.67 1.73

C-D 103 156 1.73 1.8

0m D-E 156 209 1.73 1.8
(Fig. 9(a)) E-F 209 264 1.8 1.87

F-G 264 320 1.83 1.9
G-H 320 375 1.8 1.87

H-1 375 432 1.87 1.93

1-J 432 489 1.87 1.93

100 m A'-B' 0 141 4.67 4.73
(Fig. 9(b)) B-C’ 141 291 4.97 5.03
) C-D' 291 445 5.1 5.17

90

= real speed
highway_30m
—_— + highway_ 100m

e

851

70 4

65 T T T T T T T T
0 2 4 6 8 10 12 14 16

Playback time (s)

FIGURE 10. Comparison of real and measured speeds from the original
video (type 1) on highway.

Nevertheless, the real speed of the vehicle was slightly
higher, owing to the abovementioned Korean law. Consider-
ing that the range of the minimum and maximum speeds was
within 5 km/h of the average speed, the measured speed was
similar to the real speed.

C. VALIDATION OF MEASURED SPEED IN RETAKE AND
RE-ENCODED VIDEOS

If a crime occurs, the investigator can retake the original
videos recorded from dashcams if extraction is difficult.
Additionally, the people involved in the accident may sub-
mit re-encoded videos via e-mail or smartphone messen-
ger for maintaining privacy and convenience. Under these
circumstances, it is difficult to verify that the submitted dash-
cam video has been manipulated. Hence, the speed mea-
sured based on the same manner was verified in the retake
(type 2) and re-encoded (type 3) videos collected in these
cases.

The speed measured by the proposed method was validated
based on the variation in fps and playback speed. Thus,
the experiments were conducted using the original videos of
the downtown road (Fig. 7) and highway (Fig. 9), as listed
in Table 4.
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1) RESULT OF MEASURED SPEED FOR ROAD TYPE

We experimented with the effect of changing the fps and play-
back speed according to the road environment. The downtown
and highway scenarios, files #1 (downtown_original) and #2
(highway_original), were manipulated with playback speeds
of 0.5x and fps of 24 for files #3 (downtown_0.5x_24fps)
and #4 (highway_0.5 x _241ps).

To reduce the speed deviation, the speed was measured
by setting the 30 m interval and distance error to one, and
the reference point was set as Fig. 7(a) for downtown and
Fig. 9(a) for highway.

Figure 11(a) shows the speed measured in the down-
town environment. The speed measured with file #1 (down-
town_original) is the baseline, and the speed measurement
results were compared with the proposed method and
VSEM [12]. Fig. 11(b) shows the speed measured by the
proposed method and VSEM [12] for file #4 (highway_0.5x_
24fps) with the playback speed and fps changed, with file #2
(highway_original) as a baseline in the highway environment.

55 IETTI
- arssasailacEenan 1

S mEmme venewenn  GH HT

o1 e P G

= onginal(basclme)
DI + proposed method
s + VSEM[12]

Speed (lan'h)

..........

0 2 1 6 8 10 i 14 16 18 20
Playback time (s)
(@

100

9] v ariginal(baselin)
+ proposed method
904 « VSEM[12]
85
804 **
—_ AR L LT [RENREN]
= 754 A . asssssmsssssssmumssas
£ 0 Be D pE 0 "EEEEERececens srsiraasasnas
= 1 T «
_‘é’ F G1 HI I
654
& 60
55
50
s
40] eeeen
teessetaisasatereeen
I e AP OPO U PP
o 2 4 I 3 10 12 14 16
Playback time (s)
(b)

FIGURE 11. Average speed of manipulated video (file #3, file #4)
according to road environment: (a) file #3 in downtown; (b) file #4 on
highway.

As shown in Fig. 11(a), when file #3 (downtown_
0.5x_24fps) was measured using the VSEM [12], the dif-
ference was about 15 km/h in section A-B and more than
20 km/h in the section after B—C. In contrast, the speed
measured by the proposed method was found to be within
0.2 km/h of the baseline, with no significant differences in all
sections.
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In Fig. 11(b), the speed of the baseline was near 80 km/h;
hence, it can be seen that the difference from the speed
measured by the VSEM [12] was larger. The speed in file #4
(highway_0.5x_ 24fps) measured by the proposed method
differed from the baseline within 1 km/h. However, when
measured by the VSEM [12], there was a difference of
about 40 km/h.

When measuring files #3 (downtown_0.5x_24fps) and #4
(highway_0.5x_24fps), which are videos edited at 0.5x and
24 fps, it was confirmed that the playback speed is affected by
the speed measurement and is measured as half the speed of
the baseline. However, the speed measured by the proposed
method was not affected by the playback speed and was
similar to the baseline within 0.2 km/h. In both files #3
(downtown_0.5x_24fps) and #4 (highway_0.5x_241fps), fds
was calculated as 48 in the detection phase, and the dps
was two because the fps was 24. Hence, it was calibrated
according to (4) in Section III. Thus, it was confirmed that
the speed can be measured robustly, even when the video is
manipulated by changing the playback speed.

2) PLAYBACK SPEED MANIPULATION

We experimented with the effect of changes in playback speed
on the speed measurement. First, because it is a speed mea-
surement according to the change in the playback speed, file
#2 (highway_original) of Table 4 in the highway environment
having less speed deviation was edited to be 0.5x, 0.7, and
1.5 %, respectively, with 30 fps, the same as file #2.

Figure 12 shows the results of the speed measured by
the proposed and VSEM [12] methods for each file whose
playback speed was changed. When the fps was the same,
the speed measured by the proposed method was similar to the
baseline in the situation where only the playback speed was
edited. In file #5 (highway_0.5x_30fps), fds was calculated
as 60; in file #6 (highway_0.7 x_30fps), it was calculated to
be 43; and in file #7 (highway_1.5x_30fps), it was calculated
to be 20. The dps measurements were 2, 1.43, and 0.67,
as calibrated for changes in playback speed.

When the speed of file #5 (highway_0.5x_30fps) was
measured using the proposed method shown in Fig. 12(a),
it was similar to the original at 0.05 km/h in most sections.
It differed by 1.3 km/h in Sections A-B, F-G, and G-H.
However, the range of s,,;;, and sy4x in the A-B, F-G, and
G-H sections of the baseline were 76.3-85.8, 70.1-76.7, and
71.4-78 km/h, respectively. The ranges of s,,;;, and s;,4, in
the same sections measured by the proposed method were
76.4-83.7, 72-77.3, and 70.7-75.9 km/h, respectively.
We see that the results of the speed measured by the baseline
and the proposed method intersect. In contrast, the speed
measured by the VSEM [12] was measured about 40 km/h
lower than the baseline.

Figs. 12(b) and (c) are also observed similarly to Fig. 12(a).
The proposed method did not differ significantly from the
baseline, and there was a difference of about 2 km/h in
some sections. However, this occurred while calculating the
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FIGURE 12. Average speed of type 2, 3 videos (file #5 ~ #7) with changed
playback speed: (a) 0.5 x (file #5); (b) 0.7x (file #6); (c) 1.5x (file #7).

average speed, and the sy, and s,y intersected within a
similar range.

The speed by the VSEM [12] was measured as low at about
25 km/h in file #6 (highway_0.7x_30fps) and as high as
40 km/h in file #7 (highway_1.5x_30fps). The VSEM [12]
can be greatly influenced by the playback speed of the video,
such that the vehicle speed becomes slower or faster accord-
ing to the ratio of the playback speed.

As such, it was confirmed that the playback speed signifi-
cantly affects the measurement speed when it is intentionally
edited. However, the proposed method shows that an accurate
speed can be measured without being affected by the play-
back speed by calibrating it with the dps.

3) FPS MANIPULATION
We also experimented with the effect of fps changes on the
measurement speed of the proposed and VSEM [12] methods.
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TABLE 10. Average speed measurement results on various FPS.

Sections (Start—End)

Eiloo A-B B—C Cc-D D-E E-F F-G G-H H-1I -
Siin 76.39 74.77 74 74 71.36 70.11 71.36 68.90 68.90
file #2 Smax 85.85 82.08 81 81 78 76.58 78 75.21 75.21
(highway_original) gap 9.46 7.31 7 7 6.64 6.48 6.64 6.32 6.32
Savg 81.12 78.42 77.5 71.5 74.68 73.34 74.68 72.06 72.06
Siin 74.57 72 70.11 74 66.6 70.11 66.6 66.6 66.6

file #8 Smax 93 85.5 82.59 87.75 78 82.59 78 78 78
(highway_1x_10fps) gap 18.43 13.50 12.48 13.75 11.40 12.48 11.40 11.40 11.40
Savg 83.79 78.75 76.35 80.88 723 76.35 723 723 723
Siin 75.93 74.06 74.34 7434 69.5 72.65 69.5 68.02 68.02
file #9 Smax 86.4 82.08 82.19 82.19 76.58 80.23 76.58 74.88 74.88
(highway_1x_24fps) gap 10.47 8.02 7.84 7.84 7.09 7.57 7.09 6.86 6.86
Savg 81.16 78.07 78.26 78.26 73.04 76.44 73.04 71.45 71.45
Spin 77.33 75.5 74.69 74.69 72.65 72 70.73 69.5 70.73
file #10 Smax 84.76 81.27 80.23 80.23 78 77.28 75.89 74.55 75.89
(highway_1x_60fps) gap 7.43 5.77 5.54 5.54 5.35 5.28 5.17 5.05 5.17
Savg 81.05 78.38 77.46 77.46 75.33 74.64 73.31 72.02 73.31

TABLE 11. Comparison based on Pearson’s correlation coefficient of original and manipulated videos.

0.5x 0.7x 1.5x

0.5x and fps 24

fps 10 fps 24 fps 60

Original 0.99948 0.99908 0.99857

0.99947 0.99597 0.99831 0.99949

As before, file #2 (highway_original) in the highway environ-
ment with low speed deviation was edited with files #8—10 at
10, 24, and 60 fps, respectively. The playback speed was the
same as the original at 1 x. The playback speed was 1x and
the dps was confirmed to be one. Hence, the proposed and
VSEM [12] method were measured equally.

The speed measurement results for file #2 (highway_
original) and various fps measurements of files #8—10 are
shown in Table 10. The average speed measured in the
four files were similarly observed at about 2 km/h; hence,
the measurement speed was not significantly influenced by
fps. However, we can see that the gap between s, and $y,4x,
which is the range of vehicle speed, varied greatly with fps.

We found that the gap between f,,, and #,,;, increased as
the fps decreased. The time interval between t,,,, and #,,,;, was
0.2 s at fps measurements of 10, 0.09 s at fps 24, 0.07 s at fps
30, and 0.03 s at fps 60, because the larger fps corresponds to
more video frames recorded per second. Therefore, a smaller
fps can result in a larger measurement speed error, and a larger
fps can reduce the measurement speed error. The results of the
measured speed are presented in Table 10.

In the case of file #8 (highway_1x_10fps) with 10 fps, sy,
differed from file #2 (highway_original) by about 2.51 km/h
on average and, in particular, it differed greatly at about
4 km/h in sections C-D, E-F, and G-H. The s,,, had a dif-
ference of 3.39 km/h on average, but it was 6 km/h in sections
A-B, D-E, and F-G, resulting in a significant difference in
the vehicle’s speed range, which can reduce the accuracy of
the measured speed.
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Files #9 (highway_1x_24fps) and #10 (highway_
1x_60fps) with fps measurements of 24 and 60 did not show
much difference from file #2 (highway_original) in s,,;, and
Smax Of about 1 km/h. It can be seen that this does not affect
the result of speed measurement in terms of accuracy unless
it is a significantly low level of fps, such as 10 fps.

4) STATISTICAL VERIFICATION OF PROPOSED METHOD

The correlation coefficient results are comparatively pre-
sented in Table 11. Additionally, the measurement results of
type 2 (retake) and type 3 (re-encoded) videos were statisti-
cally validated for cases involving purposeful manipulation
of the fps and playback speed to evade responsibility for
an accident. Moreover, the speed measured by the proposed
method at a total of 24 sections in the downtown and highway
environments (Figs. 7 and 9) were statistically validated. For
the 24 sections, the Pearson’s correlation coefficient of the
average speed in the original video and 0.5 %, 0.7 %, and 1.5x
videos by types 2 and 3 were 0.99948, 0.99908, and 0.99857,
respectively. Furthermore, comparing the original video with
that at 0.5x at 24 fps with varying fps and playback speeds,
the correlation coefficient was confirmed as 0.99947. If the
fps was altered, the Pearson’s correlation coefficient was
0.99597, 0.99831, and 0.99949 upon comparing the original
with the 10-, 24- and 60-fps videos, respectively.

According to Akoglu [39], a Pearson’s correlation coef-
ficient of £1 indicates a strong agreement and zero sug-
gests the strongest disagreement. In context, all the results
of our experiments yielded values of almost one, indicating
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that the speed measured from the dashcam video was valid
for retake and re-encoded videos. However, the results for
10 fps appeared to be the lowest, because a large gap existed
between s,,,4; and s,,;,,. Therefore, a deviation occurred while
calculating the average speed, but 0.99597 is extremely close
to one, and the result can therefore be deemed valid.

V. CONCLUSION

In this study, we proposed a vehicle speed measurement
method using dashcam videos, including retaken videos of an
accident scene when the original video could not be directly
extracted, or the submitted video (retake or re-encoded) could
not be guaranteed to be unaltered. In particular, various
manipulations are possible in retaken or re-encoded videos.
However, the method proposed in this study accounts for
deliberate manipulations of playback speed to ensure reliable
measurements of vehicle speed.

First, the accuracy of the proposed method was measured
and compared with the actual vehicle speed. The real speed
of the vehicle was compared with that measured using dash-
cam videos based on the road environment (i.e., downtown
or highway), indicating that the low vehicle speeds in the
downtown area were not synchronized in real-time, owing
to frequent changes in speed. However, the average speed
of the low-speed sections was similar to the measured speed.
Excluding those sections, experimental results revealed that
there was no difference between the real and measured speeds
because the variation in speed was not significant in other
locations.

In this study, the speed measured in the retaken and
re-encoded videos were determined to be reasonable com-
pared with its original value. Even for the retaken and
re-encoded videos, we compared the measured speeds in
cases involving altered playback speed. The proposed method
detected the average speed similar to the original video by
calibrating it with the measured dps, and the range of the
maximum and minimum speeds overlapped regardless of the
variation in playback speed. The conventional method, on the
other hand, showed that the differences between the measured
and actual speeds changed with playback speed.

Moreover, the experimental results revealed that the
average speed was predominantly within the range of the
minimum and maximum speeds for various fps measures.
Furthermore, a comparative analysis based on Pearson’s cor-
relation coefficient yielded results that were all close to
one; hence, the measured speeds were similar for varying
playback speeds and/or fps measures in the same section.
This validates the proposed method for measuring speeds
from the retake and re-encoded videos. In the downtown and
highway road environments, the proposed method accurately
measured vehicle speeds regardless of alteration of playback
speeds in the original video.

Our verified method will play an important role in deriving
reliable results from various evidential videos. In the future,
we plan to expand the scalability of the proposed method to
demonstrate its validity in diverse environments.
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