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a b s t r a c t   

We present a case study of a mountain bicycle accident captured by the rider’s chest-mounted action 
camera. The objective of the investigation was to determine the orientation of the bicycle relative to the 
ground and the location of the rider’s center of gravity relative to the bicycle. The problem faced in the 
investigation was that the camera was moving relative to the scene and rider, and the bicycle was moving 
relative to the camera. Inverse photogrammetry was used to determine the location and orientation of the 
camera relative to the scene. Reverse projection photogrammetry applied to an exemplar bicycle provided 
an estimate of the location and orientation of the bicycle relative to the camera. The rider’s position and 
orientation relative to the camera were estimated by comparing synchronized side views and chest- 
mounted action camera views of the rider’s movements, recorded during a trail descent prior to the acci
dent. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Wearable action cameras have become popular for documenting 
sporting activities from a personal perspective as well as doc
umenting events witnessed by first responders and law enforcement 
officers. The image quality of these devices has improved markedly 
over the past decade with advances in frame rate and image stability 
following suit. With the ability to obtain high resolution 3D laser 
scans of accident and crime scenes, there is the potential to use 
image sequences recorded by wearable action cameras to objectively 
reconstruct events based on principles of photogrammetry. The 
primary value of action camera documentation is that it provides a 
dynamic record of the sequence of events during an incident. 

However, there are two important limitations that must be 
overcome in order to accurately represent the events. First, the ac
tion camera provides a limited perspective of the scene, i.e. from a 
vantage point on the wearer’s body and this vantage point may be 
constantly changing in position and orientation as the wearer moves. 
Second, most action cameras produce images which are radially 

distorted due to the wide-angle nature of the lens. Methods have 
been devised for camera calibration, which can correct for radial 
distortion [1,8], and for determining the position and orientation of a 
camera in an external reference frame using control points in an 
image matched to locations in the reference frame [3]. Algorithms 
implementing these methods are now available in commercial 
software packages such as PhotoModeler. In forensic analysis, it may 
be necessary to determine the location and/or orientation of objects 
in the image relative to the camera where these objects were moving 
relative to both the camera and the external reference frame. This 
requires image processing techniques such as reverse projection 
photogrammetry [2,5]. 

We present a case study of a mountain bicycle accident where it 
was necessary to apply reverse projection photogrammetry to 
images recorded with a camera that was moving relative to the 
scene and relative to the bicycle. The case study illustrates how 
evidence from a wearable action camera can be used to reconstruct 
the events leading up to an accident and how the precision of the 
methodology can be determined. 

1.1. Case presentation 

This incident involves catastrophic failure of the steerer tube of a 
downhill mountain bicycle during impact of the front wheel with 
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the ground upon landing from a ramp jump. The steerer tube frac
tured close to the point where it inserted into the front fork, causing 
the fork to break away from the rest of the bicycle. The rider was 
thrown from the bicycle and suffered a spinal cord injury as the 
result of head first contact with the ground. The incident was re
corded with an action camera (GoPro Hero HD) mounted on a chest 
harness worn by the rider. 

At issue, was the orientation of the bicycle and the position of the 
rider’s center of gravity relative to the point of contact of the front 
wheel with the ground. These two factors are critical in determining 
the ability of the rider to avoid being thrown from the bicycle after 
impact of the front wheel with the ground. The question was whe
ther the rider could have avoided being pitched over the handlebar 
after impact if the steerer tube had not failed. 

The incident setting was a downhill mountain bike trail where a 
sharp (approximately 90°) turn of the trail was followed by a ramp 
constructed from rough wooden planks built against a large tree and 
banked at approximately 45° (Fig. 1). Dimensions of the ramp were 
obtained from a land survey of the incident scene conducted several 
months later. The end of the ramp was approximately 1.4 m above 
the ground at its highest point. The trail dropped with a significant 
slope beyond the ramp and passed close to another large tree, lo
cated to the left of the trail, approximately 2 m from the edge of the 
ramp. The front wheel of the bicycle first touched the ground near 
the base of this tree. The survey data placed the point where the 
front wheel of the bicycle first touched the ground at approximately 
2 m below the highest point on the ramp. A high-definition 3D laser 
scan of the incident scene was conducted 28 months after the in
cident as part of an investigation into the cause of the injury, 

providing data that could be used to determine the location and 
orientation of objects in a well-defined external reference frame. 

2. Methodology 

To determine the calibration parameters of the incident action 
camera, namely focal length, principal point and radial lens distor
tion, 29 2D calibration targets (April tags) were placed in various 
locations within an outdoor area at GTD Scientific Inc. headquarters, 
encompassing a similar 3D dimensional space to the area of interest 
at the incident site. Images of the calibration targets were then re
corded with the incident camera from several different perspectives 
relative to the calibration space. A 3D scan of the calibration space 
was performed with a DOT3D scanner to create an accurate 3D point 
cloud locating the calibration targets in the calibration space. The 
centers of the calibration targets were then selected as control 
points for co-registration of the 2D camera images and 3D point 
cloud in PhotoModeler. The PhotoModeler software performed in
verse photogrammetry to determine the camera calibration para
meters. 

The image corresponding to the first contact of the front wheel 
with the ground after the jump was identified from the incident 
video taken by the rider’s action camera (Fig. 2). Five control points 
in the image were selected and matched to corresponding points in 
the 3D laser scan of the incident scene. PhotoModeler software then 
performed inverse photogrammetry to estimate the location and 
orientation of the camera in the reference frame of the 3D laser scan, 
hereafter referred to as the external reference frame. The Photo
Modeler output provided the location of the center of the camera 
image in the coordinates of the external reference frame and the 
Cardan angles of the camera, which represent a sequential rotation 
around each coordinate axis required to bring the coordinate axes of 
the camera into alignment with the coordinate axes of the external 
reference frame. PhotoModeler represents the optical axis of the 
camera along the z-axis and the plane of the camera image as the xy- 
plane. The 3D laser scan represented gravitational vertical along the 
y-axis and the horizontal plane as the xz-plane, where the wooden 
ramp was traversed primarily along the negative x-direction (Fig. 2). 
The pitch angle, relative to the horizontal plane was of primary 
importance in this investigation. The pitch angle can be calculated 
using the rotation matrix specified by the Cardan angles by defining 
a vector along the optical axis of the camera and multiplying it by 
the rotation matrix. This transforms the vector so that it is re
presented in terms of the coordinates of the external reference 
frame. The pitch angle of the camera is equal to the cosine angle of 
the transformed vector relative to the horizontal plane. 

Fig. 1. Section of trail leading up to ramp jump (top) and section of trail below ramp 
(bottom). 

Fig. 2. Single frame from action camera image of bicycle and trail as front wheel 
touched the ground below the ramp. Control points are circled in red. Coordinate 
convention shown at bottom right. (For interpretation of the references to colour in 
this figure, the reader is referred to the web version of this article.) 
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PhotoModeler requires a minimum of 5 control points. To de
termine the precision of PhotoModeler’s inverse photogrammetry 
algorithm when there are a limited number of control points avail
able, 7 control points were selected from the action camera image 
(Fig. 2) and matched to positions in the point cloud of the 3D laser 
scan. The control points encompassed a large portion of the selected 
action camera image. The 7 control points served as a set from which 
the 21 possible subsets of 5 control points were created. These 21 
subsets served as 21 different inputs to PhotoModeler. The 21 dif
ferent outputs of PhotoModeler’s inverse photogrammetry algo
rithm, i.e. the predicted locations and orientations of the camera, 
were then analyzed using descriptive statistics. The standard de
viation provided an estimate of the precision of the inverse photo
grammetry methodology. 

The orientation of the bicycle frame and its position relative to 
the camera were estimated using reverse projection photo
grammetry. The first step involved recording images of an exemplar 
bicycle, similar in all respects to the incident bicycle, with an action 
camera placed at various locations and orientations relative to the 
bicycle. The image recorded by the incident camera at the time that 
the front wheel contacted the ground served as the reference upon 
which the image of the exemplar bicycle was projected. The action 
camera location and orientation which produced the best super
imposed match of the image of the exemplar bicycle to the reference 
image of the incident bicycle was taken to represent a valid estimate 
of the camera position and orientation relative to the bicycle at the 
time that the front wheel first contacted the ground during the in
cident. 

Reverse projection photogrammetry is an empirical technique 
based on overlaying images recorded from different camera posi
tions and orientations on a reference image. The objective is to find 
an overlay that produces the best match in order to identify the 
location and orientation of the camera which recorded the reference 
image. The action camera which had been worn by the rider in the 
incident was not available for this analysis. Therefore, a more recent 
model (GoPro Hero 8 Black) was used instead. Unlike the sur
rounding scene, the image of the bicycle in Fig. 2 is quite sharp 
because the rider is not moving relative to the bicycle. Therefore, we 
believe that the results of the reverse projection analysis should be 
representative of what would be obtained with an older model ac
tion camera. Magnified images of the fork crown of the exemplar 
bicycle, taken with the recent model camera, and the fork crown of 
the image shown in Fig. 2, which was taken with the incident 
camera, are compared in Fig. 3. Both images have the same pixel 
resolution, i.e. 1280 × 720. The comparison shows that the ability to 
detect a horizontal shift in fork crown position, illustrated by the 
parallel blue lines, is similar for the two cameras and is less than 
1 mm. Short video segments of a stationary mountain bicycle were 
taken from different perspectives with the action camera. The height 
of the camera above the bicycle, the distance of the camera from the 
handlebar and the pitch angle of the camera were varied to obtain 
images from a variety of perspectives, corresponding to the range of 
locations over which an action camera, mounted on a rider’s chest 
harness, would move. A sample image was then extracted from each 
video segment. Pairs of sample images from different camera posi
tions were superimposed in Inkscape and carefully examined for 
matching of handlebar width and location of the damping control 
knobs on the front fork, as these are prominent features in the image 
which are sensitive to camera location and orientation (Fig. 4). The 
image from one camera position was used as a reference. The other 
image was made semi-transparent using Inkscape’s Monochrome 
Transparency filter and its position was shifted until the handlebars 
of the two images were aligned. The superimposed images were 
then carefully examined for discrepancy in handlebar length and 
misalignment of the damping control knobs. 

The location of the camera on the rider’s body was estimated 
using a side view video of the rider during a jump from a small 
mound, which was recorded by a bystander earlier on the day of the 
incident. The video showed the rider moving through a range of 
postures from a near upright stance to a crouch with his hips well 
behind the bicycle seat. The orientation of the optical axis of the 
camera was estimated by comparing the images recorded with the 
action camera worn by the rider with corresponding the side view 
images. Features on the bicycle frame that appeared at the bottom of 
the field of view in an action camera image were mapped to the 
corresponding features in the side view image (Fig. 5). A line drawn 
from the center of the camera to a mapped feature, as it appeared in 
the side view image, represented the lower limit of the camera’s 
vertical field of view. By measuring the angle between the line re
presenting the lower limit of the camera’s vertical field of view and a 
line joining the rider’s left shoulder and hip. it was possible to es
timate the amount by which the camera orientation changed as the 
rider changed his posture during the jump. 

We selected a frame from the side view video when the rider was 
in a crouched position just prior to landing the jump. We marked the 
presumed location of the rider’s joints in the video frame, measured 
their location relative to an arbitrary coordinate system and used 
anthropometry to estimate the location of his center of gravity in the 
image [7]. Since the location of the center of gravity of the exemplar 
bicycle was known, as well as the mass of the rider (85 kg) and the 
mass of the bicycle (17 kg), we were able to estimate the location of 
the combined centers of gravity of the bicycle and rider. 

3. Results 

The mean pitch angle of the camera was found to be e53.3° with 
respect to the horizontal at the time that the front wheel of the 

Fig. 3. Comparison of images of the fork crown of the exemplar bicycle (top), taken 
with a. 
GoPro Hero 8, and the incident bicycle (bottom), taken with the incident GoPro, at the 
same scale. Parallel blue lines on the left of the images depict the minimum detect
able horizontal shift in image position, which is similar for the two cameras and 
estimated to be 0.85 mm. (For interpretation of the references to colour in this figure, 
the reader is referred to the web version of this article.) 
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bicycle first contacted the ground with a standard deviation of 1.8°. 
The precision in determining the location of the camera was esti
mated from the standard deviation in its Cartesian coordinates, 

which were 0.14 m along the x-axis (left/right from the rider’s per
spective), 0.10 m along the y-axis (gravitational vertical) and 0.19 m 
along the z-axis (principal direction of travel). Although this re
presents a significant degree of uncertainty in the location of the 
camera with respect to the trail, it does not have a direct bearing on 
the accuracy of the location and orientation of the camera relative to 
the bicycle. 

The reverse projection photogrammetry indicated that the 
wheelbase of the bicycle was oriented approximately parallel to the 
optical axis of the camera, i.e. at e53.3° with respect to the hor
izontal plane (Fig. 6). From our analysis of reverse projected images 
of the stationary mountain bicycle, we found that differences in 
handlebar length and front fork alignment between the super
imposed images could be reliably detected if the difference in 
camera pitch angle was 1.5° or greater. Similarly, differences in re
verse projected images could be reliably detected if the difference in 
camera position was 1.5 cm or greater. Therefore, we consider the 
estimated distance from the camera to the handlebar stem to be 
accurate to within 1.5 cm and the pitch angle of the bicycle, i.e. the 
pitch angle of the wheelbase relative to the camera, to be accurate to 
within 1.5°. However, the uncertainty in the pitch angle of the bi
cycle relative to horizontal depends also on the uncertainty in the 
camera pitch angle. We assumed that the error in reverse projection 
photogrammetry was equivalent to the variance and used the 
method of combining variances to estimate the total uncertainty in 
the pitch angle, which gave an uncertainty of 2.3°, i.e. e53.3°  ±  2.3°. 

We found that the angle between lower limit of the camera’s 
field of view and the line joining the shoulder and the hip generally 
varied between 65° and 75°, although it could drop as low as 60° or 
rise as high as 80°. As shown in Fig. 5, under the assumptions of our 
analysis, the combined center of gravity of the rider and bicycle was 
located 7.5 cm behind the point of contact of the front wheel with 
the ground along the horizontal direction. The point of contact of the 
front wheel with the ground in the figure is based on an assumed 
ground slope of 15°, based on consulting the topographical map of 
the trail, available on the trail website. 

We examined the effect of uncertainty in the pitch angle on the 
location of the combined centers of gravity by rotating the bicycle to 
increase the pitch angle by 3° with respect to the horizontal. Note 
that this is greater than our estimated error in pitch angle of 2.3° but 
it serves to take into account the uncertainty of 1.5 cm in the dis
tance from the handlebar stem to the camera. The 3° rotation moved 
the center of gravity forward by approximately 4.5 cm, which placed 
it approximately in line with the point of contact of the front wheel 
with the ground after taking into account the shift in contact loca
tion produced by rotation of the bicycle (Fig. 7). Assuming that the 
bicycle landed such that the center of gravity aligned with the point 
of contact of the front wheel, the motion of the rider’s body would 
still depend on any evasive action that he took prior to and at the 
time of impact. The body position shown in Fig. 5 represents an 

Fig. 4. Overlaid images of a mountain bike aligned on steerer tube clamp (center of 
images). A. Overlay of identical images serve as reference of perfect match. B. Overlay 
of images from same camera pitch angle but 1.5 cm difference in distance from the 
camera to handlebar stem. Dark and light arrows point to more and less distant 
camera positions, respectively. Note difference in handlebar alignment and length. C. 
Overlay of images from the same camera position, but with 1.5° difference in camera 
pitch angle. Dark and light arrows correspond to smaller and greater pitch angles, 
respectively. Note difference in handlebar alignment and length. Note difference in 
front fork alignment shown inside dashed oval. 

Fig. 5. Side view and chest mount view from video frames matched in time. Side view shows chest mount camera location. Dashed line from camera to front fork indicates lower 
limit of camera field of view. Angle between line from rider’s shoulder to hip and lower limit of camera field of view indicated by dashed lines is equal to 75°. 
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angle of 75° between the lower limit of the camera’s field of view 
and the line joining the shoulder and hip. Our analysis of the side 
view video indicated that the rider was capable of crouching suffi
ciently to reduce this angle to 60°. Such action would keep the 
combined center of mass behind the point of front wheel contact 
with the ground. 

4. Discussion 

We have presented a case in which a combination of inverse 
photogrammetry and reverse projection photogrammetry was used 
to determine the orientation of a bicycle and rider at the time that 
the front wheel contacted the ground. Neither inverse photo
grammetry nor reverse projection photogrammetry by itself would 
have been sufficient to establish whether or not there was potential 
for the rider to be pitched forward over the handlebar at the time of 
impact. However, by combining the two methodologies, the likely 
motion of the rider after impact could be established. Although re
verse projection photogrammetry using CCTV video records has 
been previously used to determine the speed of an automobile  
[2,4–6], we are not aware of previous forensic applications of this 
methodology to action camera video images, nor for the purpose of 
determining the orientation of an object in space. 

Our estimate of the most likely (mean) location of the combined 
centers of gravity of the bicycle and rider placed it 7.5 cm behind the 
point of contact of the front wheel when it first touched the ground 

after landing from the ramp. We determined that the uncertainty in 
our estimate of the location of the combined centers of gravity could 
have shifted it slightly ahead (1.5 cm) of the front wheel point of 
contact. However, this is very unlikely since it would have required 
the uncertainty to be almost maximal and exclusively in the direc
tion of forward pitch. Considering that the uncertainty is equally 
likely to be in the direction of rearward pitch and that the prob
ability of the uncertainty being maximal is very low, we can con
clude that the location of the center of gravity of the bicycle/rider 
system was behind the front wheel point of contact with the ground. 
Thus, the torque created by gravity about the point of contact would 
most likely have resulted in the bicycle and rider pitching rearward 
toward the ground as the bicycle landed. Even in the unlikely event 
that the torque created by gravity created forward pitching, the 
torque would have been relatively small, given that our estimate that 
the maximum uncertainty would have placed the center of gravity 
only 1.5 cm ahead of the point of contact. The possibility existed for 
the rider to take evasive action by shifting his center of gravity far
ther to the rear of the bicycle, thereby moving the combined center 
of gravity farther away from the front wheel. A rearward shift of his 
center of gravity of more than 1.5 cm could have been achieved by 
shifting his hips rearward or removing his feet from the pedals and 
swinging his legs rearward. 

The key outcome of this analysis is that there is a high probability 
that the rider would have avoided serious injury had the steerer tube 
not fractured upon impact of the front wheel with the ground. 
Because the front fork bent toward the bicycle frame when the 
steerer tube fractured, the point where the front wheel contacted 
the ground likely shifted behind the rider’s center of gravity prior to 
separating completely from the bicycle frame. The unexpected shift 
in the contact point with the ground would have reduced the ef
fectiveness of any evasive action taken by the rider. The subsequent 
separation of the front fork would have caused the front of the bi
cycle frame to drop launching the rider head first over the bicycle, an 
action compounded by the separation of the handlebar stem from 
the bicycle frame, leaving the rider without the ability to use his 
arms to slow his forward motion. 

One of the limitations in our specific case is blurring of the scene 
due to motion of the camera relative to the scene. This reduces the 
ability to accurately match control points in the camera image and 
the 3D point cloud for inverse photogrammetry. Newer action 
camera models have features which significantly reduce blur due to 
camera motion, enabling control points to be identified with greater 
precision. The accuracy of reverse projection photogrammetry will 
be specific to the case under investigation since it depends on the 
distance and orientation of the objects of interest relative to the 
camera position. In our case, the image of the bicycle was sharp 
compared to the scene, allowing relatively accurate analysis with 

Fig. 6. A. Estimated orientation of bicycle at instant of front wheel contact with the ground and location of combined rider/bicycle center of gravity (crossed circle), assuming 
ground slope of 15°. Dashed lines indicate optical axis and lower limit of camera field of view. B. Video frame illustrating rider position when landing from a jump. C. Image from B 
rotated to align with overlaid image of bicycle from A, illustrating postulated position of rider at instant that image in Fig. 2 was recorded. 

Fig. 7. Image of bicycle in Fig. 5A rotated counterclockwise by 3° to illustrate forward 
shift of center of gravity. 
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reverse projection photogrammetry. Obviously, having to work with 
a blurred image would reduce the ability to accurately determine the 
location and orientation of the camera. Therefore, it is important to 
bear in mind that the accuracy which we determined from our 
analysis is valid only for the case which we investigated. In general, 
the greater the distance from the camera to an object of interest, the 
lower the absolute accuracy since the camera can be moved over a 
greater distance before there is a detectable change in the location of 
the object in the camera image. On the other hand, the absolute 
accuracy of the orientation angles of the camera with respect to an 
object are affected both by the distance and the relative location of 
the object relative to the camera. More distant objects move more in 
the image than closer objects for a given change in camera angle. 
Objects which are aligned with the optical axis of the camera move 
relatively little in the image when the orientation of the camera 
changes compared to objects which are far removed from the optical 
axis, i.e. near the edges of the field of view. Therefore, the orientation 
angles of the camera can be determined with greater accuracy for 
objects which are near the edge of the field of view or which span a 
large proportion of the field of view, i.e. which extend to an edge of 
the field of view, than objects located in the center of the field of 
view and span only a small portion of the field of view. 

This case study, which involves a single body mounted action 
camera, illustrates the potential of combining inverse photo
grammetry and reverse projection photogrammetry of action 
camera images in forensic applications. The combination of techni
ques is particularly applicable to situations where both the object of 
interest and the camera are moving. Inverse photogrammetry places 
the camera in the scene whereas reverse projection photo
grammetry places the object relative to the camera. For example, 
this methodology could be applied to video of a physical altercation 
if one of the subjects is wearing a body worn camera or to video 
taken by a dash mounted camera from a moving vehicle. In the case 
which we investigated, it was only by combining the two techniques 
that we were able to conclude that the forward pitching of the ri
der’s body, which resulted in grave injury, was most likely caused by 
failure of the bicycle steerer tube. 
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