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STEREOSCOPIC WIDE FIELD OF VIEW 
IMAGING SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t under 35 USC 
§ ll9(e) of US. Provisional Patent Application No. 60/594, 
429, ?led Apr. 7, 2005, and US. Provisional Patent Appli 
cation No. 60/594,430, ?led Apr. 7, 2005, the disclosures of 
both of which are incorporated by reference herein. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention was made under NASA Contract 
Nos. NNJ04JC50C and NNJ05JE77C. The government has 
certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0003] The concept of stitching multiple camera images 
together in order to compose a wide ?eld of view image is 
known, as is the concept of capturing multiple video signals 
to compose a panoramic or omni-directional image, with 
some stereographic functionality. See, for example, US. Pat. 
Nos. 5,703,604, 6,323,858, 6,356,397, 6,392,699, and 
7,015,954 and US Patent Application No. 2003/0117488. 

[0004] There are three general techniques for capturing 
omni-directional and/or stereographic images. In one tech 
nique, a camera is rotated using a servo-mechanism to image 
a spherical area of interest. This technique suffers from three 
signi?cant drawbacks. First, the speed of image capture is 
limited by the rotational speed of the servo-mechanism and 
inertia of the assembly. This can place signi?cant perfor 
mance limits on the frame-rate and shutter-rate of the system 
as well as the speed with which users can scan the surround 
ings. Second, reliance on moving elements for operation 
inherently possesses greater maintenance requirements and 
suspect reliability. Third, multiple users of such a system are 
constrained to view the same part of the scene simulta 
neously, since only one direction can be viewed at a time. 

[0005] In another technique, a single camera captures a 
wide ?eld-of-view image (up to a full hemisphere) using a 
specially shaped optical element (usually a convex lens or 
mirror). This technique is actually a relatively ubiquitous 
method of capturing panoramic images. However, while this 
approach may be affordable and relatively prevalent, it also 
suffers from a number of signi?cant drawbacks. 

[0006] Because the entire scene is being captured by a 
single CCD (or similar image capture element), the total 
average information per pixel is signi?cant, causing resolu 
tion loss. More importantly, however, because this technique 
generally involves projecting a spherical surface onto a ?at, 
rectangular image capture element (eg the CCD or CMOS 
chip), signi?cant distortion is unavoidable, negatively 
impacting resolution. Some amount of distortion can be 
processed out, but the information lost due to this inef?cient 
image capture mechanism cannot be retrieved. 

[0007] Two types of obscuration also occur using this 
method of imaging. The ?rst occurs in designs where the 
optical element is a convex mirror, which eliminates the 
ability to capture the cone directly above or below the 
imager. The second occurs in cases where this technique is 
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used to capture stereoscopic panoramic images, because 
each of the cameras obscures the other, laterally. Addition 
ally, to use this approach, scenes must be well lit to obtain 
premium image quality. 
[0008] In a third technique, images from multiple static 
cameras that cover the omni-directional space are stitched 

together. This technique provides key advantages over the 
previous techniques. Using multiple CCDs (or other image 
capture elements) to capture the entire omni-directional area 
increases the overall resolution of the image. Also, with the 
widespread use of digital imagers (digital cameras, camera 
phones, etc.) the cost of CCD & CMOS imaging compo 
nents is rapidly decreasing, increasing the affordability of 
this approach. Additionally, use of more cameras, each with 
smaller ?eld of view lenses minimiZes distortions and the 
associated impact on resolution. Further, statically locating 
each camera improves the reliability and lowers the required 
maintenance of the design. 

[0009] The main drawback in using this approach is the 
requirement it places on processing bandwidth. Simulta 
neously capturing and displaying high resolution, high 
frame rate (eg 30 FPS) images requires very high data 
bandwidths, approaching and possibly exceeding 1 GByte 
per second. If signi?cant real-time video processing is also 
required, the bandwidth demands increase. 

[0010] Prior art devices that create an image of the spheri 
cal surroundings by stitching together the images from 
multiple camera images have certain drawbacks. Most of 
these devices do not make use of more than 11 cameras and, 
thus, resolution suffers. In addition, to cover the same area 
with fewer cameras requires wide ?eld of view lenses, 
causing distortion-induced resolution loss, as described 
above in connection with the use of ?sh-eye lenses for 
panoramic image capture. Obscuration is an issue in most of 
these prior designs when it comes to stereo capture. In 
particular, some of the camera systems are only able to grab 
stereo images by placing two of their omni-directional 
imagers adjacent to each other. Using such a set-up to 
capture panoramic wide ?eld of view scenes is problematic 
as there is no easy way to remove the obscuration that each 
imager would create when viewing laterally. 

SUMMARY OF THE INVENTION 

[0011] The present invention relates to a stereoscopic 
imaging system incorporating a plurality of imaging devices 
or cameras. The system generates a high resolution, wide 
?eld of view image database from which images can be 
combined to provide wide ?eld of view or panoramic or 
omni-directional images. Wide ?eld of view or panoramic 
images include any combination of images to increase the 
width of the scene. Apanoramic view can extend a full 360°, 
in which the combined images form a full circle in a plane. 
Images can also be combined so that the wide ?eld of view 
or panoramic view extends upwardly or downwardly from a 
plane. An omni-directional image extends a full 475 steradi 
ans. 

[0012] Stereoscopic images are formed by locating the 
imaging devices with an appropriate offset in each observed 
direction, creating enough parallax to provide the third 
dimension of depth perception. The resulting left and right 
signals are fed to the respective left and right eyes of a 
person via a suitable display device to give a stereoscopic 
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effect. The design naturally extends to maintain any desired 
image offset to satisfy application requirements. 

[0013] The still or video images are output to an end user 
or image display device, such as a head mounted display or 
video monitor or output to some specialiZed processing 
device to perform 3-D depth calculations, automated target 
recognition or some other imaging processing. In one imple 
mentation, a user can be embedded into a scene to achieve 
a feeling of actually being on site. The user can scan around 
the scene or Zoom in and out. Information is broadcast 
Without feedback to control direction, so multiple users can 
access the data simultaneously and can independently look 
in different directions. 

[0014] The image processing operations can be imple 
mented using a variety of processing techniques, from a 
computer’s central processor, digital signal processors, ?eld 
programmable devices such as FPGAs, or application spe 
ci?c integrated circuits (ASICs), leading to ef?cient and 
rapid processing. 

DESCRIPTION OF THE DRAWINGS 

[0015] The invention Will be more fully understood from 
the folloWing detailed description taken in conjunction With 
the accompanying draWings in Which: 

[0016] FIG. 1 is a plan vieW ofa tWo-camera stereoscopic 
imaging system according to the present invention; 

[0017] FIG. 2 is a plan vieW ofa further embodiment of a 
stereoscopic Wide ?eld of vieW imaging system incorporat 
ing tWo cameras per eye and broadcast to multiple users; 

[0018] FIG. 3 is an isometric vieW ofa stereoscopic Wide 
?eld of vieW imaging system incorporating three cameras 
per eye and a pair microphones; 

[0019] FIG. 4 is an isometric vieW of the imaging system 
of FIG. 3 incorporated into a telerobotic assembly; 

[0020] FIG. 5 is an isometric vieW ofa camera and camera 
daughter board; 

[0021] FIG. 6 is a schematic vieW of a main processing 
board for receiving image signals from a pair of camera sets, 
processing the image signals, and transmitting the image 
signals to an end use device processing board for eventual 
Wireless broadcast; 

[0022] FIG. 7 is a schematic vieW of an end use device 
processing board designed to receive a broadcast signal and 
output to a display device; 

[0023] FIG. 8 is a How chart of an image blending 
operation in the present invention; 

[0024] FIG. 9 is a plan vieW ofa four-camera stereoscopic 
panoramic imaging system according to the present inven 
tion; 

[0025] FIG. 10 is an isometric vieW of a stereoscopic 
panoramic imaging system incorporating six camera pairs 
and broadcast to multiple users; 

[0026] FIG. 11 is a schematic illustration of the system of 
FIG. 10 illustrating obscuration of one camera by another 
camera; 
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[0027] FIG. 12 is an isometric vieW of a 24 camera 
imaging system for capturing panoramic and elevated 
images for broadcast to multiple users; 

[0028] FIG. 13 is an isometric vieW of a 72 camera 
imaging system for capturing images of nearly the entire 
spherical surrounding; 

[0029] FIG. 14 is a schematic illustration of blockage of 
one camera by another camera; 

[0030] FIG. 15A is an image from the forWard camera of 
FIG. 14; 

[0031] FIG. 15B is an image from the rearWard camera of 
FIG. 14 shoWing partial obstruction from the forWard cam 
era; and 

[0032] FIG. 16 is a blended image of FIGS. 15A and 15B. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] The present invention provides a stereoscopic 
imaging system having a plurality of imaging devices 
arranged to capture an image. The images from each imag 
ing device are combined to provide a Wide ?eld of vieW 
(FOV) image or a panoramic or omni-directional image that 
can be transmitted to an end user device, such as a head 

mounted display (HMD), monitor, or projection device. An 
imaging device is typically considered to be one or more 
optical stages to focus a range of electro-magnetic Waves 
from a given ?eld of vieW onto an imaging mechanism, 
Which may be a charge-coupled device (CCD), a Comple 
mentary Metal Oxide Semiconductor (CMOS) optical sen 
sor, traditional ?lm, a microbolometer infrared array, or 
some other mechanism to capture and store optical infor 
mation. An imaging device may also be referred to as a 
camera herein. The number of imaging devices is selected 
based on the application and is directly related to the pixel 
density of the optical sensor and the ?eld of vieW captured 
by the optical stage(s), discussed further beloW. 

[0034] The basis for stereographic display in the present 
invention is to provide multiple perspectives of objects 
Within the ?eld of vieW. TWo cameras, separated by a 
distance that is perpendicular to the line of sight, provide the 
optical parallax necessary to achieve the effect of depth. If 
separate images, of high enough resolution, are fed to each 
eye of an observer, the brain (or other processing mecha 
nism) re-assembles the image as if the observer Were actu 
ally at the camera location. An extension of this concept is 
to replace the camera reserved for each eye With multiple 
cameras. By blending the images from these multiple cam 
eras and feeding the combined image to a dedicated eye, 
stereo performance is extended to a Wider ?eld of vieW With 
no sacri?ce in resolution. 

[0035] FIG. 1 illustrates the concept of using tWo cameras 
to provide stereographic imaging according to the present 
invention. The imaging system 10 is composed of a ?rst 
imaging device 12, a second imaging device 14, and mount 
ing structures for both, 16 and 18 respectively. The imaging 
devices are oriented such that their optical axes face similar 
directions. It Will be appreciated that some variation in the 
direction of the optical axes is permitted due to adjustments 
for trimming, focusing or performance improvement pur 
poses. The tWo imaging devices are separated by a baseline 
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distance d, indicated by reference numeral 20. If the system 
is meant to duplicate the visual response of a human 
collocated With the imaging system, the baseline should be 
similar to the interocular distance of a human’s eyes, 
approximately six centimeters. However, any baseline dis 
tance can be used. Larger baselines provide greater depth 
perception at large distances. Smaller baselines do the 
opposite, alloWing greater resolution of depth, close-up. 

[0036] In the embodiment shoWn, each imaging device 12, 
14 is connected to a dedicated capture/processing electronics 
daughter board 22, 24 that controls camera operation, reads 
out pixel data, and performs some preliminary image pro 
cessing if desired. The processed signals from these capture 
boards communicate With a main processing board 26 Where 
additional image processing is performed. The role of the 
main processing board in this system is described in greater 
detail beloW. In other embodiments, a dedicated camera 
daughter board may not be necessary or may be tightly 
integrated With the imaging device, depending, for example, 
on the application requirements or physical siZe constraints. 

[0037] The images from the cameras are ultimately trans 
mitted to one or more image display devices, such as a head 
mounted display (HMD) 30, an external monitor (not 
shoWn), or a projection device (not shoWn). A single broad 
cast/multiple receiver model is possible, Whereby any num 
ber of remote stations could tap into the video feed, similar 
to the broadcast of television. Either hard-Wired or Wireless 
broadcast is possible. In FIG. 1, this communication is 
illustrated as a series of arcs 28 to suggest the Wireless 
broadcast of the image feed to the remote HMD station(s). 
Wireless is suggested here for illustration purposes only. 
Hard-Wired implementation of the single broadcast/multiple 
receiver model is as easy, the most common example of such 
a system being simple Ethernet. 

[0038] The communication betWeen the camera process 
ing boards 22, 24 and the main image processing module 26 
can also utiliZe Wireless communication. HoWever, because 
of the inherent bottleneck that Wireless communication can 
present, it is generally preferably to hard-Wire all local 
processing modules and use Wireless communication only 
for the ?nal signal broadcast. 

[0039] The image display device 30 used by the end-user 
is characterized by a mechanism that alloWs independent 
display of images to each eye for stereoscopic vieWing. A 
head-mounted display is commonly used for stereoscopic 
vieWing. HoWever, alternate mechanisms for vieWing these 
signals are possible. For example, the use of polarizing 
displays in concert With corresponding polariZing ?lters for 
each eye could be used. Regardless of the mechanism used, 
each eye sees only the image from the appropriate left or 
right (eye) camera. The brain is then able to reassemble the 
images to provide the three-dimensional effect. The folloW 
ing discussion refers to use of a head mounted display as the 
imaging device. 

[0040] An HMD 30 typically uses either a page-?ipping 
scheme or an independent video input scheme. In the former, 
the video feed is formatted so that alternating left and right 
eye images are transmitted and displayed to each eye 
sequentially. In the latter, separate video signals are dis 
played to each eye and the broadcast signal is composed of 
tWo separate, parallel image feeds. In either case, the ?eld of 
vieW of the broadcast image likely exceeds that of the 
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receiving HMD. Thus, the user is able to independently scan 
around the scene, vieWing a smaller, cropped area of interest. 
This can be accomplished through the use of a simple head 
tracking device attached to the HMD, or by using some other 
navigational device (eg joystick, keyboard, etc.). The ben 
e?t of this becomes apparent When considering the broadcast 
model described above. Because each user can indepen 
dently tap into the image feed, they can all simultaneously 
enjoy independent cropped vieW-ports into the overall image 
database. 

[0041] In the system of FIG. 1, image resolution is 
achieved at the expense of ?eld of vieW. FIG. 2 illustrates a 
plan vieW of an embodiment of the present invention that 
provides a Wider ?eld of vieW. As shoWn, the imaging 
system 10 includes four imaging devices 12, 32, 14, and 34, 
Where each device is preferably controlled by a dedicated 
camera processing board 22, 48, 24, and 50, although 
dedicated camera boards may not be necessary in all appli 
cations. The cameras are grouped in pairs Where cameras 12 
and 32 are identi?ed as left-eye cameras and cameras 14 and 
34 are identi?ed as right eye cameras. The tWo sets of 
cameras are separated by a selected baseline distance, as 
described above. The ?elds of vieW of tWo cameras for each 
eye-pair may overlap With each other at a given radius. For 
example, in FIG. 2, the ?eld of vieW 36 of camera 12 
overlaps the ?eld of vieW 40 of camera 32 at a radius R, 
identi?ed by reference numeral 54. Outside of this radius, 
there is a region of image overlap 44 betWeen the tWo 
cameras. In an alternate embodiment, the ?elds of vieW of 
neighboring cameras, dedicated to a particular eye, may 
remain unique. In this case, a blind spot exists for that 
particular eye, but because the scene is imaged by both eyes, 
any point outside of a nominal radius from the imaging 
device is seen by at least one eye at all times. The impact on 
performance of such a blind spot is minimal in the same Way 
that the presence of the nose is processed out to a certain 
extent by the brain When looking to the side. 

[0042] As With the embodiment of FIG. 1, the captured 
signal from the four cameras are all fed to a central image 
processing board or boards 26. In the processing board, the 
images from the tWo boards 22 and 48 are blended to form 
a left eye image, and the images from the tWo boards 24 and 
50 are blended to form a right eye image. Alternatively, if no 
processing boards are present and the image signals are 
routed directly from the imaging devices to the main pro 
cessing board, the signals from imaging devices 12 and 32 
are blended to form a left eye image, and the signals from 
imaging devices 14 and 34 are blended to form a right eye 
image. 

[0043] A blending algorithm, discussed further beloW, 
stitches neighboring images together in consideration of the 
possible presence of image overlap regions 44 and 46. In 
addition, due to the slight offsets in the position and orien 
tation of the tWo cameras, additional image processing (such 
as scaling) may be employed to optimiZe the image blend. 
The effect of camera o?fset decreases the farther aWay the 
object of interest is located. Additional processing, such as 
the use of range ?nders or more sophisticated image recog 
nition schemes, can be employed to improve this distance 
dependent scaling if the effect is overly noticeable. 

[0044] The processing board 26 can be the processor in a 
desktop computer, the main processor in a digital signal 
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processing (DSP) module, or a ?eld programmable gate 
array (FPGA). In specialized situations, the use of applica 
tion speci?c integrated circuits (ASICs) can also be used. It 
can also be a combination of these devices to handle the 
processing load. A combination of dedicated hardWare and 
softWare performs the video processing in any case. Pref 
erably, a majority of the video processing is implemented via 
FPGA to obtain signi?cant boosts in system speed. By using 
the FPGA to directly control the communication bus 
betWeen the imaging device and the display device, very fast 
system response is possible. Fast system response leads to 
the ability to capture and display higher resolution and/or 
higher frame rate video images. 

[0045] As in the system of FIG. 1, the processed images 
are ultimately broadcast 28 from the processing board(s) 26 
to one or more image display devices, such as the head 
mounted displays (HMD) 30 and 52 shoWn in FIG. 2. As in 
the previous embodiment, this broadcast could be via Wire 
less or hard-Wired mechanisms, Wireless broadcast being 
illustrated by arcs 28 in FIG. 2. 

[0046] The concept can be extended by adding and even 
tually blending the signals from any number of cameras per 
eye. FIG. 3 shoWs an isometric vieW of the cameras from the 
embodiment of FIG. 2 in Which a third camera per eye 54 
and 56 has been added to provide a Wider ?eld of vieW to the 
user. FIG. 4 illustrates this embodiment integrated into, for 
example, a robotic system. The system architecture provides 
signi?cant functional design ?exibility, including the num 
ber and arrangement of cameras. While designing a system 
for use by humans, the ability to provide a ?eld of vieW to 
meet or just exceed the mechanics of human vision should 
be adequate for many situations. Humans With tWo func 
tioning eyes typically have a horizontal ?eld of vieW of 
nearly 180° and a vertical ?eld of vieW of about 140°. The 
visual acuity of a human With excellent vision, such as a 
?ghter-aircraft pilot, is typically around 2 arc minutes per 
pixel. 
[0047] The present invention also provides signi?cant 
product design ?exibility to alloW optimization of typical 
cost versus performance trade-offs. For example, regarding 
the performance of the embodiment shoWn in FIG. 3, 
suitable cameras may provide a distribution of 768 pixels 
horizontally and 1024 pixels vertically. By using a lens With 
a 51.2° vertical ?eld of vieW and a 384° horizontal ?eld of 
vieW, assuming no image overlap betWeen camera ?elds of 
vieW, the overall system provides the user a horizontal ?eld 
of vieW of approximately 115° horizontally and 51° verti 
cally at a resolution of 3 arc minutes per pixel. 

[0048] While this design may be adequate for certain 
applications, other applications may require either better 
resolution or greater ?elds of vieW or both. This can be 
achieved by using some combination of higher pixel density 
imaging devices, more imaging devices, and/or lenses With 
varying ?elds of vieW. For example, to boost the resolution 
of the above embodiment to 2 arc minutes per pixel, one 
could implement higher performance image devices With at 
least 1152 horizontal pixels by 1536 vertical pixels. The 
particular combination of number of cameras, pixel density, 
and lens ?elds of vieW are chosen to satisfy the resolution, 
reliability, and budgetary requirements of the desired appli 
cation. 

[0049] Another factor to consider is that typical head 
mounted displays are limited in the ?eld of vieW that they 
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can display. For example, typical high-end, high cost, olf 
the-shelf models offer at most 60° diagonal ?elds of vieW, 
While more typical, moderately priced models offer only a 
29° diagonal ?eld of vieW. Thus, even the highest end HMDs 
are able to display only a small region of the image broad 
cast from the above embodiment. HoWever, through the use 
of, for example, a head-tracker and local processing elec 
tronics, the user can scan the entire imaged region indepen 
dent of the other users, by turning his or her head and 
“looking around,” discussed further beloW. 

[0050] To heighten the immersive effect in any of these 
designs, directional audio can be added. FIG. 3 shoWs a left 
microphone 58 and a right microphone 60, Which can be 
added to capture directional auditory information. These 
audio signals can be fed to the processing board 26 and 
broadcast With the video feed to head mounted ear-phones to 
provide surround sound. Microphone position and number 
of microphones can also be varied to maximize perfor 
mance. 

[0051] The individual cameras are preferably ?xed to their 
mounting structures, so that the amount of image overlap 
can be optimized and need not be adjusted by the user. The 
cameras can, hoWever, be adjustably mounted if desired for 
a particular application. For example, mechanical pitch, 
yaW, and roll adjustments can be implemented. Also, the 
cameras can be mounted to their mounting structures With an 
adjustable system that alloWs optimization of the overlap 
during post-manufacture trimming and that can be “locked 
in” position once the cameras’ orientations are set. For 
example, the cameras can be mounted With Belleville Wash 
ers to alloW such adjustment. 

[0052] Focus of the individual cameras in the imaging 
system is addressed depending on the type of camera. Some 
cameras include an electronic focusing capability, While 
others include a manual focus. In the latter case, if the 
aperture is set such that the depth of ?eld is relatively small, 
the ability to focus on objects at varying distances can be 
limited. In a passive approach to this situation, the aperture 
size is reduced to get a very large depth of ?eld and the 
camera’s gain is boosted to compensate for the reduced light 
entry. This can lead, hoWever, to excess noise in the camera 
that could affect image quality. In an active approach, range 
information can be used in conjunction With optical adjust 
ments (aperture, focus, etc.) to maximize imaging perfor 
mance. The disadvantage of this approach is that cameras 
With adjustable optics are typically more bulky than cameras 
Without. Thus, the particular camera is selected based on the 
desired application. 

[0053] FIG. 5 illustrates an embodiment of a compact 
dedicated camera daughter board, for example, a board 22 or 
24. In this embodiment, an image sensor such as 12 in an 
image sensor housing 64 is mounted directly on the board. 
A ?eld programmable device (for example, FPGA or CPLD) 
66 is attached to the board for reading out pixel data and 
performing some preliminary image processing if desired. A 
connector (for example, SATA or PATA) 68 is employed for 
data transfer to the main processor board. This camera 
daughter board is small and compact to facilitate close 
packing of multiple cameras. 

[0054] An exemplary main processor board 26 is illus 
trated schematically in FIG. 6 for a high-resolution, Wide 
?eld of vieW, stereographic imaging system. In the embodi 
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ment shown, tWo sets of three cameras are provided, one set 
72 to simulate a right eye vieW and the other set 74 to 
simulate a left eye vieW, such as described above in con 
nection With FIG. 3. The board includes a number of 
devices, preferably implemented as programmable inte 
grated circuits, discussed further beloW, to provide real time 
processing. In the embodiment illustrated, the devices 
include a camera input device 82, a number of image 
processing devices, such as a frame rotation device 84 and 
a ?eld integration device 86, a data compression device 88, 
and an encoding device 90 for transmission via interface 92. 
A circular frame bulfer, a multiplexed random access 
memory 78 in synchronization With a suitable memory 80, 
such as SDR SDRAM, conveys the frames in a sequential 
manner to the various devices. The operations of the various 
devices are preferably implemented via FPGAs to improve 
processing speed While still alloWing some programming 
?exibility. Application speci?c integrated circuits (ASICs) 
could alternatively be employed to implement processor 
operations. 

[0055] The main processor board processes frames 
sequentially, indicated schematically by pipeline 76. Eight 
frames are illustrated as simultaneously in process, but the 
FPGAs can be siZed and programmed to handle any suitable 
number of frames. In operation, signals from the camera 
daughter boards associated With the cameras are transmitted 
in any suitable manner to the main processor board 26. For 
example, a loW voltage dilferential signaling (LVDS) inter 
face is used in the embodiment shoWn. The ?rst frame is 
input to the camera input device 82, Which places the frame 
on the RAM MUX to convey the frame to the next device, 
Which in the embodiment shoWn is the frame rotation device 
84. To conserve space on the daughter board, it may be 
desirable to mount the cameras on the daughter board at a 
90° orientation from horizontal. Thus, to provide the user 
With a properly oriented image, the frame must be rotated 
90° back. If the cameras Were oriented Without this 90° 
rotation, this rotation operation Would not be necessary. The 
frame rotation device then places the rotated frame back on 
the RAM MUX. 

[0056] Other operations can be incorporated here as 
desired. For example, per pixel corrections can be made, 
brightness, color, contrast, integration time, shutter speed, 
White balance, signal gain, saturation level, and gamma 
correction can be adjusted. In addition, localiZed mathemati 
cal operations, including edge detection, linear ?ltering, and 
background enhancement can be performed here With mini 
mal overhead. In general, any operation that requires the 
manipulation of individual pixels or small neighborhoods of 
pixels can be implemented here. 

[0057] Next the frame is conveyed to the ?eld integration 
device 86. At this step any further desired image processing 
occurs. For example, multiple images are combined into a 
single ?eld, discussed further beloW. Other operations, such 
as cropping, panning, and Zooming of the image can occur 
here. In general, any Whole-image af?ne, quadratic, Euclid 
ean, or rotational transformation can be performed in this 
step. 

[0058] The frame is then conveyed to the video data 
compression device 88 for compression prior to transmis 
sion to the end use device. Any suitable video data com 
pression scheme may be used, such as a discrete cosine 
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transform. The frame is then encoded for transmission to the 
end use device using any suitable transmission protocol, 
such as a Linux TCP stack for Wireless transmission, at a 
transmission encoding device 90 and transmitted via inter 
face 92. 

[0059] In this manner, the processor of the present inven 
tion is capable of rapid real time processing of the image 
data. It Will be appreciated that the devices of the processor 
can process the image data serially, in parallel, or both. 

[0060] A processor board 94 is provided at the end use 
display device as shoWn in FIG. 7. The operation of this 
board is also preferably implemented using an FPGA. A 
circular frame bulfer, such as RAM MUX 95 and SDR 
SDRAM 96 is used to process frames serially, as described 
above. The signals from the main processor board are 
received by interface 92a and decoded at a Wireless frame 
decoding device 97. The frame is decompressed at a decom 
pression device 98. At the HMD stereo frame output device 
99, the frames are prepared for transmission in the format 
used by the HMD, such as page ?ipping or via separate feeds 
to each eye, as knoWn in the art. The frames are then 
transmitted to the end use device, such as the HMD or an 
external monitor or projection device via monitor output 
element 100 or both. 

[0061] FIG. 8 illustrates an example of blending tWo 
images into a single image, performed, for example, at ?eld 
integration circuitry element 86. First, tWo images are read, 
at step 401. The edges of the tWo images are detected (step 
403), and overlapping pixels are identi?ed (step 405). The 
region of overlapping pixels is divided into smaller rect 
angles (step 407). A rectangle of overlapping pixels is 
selected (step 409). A correlation algorithm, using a param 
eter such as brightness or intensity, is run on the rectangles 
to ?nd common pixel coordinates in the tWo images (step 
411), and the corresponding pixel coordinates are saved 
(step 413). Steps 409 through 413 are repeated until the 
overlapping area has been covered (step 415). 

[0062] The saved pixel coordinates are sorted by correla 
tion and unreasonable points are discarded (step 417). A 
matrix transforming image 1 coordinates to image 2 coor 
dinates is formed (step 419), so that all images can be 
identi?ed using a single coordinate system. Image 2 coor 
dinates are mapped into image 1 coordinates (step 421) and 
the mapped image 2 is attached to image 1 (step 423). The 
overlapping area is blended (step 425). Known blending 
algorithms can be used, for example, that Weight the pixels 
in the overlapping area from one edge to the opposite edge. 
Then, the combined image is output (step 427) to the display 
or to the next step in the process. 

[0063] Many existing telerobotic systems or other end use 
devices incorporate loW gain servo-systems to provide head 
and body rotation alloWing, for example, the operator to 
vieW the surrounding scene by driving head rotations With 
the output from a head tracker. Because of the inertia of the 
system and the nature of the feedback controller, hoWever, 
the servo gains and thus rotation rates are kept loW to avoid 
the onset of instability. The difference in the rotational rate 
commanded by the turning of the user’s head and the actual 
rate of the servo-system feels unnatural to the user and 
a?fects performance in carrying out operations. 

[0064] The extra Wide ?eld of vieW available from the 
present invention alloWs the insertion of an intermediate 










