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ABSTRACT

Drivers’ visibility is an area of automobile safety that has seen very limited improvement
over the past several decades. Limited visibility is responsible for many car accidents all
across America. Mirrors require constant readjustment, and are easily blocked. There is
currently a lot of interest in ways to reduce or eliminate all mirrors on a car, and one such
method is through a wide-angle network of cameras mounted on the vehicle’s rear. Using
real-time video processing, the data from several cameras can be spliced together, and
displayed on a vehicle’s dashboard in an intuitive, easy to understand fashion that a
driver can quickly see without having to turn away from the road. This has extensive
application to light armored vehicles in the military, as well as to automotive designers
today.
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INTRODUCTION

Rear-view backup systems are becoming increasingly common on automobiles today,
and are commonly designed using a single camera mounted on the exterior or interior of
a car, which pipes a video feed of the rear of a car to its driver. With a wide enough field
of vision, this technology can be extended to the point where a rear-view mirror is
entirely unnecessary. Eliminating the need for a rear-view mirror eliminates the need for
visibility through the back of an automobile, and even the need for a rear windshield. The
side mirrors of a car might also be replaced in a similar fashion. Eliminating these
extremities could add to a car’s aesthetic appeal, safety, and aerodynamics. Additionally,
adding camera vision systems to lightly-armored vehicles such as Hummers could allow
additional armor to be added with no hindrance to visibility. In fact, an electronic vision



system could improve overall visibility substantially, by allowing for infrared night filters
or automatic gain control — somewhat related to Raytheon’s infrared windshield overlay
(Schreiner, 1999).

In order to replace the exterior mirrors of a car, one must cover the rear and side angles
that surround it, totaling perhaps a 270° field of vision. In order to adequately replace the
rear-view mirror of a car, a 120° field of vision centered at the rear of the car is more than
adequate, as shown in Figure 1-1. One possible
method for obtaining this is to mount an array of
cameras on the rear of the car, located on the 4(’""3\

car’s trunk or possibly built into the car’s
taillights. Since few mass-produced cameras
have such a wide field of vision, an array of
cameras is required for the entire field of view.

In order to minimize distortion, cameras in a
wide-angle array should be as close together as
possible and evenly spaced across the desired
field of vision. The images gained from these
cameras can then be transformed into a single
co-ordinate system, and combined to provide a single, wide-angle video feed suitable for
an enlarged aspect ratio display in a car’s front dashboard. If one was to extend the field
of vision to 180° or even 270°, a wider display could be shown to the driver.

Figure 1-1: A 120 degree field
of vision.

The concept of mosaicking is not new, and has been approached from a variety of
different ways. In B.S. Manjunath’s publication entitled “Automatic Registration and
Mosaicking System for Remotely Sensed Imagery” (Manjunath, 2002), he discusses
several procedures for mosaicking telemetric data recorded aerially. His and other papers,
such as “Distributed Robust Image Mosaics” (Lee, 1998) discuss the problem of
mosaicking as well. Both papers attack mosaicking from an un-known perspective, and
use image registration to determine and match feature points in overlapping images. This
paper is more limited in scope, and describes a
geometrically and experimentally derived method of
mosaicking assuming that the locations of all cameras
are well defined relative to each other.

This paper studies a method of mosaicking images
from cameras laid out in a wide-angle array, as shown
in Figure 1-2. Although practical application of this
technology requires real-time image processing, this
study was limited in scope to still captures in order to
lower the cost of equipment to an undergraduate budget. It discusses some of the
mathematics behind image mosaicking, as measured with several low-cost USB web
cameras connected to a PC.

Fig. 1-2: A wide-angle array.



EQUIPMENT

In order for an array of cameras to provide real-time video, a fully-processed output must
be streamed to the driver at real-time frame rates. According to the NTSC broadcast
standard, a refresh rate of 60 cycles/second (or 30FPS interlaced) is required in order to
be perceived as continuous. In order to achieve this frame rate in real-time, a high-speed
frame grabber would be required, as well as a dedicated processing unit for each camera
and one which would combine the transformed feeds and display them to the driver.

Such hardware would cost thousands of dollars if purchased off the shelf, so this study
was conducted using a set of four identical low-cost USB web cameras, and a low-end
PC. The Hiro H50071 web camera was chosen for its low cost, comparatively wide field
of view, and its easily removable casing — something which was required in order to
place each camera at a precise angle. They were purchased for approximately $25.00
USD/ea. Operating in 30FPS video mode, the H50071s were able to deliver VGA
resolution, with a horizontal field of view of approximately 42 degrees. When arranged to
span a 120° arc, this allowed for approximately 5° of overlap on either side of each
camera. The cameras were interfaced with a 600MHz PC running MATLAB 7.0.1, for
programming simplicity.

PROCEDURE

Our project was intended to serve as a study of viability, and of the factors that require
more detailed investigation. Four low-cost USB cameras were purchased, and interfaced
with a PC. Several sets of stationary data were taken with them, as well as one set of
videos from which still frames were grabbed. MATLAB’s Image Acquisition and Image
Processing toolboxes were used to capture images from each camera and to do the
required image processing. This configuration, while unsuitable for real-time processing,
was more than adequate to work out the required
software and math that could be used on fast,
dedicated hardware. It was determined that after
having captured data, the complete mosaicking
process consisted of the following steps:

1) Correction for camera-induced distortions.
2) Mapping images to cylindrical projection.

3) Translating the overlapped images. Figure 1-3: An overhead view
4) Blending and combining the overlapped of overlapping fields of vision.
images.

RADIAL DISTORTION

It was discovered early on that a simple translation from one camera to another would not
suffice. Research on the subject suggested that the first consideration to be dealt with was



that of image distortion introduced by the cameras themselves, as discussed by David
Scaramuzza in the documentation of his Camera Calibration toolbox (Scaramuzza, 2006).
After some analysis, it was determined that radial distortion due to spherical aberrations
played the most prominent role in our data and should be our primary consideration.
Radial distortion (Figure 1-4) is caused by spherical aberration, and is an effect present to
an extent in all spherical lenses.

| 1 "‘\

Test pictures that contained straight lines at
varying distances from the center of the L .
image were taken using the web cameras.
There were no distortion characteristics
provided by the camera manufacturer, and so B ]
a mapping from the correct image to a
warped input was empirically determined to _ 1 L1 [
be the following: Actual image. Recorded image.

Figure 1-4: Radial distortion.
xd =x-(1-3.5-107 -r%) (eq. 1.1)
yd=y-(1-3.5-107-r) (eq. 1.2)
Where:

r=+x’+y’,

xd is the horizontal distance from the center of the original distorted image (in pixels),
yd is the vertical distance from the center of the original distorted image,

X is the horizontal distance from the center of the corrected image, and

y is the vertical distance from the center of the corrected image.

As this was a mapping of pixels from the corrected image to the distorted input, fractional
values were treated as a weighted sum of their nearest neighbors.

CYLINDRICAL PROJECTION

After correcting for radial distortion, each image was a rectangular projection of part of
the cylindrical space being recorded. Before the images could be combined into a larger
mosaic, they first needed to be projected back onto a cylindrical surface. This projection
was accomplished using the following mapping:

Vs

x=f - -tan(t-—~=—) .13
%_0.5 (eq )
V
y = h-sec(t -A) (eq. 1.4)
n2 -0.5



Where:

X is the rectangular image’s horizontal distance from center of the image (in pixels),
y is the rectangular image’s vertical distance from center of the image,

h is the cylindrical image’s vertical distance from center of the image,

t is the cylindrical image’s horizontal distance from center of the image,

V is the horizontal field of view of each camera (in degrees),

n is the horizontal size of the input image (in pixels), and

f is the focal length in pixels.

The focal length was determined using:
f= (% -0.5)- cot(%) , with n=640 and V=42. (eq. 1.5)

TRANSLATION AND COMBINATION

After all of the images had been projected into cylindrical co-ordinates, they were then
translated onto each other to create the final, mosaicked image. The translation was
accomplished by placing each overlapping image side-by-side, and shifting them both
towards each other. Each image was shifted by an identical amount, which was a function
of the desired mosaicking range of the cameras.

As shown in Figure 1-5, there is an increasing amount of overlap between images of
objects at some distance I from the origin. As such, a translation that is valid for all
objects 10 feet away from the camera will provide a

skewed image when it lines up objects 8 or 12 feet

away. This inaccuracy is often overlooked in image

mosaicking, or images are chosen where the

specified points of overlap are hundreds of feet

away from the cameras.

Two approaches to this problem were examined:
one could take two images and manually determine
how many pixels were shared by comparing Figure 1-5: Two
common points between the two images, or one overlabnina camera fields.
could approximate the number of pixels using the following expression (geometric
derivation omitted for space):

—— R

A=2-( (V5 -0.5)={| 0/ +sin” d-sin(%) (1,-05) (eq. 1.6)

\/d 2+ X% —2dx cos(%) %

Where:
A is the number overlapping pixels,
n is the horizontal length of our input image (in pixels),



d is the distance from the center point of the array to each camera lens.

x is the distance from the center point of the array to the chosen alignment distance, and
0 is the angle between cameras.

In this study, n was 640 pixels, d was 10cm, and 6 was 35°.

At a specified alignment distance of 254cm, the calculated amount of overlap was 85
pixels. However, the overlap of the cameras averaged out to approximately 100 pixels in
practice and varied quite a bit trial to trial - largely due to measurement imprecisions
during camera placement. Using the prototype pictured in Appendix 1, it was difficult to
angle each camera at precisely 35° while maintaining the flexibility to remove or relocate
them as required. As such, a small margin of error in placing the cameras was to be
expected. With an overlap region of about 4° on each side, a 1° margin of error in placing
the cameras would have had a large effect on the amount of overlap that was present. As
such, better results were obtained through manual calibration.

BLENDING

Blending was a non-essential function, but one that dramatically improved the mosaic’s
perceived quality. Before blending, differences in light levels between cameras caused a
very abrupt change in brightness at the junction of each image. To lessen this effect, a
blend of the two images was applied

across a small region on either side

of the transition border. The

transition region was chosen to be 25
pixels on either side of the border — Al Percent Right
wide enough to look smooth, while ' e
narrow enough to avoid double s

images due to misalignments. In the o] Percent Left

blended region, corresponding pixels : imiage

were multiplied by the fractions in -

the following figure before being

added together.
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Figure 1-6: A graph of the pixel
weightings used in blending.
VIDEO

To make each of the previous four steps happen quickly enough to be computed in real-
time, processing was divided into “one-time” computations and “real-time”
computations. All one-time computations needed to be done only once, and were part of
the camera calibration process. One-time computations included calculating the matrices
needed for radial correction and cylindrical mapping, and the calculating the overlap
distance in pixels. With these values calculated and loaded in memory, real-time
mosaicking becomes a possibility on the right hardware.



CONCLUSIONS AND FINAL THOUGHTS

This paper has examined the process of making an automatically mosaicking array of
cameras. This technology has substantial military and commercial application, as it can
potentially be used to replace the exterior and window-dependent mirrors of an
automobile with a system of cameras, which would allow commercial cars to be
streamlined and military vehicles to carry additional body armor. Further development of
this product would be required, particularly in working out an optimized mosaicking
system. Calibrated to an optimal distance, mosaicked images are substantially easier to
interpret than side-by-side cameras, because the viewer sees a single, continuously
smooth image, with nothing lost or duplicated in-between cameras.

Within the limitations of this study’s hardware, quite a bit was achieved. A method for
calibrating each camera was empirically determined, and the amount of overlap between
each camera was calculated as a function of radius from the center of the cameras.
MATLAB code to automatically combine images from the cameras was also written and
tested. A subsequent research project in this area might explore what kinds of hardware
would be required to do the combination in real time, or how the MATLAB code written
could be translated and optimized for speed.

Finally, image mosaicking has several inherent flaws that, while discussed in this paper,
were not solved. The mosaicking algorithm must be set to work at a particular distance
from the cameras, and can cause distortion on objects significantly closer or farther away
than the chosen alignment distance. Additionally, it is a somewhat intensive operation
and doing it in real time requires more substantial hardware than a PC and USB cameras.
It is an important component of a multiple-camera imaging system, however, and one
that cannot be ignored — particularly when one considers their use as a replacement for
automotive mirrors.
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APPENDIX I: CAMERAS AND PLATFORM

Figure 2-1: Concept diagram of
camera array.

Figure 2-2: Prototype using four USB cameras with the
casings removed. Resting on an angular grid used for
camera placement.



APPENDIX I1: IMAGES BEFORE AND AFTER MOSAICKING

Figure 2-3: Images pre-and post-mosaic.
One additional camera used.
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Figure 2-4: Images pre-and post-mosaic.
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