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Introduction 
 
My fascination with extreme resolution photography began several years ago when I inherited my 
father’s view camera. I quickly discovered that digitized large format film easily created 100 
megapixel digital images – considerably more information than the best all-digital systems at that 
time. Shooting multiple images in panorama mode, digitizing the film, and combining the results in 
stitching software allowed me to develop a new gallery presentation, with images that are five feet 
wide and remain critically sharp when examined closely at normal gallery viewing distance. The 
combined effects of extreme sharpness and a wide angle of view create a different perception 
than a standard gallery print. Images of this size and clarity can be perceived more like a window 
than a photograph, creating a sense of immersion. 
 
When digital tiled displays in the several hundred-megapixel range became available, I had 
several digital images matching these pixel dimensions. This soon became something of a 
contest between my ability to create large digital images and my friends at Calit2 who were 
creating high-resolution display systems. These high-resolution images in wide panorama format 
were compellingly realistic, even without stereo viewing. Extending this photo-realistic view to 
include full stereoscopic vision in all directions was the next goal. 
 
I then tried shooting view camera spherical panoramas with the idea of matching a CAVE virtual 
reality environment. While this essentially worked, the complexity of this approach, the several 
days in post production, and the ever-present possibility that a single error or misstep in 
procedure would ruin the result soon made this less than practical. Even after carefully digitizing 
the film and spending several days in post processing, it was difficult to match adjacent images 
accurately.  
 
Stereo panoramic photography 
 
Shooting in stereo is a common technique that has been practiced almost as long as people have 
had film to work with. Two images taken from each eye’s perspective and combined in just the 
right way creates a compelling three-dimensional result. While conventional 3D is comparatively 
easy to produce, duplicating this elusive third dimension in a photographically created virtual 
reality setting presents two problems. 
 
First, there is the difficulty of shooting stereo images wider than about 120°. Attempting to create 
stereo imaging wider than this quickly reduces the effective interocular distance, eliminating the 
stereo effect. In other words, when creating stereo images, looking straight ahead is fine and 
looking sideways isn’t.  
 
The second problem is more subtle. Humans have a variety of internal processing clues that tell 
us whether we are looking at an object or looking at the image of an object. These built-in 
capabilities of our eye/brain combination allow us to quickly and easily discern these differences. 
If we are to create a virtual environment photographically, it is essential that we circumvent this 
inherent ability in order to present a visual environment that is perceived as real. 
 
Combining special photographic equipment and advanced software manipulation solved the first 
problem. The second solution required completely changing the objectives and procedures 
common to conventional photography. The net result of these two achievements allows for the 
combining of photography and virtual reality in a new way. In addition to photographically 
capturing an image that effectively says: “See what I have seen”, we can now also 
photographically capture a complete environment, recreate this in a VR setting, and say: “Be 
where I have been.”   
 
My first attempts at creating a spherical stereoscopic image for presentation in a virtual reality 
system were rather spectacular in their complexity and lack of success. I soon abandoned the 
use of view cameras and film technology (except for my ongoing gallery presentations that have 
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nothing to do with stereo). The first set of experiments for CAVE presentations was based on a 
Nikon D3 camera and Nikkor 14-24mm lens. While this combination did allow full 360° coverage, 
the distortion added by the stitching software was excessive, and not easily overcome. Switching 
to longer focal lengths reduced the software manipulation required in joining adjacent images, 
producing a much better result and allowing me to create seamless 360° panoramas. 
 
Shooting duplicate spherical images from both the left and right eye positions was the next goal. 
Moving the camera first left and then right of the center rotation point when shooting two 
panoramas does produce complete separate images as seen from each eye position. The 
problem with this approach is that this method also introduces a third level of distortion. In 
addition to the inherent problems that result when any two-dimensional image is projected onto a 
sphere and the distortions intentionally used creatively in stitching software to align adjacent 
images, moving away from the classic zero-parallax rotation point adds another source for 
creating non-linear images.  
 
When being combined in a stereo panorama, the original photographic images are being modified 
by three critical factors. 
 

• Distortion resulting when two-dimensional images are mapped to the surface of a sphere. 
 

• Distortion added intentionally by stitching software to allow adjacent images to be joined 
seamlessly. 

 
• Distortion created by off-axis rotation of the camera when shooting a panorama in stereo. 

 
Current stitching software is designed to create projections that deal effectively with spherical 
projections based on rectangular images, including Mercator, equirectangular, and other 
techniques. The next two distortion factors are actually a solution in disguise.  
 
Balancing the non-linear affects of off-center rotation with the stitching software’s ability to create 
seamless results from any collection of adjacent images was the next avenue of experimentation. 
As it turns out, the stitching software used can accommodate image offsets from the center of 
rotation of up to 35mm. This allows a combined interocular distance of 70mm between left and 
right orientations. Offsets larger than this produced image collections that are beyond the abilities 
of current stitching software to fuse into a seamless result. 
 
Displaying either the left or the right image separately showed a complete, seamless panorama 
covering the full 360°. Viewing these two images together, in stereo mode, was quite different. 
The manipulations introduced by the offset rotation and compensated for by the stitching software 
appear quite reasonable in a single image. In stereo, however, these modifications were 
unacceptable. In addition to the normal left-right shifting within the stereo images, there was 
considerable undesirable variation in many portions of the stereo pair. Sections in the combined 
left-right views were displaced vertically, other portions were rotated, and still other sections were 
noticeably stretched in one view relative to the other. While our visual perception apparatus itself 
is capable of compensating for a wide variety of visual “distortions” that occur naturally, this 
combination of artifacts exceeds our ability to fuse stereo information and create a believably 
realistic view. 
 
The reason that separate panoramas taken from each eye position was acceptable, while 
combining both left-right views was not, is due to the algorithms and procedures used by the 
stitching software to combine adjacent images. In practice, the software selects control points that 
appear in two adjacent images, and then adjusts this pair of images so that the control points 
coincide in the final result. This process is repeated for all horizontal and vertical overlapping 
images in the panorama. What had happened in this experiment was that the stitching software 
when creating the left and the right views selected different sets of control points. While using 
different sets of control points is easily overlooked in separate views, when combined in a stereo 
configuration these same differences are quite noticeable and therefore unacceptable. 
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At this point, it was clear that I could create complete panoramas in correct orientation from both 
left and right eye position. What remained was elimination of the relative differences in the two 
views. I accomplished this at first by hand-stitching all the images and creating identically 
matched control points throughout both the left and right panoramas. 
 
Manually selecting the control points allowed me to override the stitching software’s selections 
and forced the stitching software to make identical adjustments to both panoramas when blending 
images. The only drawback to this approach is that manual selection of matching control points in 
hundreds of images is not an easy task. Further, both left and right panoramas must be 
processed on screen in parallel so that the same image pairs and the same matching control 
points can be selected in both panoramas. For a complete stereo panorama combination the 
manual portion of this process alone takes over 40 hours, and requires several passes through 
the data to fine-tune the result. After the manual selection process is complete, the computer 
processing and rendering the images in equirectangular progression takes another several hours 
per image before each set of results could be evaluated. Eventually this method worked and I 
was able to create a complete spherical panorama with no visible distortion characteristics. 
Comparing the two views now showed only the desired left/right displacements characteristic of 
stereoscopic images. 
 
Using this stereoscopic pair of images, the scientists at Calit2 were able to create a stereo 
panorama in a CAVE VR environment. The interocular distance is maintained and the 
stereoscopic view is continuous in all directions, even when looking up and down. Depending on 
the display geometry, stereo panoramas were now capable of covering a complete 360 x 180 
degree field of view. The next stage of development centered on replacing the single-camera 
setup with a pair of matched cameras, carefully aligned and maneuvering as a unit.  
 
The move to using dual cameras instead of shifting a single camera left and right to create the 
stereo images was hampered because of limited equipment choices. Cameras with sufficient 
technical quality and essential features such as remote triggering are generally too large to 
mound side-by-side with the required 70mm interocular separation. Point-and-shoot cameras, 
while small enough, have neither the quality nor the flexibility required. The Panasonic GF-1 was 
the only camera available at that time that combined the quality of a full-size digital SLR, 
interchangeable (Leica) lenses, remote shutter and focus operation and several other essential 
features. 
 
My first dual-camera positioning system using a pair of GF-1 cameras was based on a modified 
Manfrotto QTVR Spherical Panoramic Pro Head. I also had to design and create an electronic 
switching system to provide synchronous firing of both GF-1 cameras since precise current 
pulses are use to control these cameras remotely. This custom controller allowed me to shoot 
matching stereo images synchronously. As a result, the stitching software was able to create left 
and right panoramic views with little relative distortion between the two panoramas – and most 
importantly, little or no manual adjustment of control points. Orienting and operating the cameras 
in manual mode required considerable patience, however, and even minor errors in photographic 
technique could easily destroy the final result. This was further complicated because I might not 
know that the image collection process failed until long after the shoot. 
 
When the larger GigaPan EPIC Pro became available, this robotic control system allowed me to 
program and automate the image capture process, using the same dual-camera setup. This 
greatly simplified image collection. The repeatability of this system also permitted multiple 
panoramas of a single scene for simplified image bracketing and subsequent high dynamic range 
(HDR) image options. I tuned the electronic control system so that current pulses from the 
GigaPan would provide synchronous current firing pulses to both cameras. The production 
version of the controller is now available as the CC-1 Dual-Camera Controller. 
 
Even with precise alignment and synchronous firing of both cameras, not all panoramas can be 
stitched automatically. Many situations still demand careful hand-assembly of certain image 
segments. Examples include images that incorporate large areas with little detail, such as open 
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sky or blank ceilings. Other environments requiring extensive post production work are subjects 
with a great deal of nearly identical detail and repeating patters. Still, the current setup with dual 
GF-1 cameras, CC-1 Dual-Camera Controller, and GigaPan robotics provides the mechanism for 
capturing and rendering stereo panoramic photographs that can be used, without further 
modification, in a wide variety of virtual reality systems. 
 
The ability to create and display stereoscopic panoramas in VR only solves the first of the two 
problems mentioned earlier. Developing this technology is an important beginning. Using this new 
capability to create photo-realistic images that mimic reality is the next major development. 
 
 
Environmental imaging 
 
I use the term environmental imaging to refer to the process of creating stereoscopic images for 
virtual reality systems. These images can range from completely spherical projections to more 
modest angles of view tailored to tiled displays and similar applications. Creating a photo-realistic 
image that is perceived as the virtual environment and not as a photograph of a scene requires 
several very different techniques when compared to conventional photography. In short, it is 
necessary to capture images that mimic what we think we see, as opposed to images that 
accurately portray visual events. 
 
As an example, look around the room you are now in and notice that everything you see is in 
perfect focus. There are no exceptions to this. Whatever has your visual attention also has 
automatically commanded your visual system to focus at precisely that distance. You know, of 
course, that the actual image that your eyes receive is anything but uniformly sharp. This 
perception that perfect focus and image sharpness exists everywhere is all in your head – not 
your eyes. Fortunately, this all-in-your-head stuff is what you call reality. It’s as if your visual 
cortex is constantly gathering a mismash of images and concocting a continuous visual saga that 
you believe to be real. Seeing is believing, even if your visual cortex is making it all up. 
 
For successful environmental imaging, our task is to replace this internally constructed reality with 
our own version. One of the first things we need to do to make this happen photographically is to 
create images that mimic our perception, not our actual vision. Photographically, this demands 
extreme depth of field so that everything in our image of the environment is critically sharp. If a 
person looks at any portion of our reconstructed environmental image and sees that it is not in 
focus, the immediate conclusion will be that this is only an image and cannot be real.  
 
Selective focus is a powerful tool that photographers, cinematographers, and painters use in 
many ways. It’s one of our most basic creative elements for establishing point of view and center 
of interest in our images. Because of the requirement for extreme depth of field, this aspect of our 
art is basically removed from the creative palette when shooting environmental images for VR 
systems. 
 
Another essential aspect of conventional photography, cinematography, and all similar art forms 
that vanishes in shooting for VR is the very concept of a composition in the usual sense. We still 
compose but not within the conventional reference of the frame that encloses and defines the 
image. Environmental images have no frame and, if the VR environment is large enough, no 
edge. The viewer’s point of view is a variable, and is no longer selected and controlled by the 
photographer or artist. In this sense, we have more in common with the global viewpoint of 
architects and sculptors who also work in environments where art will be experienced from a wide 
variety of vantage points, which the artist does not explicitly select or control. 
 
Not being able to restrict composition to a desired viewpoint may seem, at first, to be a major 
limitation. But a quite different creative interpretation emerges. Composition becomes more global 
in scope and is based on selecting environments instead of selecting images bounded by a 
chosen rectangle. 
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The wide dynamic range inherent in electronic imaging provides an extended set of possible 
intensities with which to work. When compared to any print media, the extended dynamics within 
the electronic image itself allows a much closer approximation to the range of values normally 
seen. We are no longer restricted by the limitations of reflected light, however, in a VR setting we 
are expected to recreate the wide-ranging dynamics associated with most visual experiences. 
 
If you look again at the objects around you at this moment, you may easily conclude that 
everything you see is more or less evenly illuminated. This is an illusion. As cinematographers 
are well aware, lighting a scene so that it mimics the uniform light level that we think we see is a 
daunting task, often involving days of effort and tons of equipment. VR photographers don’t have 
the luxury of this solution. We must at least attempt to capture the full range of light values in the 
original environment, and present this range in a realistic manner.  
 
 
The envelope of believability 
 
If you fly airplanes, or are familiar with their operation, then the concept of the envelope is a 
familiar one. Quite simply, this describes a complete set of parameters that define the collection 
and range for acceptable operation of the aircraft. As my early flight instructor put it: “Operating 
inside the envelope you are a pilot. Operation outside the envelope makes you a test pilot. Don’t 
do that.” 
 
A similar condition exists if we are to replace one’s sense of reality with a different set of 
circumstances according to our own design. We must present a wide range of conditions that 
collectively provide a convincing experience. There is no single solution for doing this. There is, 
instead, a set of wide-ranging conditions that we must honor if we are to create a believable 
virtual experience – as opposed to simply a photograph of an experience. 
 
I know that the parameters described here work. It’s unclear if the envelope enclosing these 
conditions can be relaxed and still maintain the requisite illusion. Now I basically shoot everything 
as closely as possible to the way a human brain interprets the visual world, and I look forward to 
continued exploration of these possibilities. 
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1. The system 
 
This system for creating stereo panoramas is based on 
two Panasonic Lumix cameras, the Ainsworth CC-1 
Dual-Camera Controller, and the GigaPan EPIC Pro 
robotic controller.  
 
There are two main things you need to know if you are 
switching from shooting conventional photographs to 
shooting dual cameras in panoramic configuration.  
  
First, you will be using the cameras in manual mode, 
not automatic mode. This means that you will be 
setting all the adjustments such as focus and exposure 
by hand, rather than letting the camera do these 
operations automatically.  
 
Second, you will have to make sure that all the settings 
for both cameras are identical; otherwise the resulting 
left and right images cannot be combined for an 
accurate stereo presentation. 
 
Neither of these tasks is particularly difficult, but they 
both require careful attention to detail. The most 
important equipment item will be a checklist of critical 
details to remember. 

 
 
Taliesin Entrance. This entrance to Frank Lloyd Wright’s residence at Taliesin East, near Spring Green, Wisconsin, is 
photographed in a 360° x 180° panorama. Used by permission.   
 
Panasonic Lumix GF-1 cameras were selected for image capture. These cameras offer several 
essential features, including 12.1-megapixel resolution and the ability to be mounted side-by-
side at the appropriate interocular distance for stereo separation. 
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GigaPan EPIC Pro robotic controller is a 
collaborative project between Carnegie 
Mellon University and NASA Ames Intelligent 
Systems Division’s Robotics Group. A 
commercially available version of the 
GigaPan EPIC Pro system was calibrated to 
accept the dual-camera unit. This robotic 
system can be programmed to accommodate 
any number of images, matching VR and 
other display technologies in hundreds of 
megapixels per eye.  
  
 
CC-1 Dual-Camera Controller is mounted above the cameras and allows synchronous firing of 
both cameras from programmed signals from the robotic system. This synchronized firing of both 
cameras eliminates blur from moving objects in the scene, dependent on the shutter speed 
selected.   
 
Adobe Bridge and Lightroom are used to organize and adjust images prior to stitching. This 
allows overall adjustments of the complete panorama and individual adjustments of specific 
images for exposure and white balance. 
 
PTGui Stitching Software converts the two image arrays created by the dual-camera and 
GigaPan system into two matching stereo views, separated horizontally by the interocular 
distance. This stereo separation is uniform throughout the visual field.   
 
Adobe Photoshop completes the software generation process and allows final adjustments of 
exposure, balance, shadow/highlight detail, saturation, and sharpening. 
 
360° spherical images 
 
The dual-camera system in spherical collection mode creates image arrays covering 360° 
horizontal and up to 180° vertical. After stitching and alignment, the resulting pair of images can 
then be mapped to a wide variety of VR display systems. The resolution of the final images is 
dependent only on the focal length of the lenses used. With the 20mm lenses used in these 
examples, the dual-camera unit produces VR displays in the 400 Megapixel range. Even higher 
resolution can easily be provided if display technologies warrant. 
 
120° rectilinear images 
 
The dual-camera system can create 120° images in accurate perspective for tiled displays and 
print media. The resulting images may be viewed in 2D, 3D, or red/cyan anaglyph format. 
Longer focal length lenses easily maintain resolution in the range of hundreds of megapixels per 
eye or per print. When programmed to cover a rectangular area instead of a complete sphere, 
the GigaPan unit and the system will produce an array of images that can then be blended to 
form an image in either cylindrical or rectilinear projection. 
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2. Checklists  
 
If you are setting up the system for the first time, you will begin by assembling and aligning the 
camera bracket assembly. This is followed by programming both the cameras and the GigaPan. 
 
You will need to know how to change camera batteries and SDHC media cards. If you are using 
more than one focal length lens, you will also need to know how to adjust the system to 
accommodate different lenses. 
 
Camera bracket assembly completed? 
Chapter 15. Initial camera bracket assembly setup. 
 
Initial setup performed?      
Chapter 12. Initial camera setup  
Chapter 13. Initial GigaPan setup 
 
Changing batteries or media? 
Chapter 6. Changing camera batteries and SDHC media cards  
 
Changing lenses? 
Chapter 7. Changing lenses – 20mm and 75mm 
 
Once these initial steps are completed and you are familiar with the basic operation of the 
system, you can use the checklists below for setting up the equipment and shooting various 
types of panoramas. I recommend printing this page, cutting out the checklist section, and 
making these lists a permanent part of your equipment. 
 
  
 

Shooting checklist 
 
System 
Level and lock 
Battery check 
  
Camera 
Focus  
 
AF/MF 
Exposure 
Histogram 
White balance 
QUICK Menu check 
  
GigaPan 
360 Panorama 
 
±75° (12 x 6) 
New Panorama 

Setup checklist 
 
Battery checks 
Controller check – black/red 
Operation -- Manual 
Drive mode -- Single 
 
Quick Menu 
Film mode -- Standard 
Aspect ratio --1:1 
Picture size  -- Large 
Quality -- Fine 
Auto Focus –2 3 Area 
Metering  -- Multi 
Sensitivity -- ISO 400 
 
GigaPan 
20mm lens -- 42° and 90mm 
75mm lens -- 15° and 112mm 
 

Equipment checklist 
 
Tripod and head 
Camera unit 
GigaPan robotic controller 
CC-1 Camera Controller 
Controller cable 
Media SDHC cards 
Batteries 
   Cameras 
   GigaPan 
   9V CC-1 Controller 
5/32” hex wrench 
Clipboard / notebook 
  
Options… 
Additional lenses  
Additional media cards  
Tape measure 
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3. Equipment 
 
Assembly 
 
Assemble the cameras, CC-1 
Controller, controller cable, and 
GigaPan as shown here. To move 
the GigaPan unit, select MOVE 
CAMERA on the menu, press OK, 
and use the arrow keys. Connect the 
CC-1 controller to the cameras and 
the GigaPan output. The plugs 
connecting the cameras need to be 
fully inserted. 
 
Folder and file numbers 
 
The file name for each image is a 
combination of a folder number and 
a file number. The first three digits 
are the folder number. The last four 
digits are the file number. I use 
different folder numbers for the left 
and right cameras, and the same file 
numbers for matching left/right 
shots. This step is not necessary, 
but it vastly simplifies figuring out 
what goes where later. 
 
You can reset the file numbers to 
zero in both cameras so that 
matching left and right shots will 
have the same file numbers. 
Resetting the file number to zero 
also advances the folder number by 
one.  
 
To reset the file numbers, select SETUP / NO. RESET / YES. Do not reset the folder numbers to 
zero.  
 
Camera power setting 
 
The OFF-ON switch on top of each LUMIX camera is obvious, but not at all obvious is the 
camera's ability to turn off by itself and enter the "Power Save" mode if left on too long with 
nothing happening. If the camera appears dead, and the power switch is still ON, you can either 
tap the shutter button lightly or turn the power switch OFF and ON again to wake it up.  
 
Rotate the knob (mode dial) to M to select manual (non-automatic) camera operation. Rotate the 
four-position lever above this knob (drive mode) to the left for single-exposure operation of the 
shutter. (The red button on the camera is for the movie mode.)   
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4. Shooting Setup  
 
Depending on the length of your shooting session, you should have on hand a second set of 
camera batteries, a spare GigaPan battery, and a spare 9V battery for the CC-1 Controller. A 
notebook to record data as you shoot will be very helpful. If you will be taking several panoramas 
and need to change camera batteries, you will also require a flat surface for adjusting camera 
alignment (a clipboard is ideal) and a 5/32 hex key wrench. 
 
Lens selection 
 
If you are continuing to use the same lenses as before, no adjustment is required. There are two 
sets of lenses I commonly use with this setup. For large-scale panoramas and anything that’s 
360° wide, I use the 20mm lenses. If I’m covering a smaller rectangle and want maximum 
resolution, I use the 75mm lenses. If you are changing from one set of lenses to the other, see 
Chapter7. Changing Lenses – 20mm and 75mm for details. 
 
The adjustment of the GigaPan settings to accommodate each set of lenses is covered in more 
detail in the next section. The basic settings are summarized here: 
 

Lens – 20mm 
Camera Setting POV - 42° 
Camera Distance - 112mm 
 
Lens – 75mm 
Camera Setting POV - 15° 
Camera Distance – 90mm 

 
Vertical alignment 
 
Careful vertical alignment can add to the overall precision of the stereo panoramas and it will 
simplify pitch adjustments later, when you are adjusting numerical transforms with the stitching 
software.  
 

• Using the AF/MF button on the back of each camera, select the manual focus mode on 
both cameras. 

 
• Pick a spot in the scene and focus both cameras. An object with horizontal lines is ideal, 

but any portion of the scene will do. With the 20mm lenses, slight manual focus 
adjustment will automatically enter the amplified close focus mode. 

 
• After adjusting focus on both cameras, check that the vertical positioning of both images 

is the same. If not, rotate the left camera slightly to bring both images into vertical 
alignment. You can probably make slight adjustments even with the camera secured in 
position. If not, you can loosen the left camera slightly, adjust, and retighten. You will 
need the 5/32” hex wrench to do this. 
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Media 
 
It’s good practice to format the 32 GB SDHC cards before beginning a new series of panoramas. 
To format the memory cards, select SETUP MENU / FORMAT / YES.  
 

Warning: Formatting deletes all information on the SDHC storage card. Only do this at 
the start of a shooting session, when any image data has already been saved. 

 
Battery checks 
 
Fully charged batteries in the cameras and GigaPan are good for about eight 360 panoramas. 
Blinking battery indicators on either unit will warn when this limit is being reached. GigaPan 
batteries can be replaced easily. Replacing camera batteries requires disassembly and 
realignment of the cameras. See 6. Changing camera batteries and SDHC media cards for 
details. 
 
Pressing the red button on the CC-1Controller fires both cameras in sync, and also tests the 9V 
CC-1 battery. If both cameras are operating, the controller battery is OK. If only one camera is 
operating, replace the 9V battery. Even if the CC-1 battery is low, the controller will continue to 
operate normally for at least one more complete panorama. 
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5. Shooting 
 
Horizon level 
 
Panoramas can be shot at any angle, but if you intend the final image to be level with the 
horizon, check the bubble level on the GigaPan and adjust the system carefully before shooting. 
This will simplify adjusting the final images later in post production. 
 
CC-1 Controller Black/Red 
 
The black button allows you to test and adjust focus settings without having to operate the 
shutter and take photographs. When you are shooting the final panoramas, the black button is 
inactive. 
 
The red button is a manual override for the GigaPan shutter firing circuit. This button also serves 
as a battery test check for the CC-1 Controller. If both cameras are operating in unison when the 
red button is pressed, the 9V controller battery is fine. If only one camera operates when the red 
button is pressed, the CC-1 Controller 9V battery should be replaced after the next panorama is 
complete. 
 
Camera mode – Manual 
 
The camera must be in manual operating mode for 
all stereo panoramas. The selection for manual 
operation is made with the control dial on top of 
each camera. Setting this dial to manual (M) 
bypasses all the automatic exposure controls and 
assures that a same exposure is used for all 
images. 
 
Focus mode – AF/MF 
 
It is helpful to use the automatic focus feature of both cameras to set the focus distance 
accurately. To do this, press the AF/MF button on the back of each camera and select AFS, 
automatic focus. Pressing the black button on the CC-1 Controller now activates automatic focus 
for both cameras. 
 
Aim both cameras at the same object, and then press the black button to focus both cameras at 
that distance. Select an object at the hyperfocal distance, or approximately one-third of the way 
from the closest to the furthest object in the scene.  
 
After using the auto focus setting to automatically adjust both cameras equally, switch to manual 
focus MF for shooting. Again press the AF/MF button on each camera and select MF, manual 
focus. 
 
As a final check after setting focus on both cameras, press the black button on the CC-1 
Controller and make sure both cameras are in manual focus mode where the black button on the 
CC-1 Controller this has no effect. 
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Exposure  
 
Aperture, shutter speed, and sensitivity are the classic adjustments that determine the correct 
exposure. The only difference between conventional photography and stereo panoramas is that 
you will want maximum sharpness everywhere in the image. You will also be setting these 
parameters manually instead of using automatic exposure adjustment. 
 
Aperture should be set so there is sufficient depth of field for all objects in the scene to be in 
sharp focus. In most situations, I set the aperture for maximum depth of field (f/16 for the 20mm 
lens and f/16 or f/22 for the 75mm lens).  
 
Shutter speed is the primary adjustment for matching histogram readings to the light level in the 
scene. This is also the only exposure adjustment you should use if you are taking multiple 
photographs of the same scene at different light levels. 
 
Sensitivity, measured in ISO, is a compromise setting. I set the ISO at 400 and adjust the 
shutter speed based on test exposures and histogram data. If the resulting shutter speed is too 
slow, I increase the ISO to reach a compromise between image quality and motion blur.  
 
In addition to the QUICK Menu, there are also dedicated controls for setting these adjustments. I 
frequently use the dedicated controls, and then do a final check, using the QUICK Menu on each 
camera to step through and verify identical settings on both cameras before I begin each shoot. 
 
Aperture and shutter speed 
 
There are two places where these adjustments can be made. The QUICK Menu settings are an 
easy way to compare the exposure adjustments between the two cameras. You can set these 
adjustments more easily by using the rear dial on the back of the camera (Page 15 in the 
camera manual). This dial has two functions. Pressing the dial switches between shutter speed 
(SS) and aperture or f-stop (F) adjustments. Rotating the dial changes the selected setting. 
Press the Display button to change the appearance of these settings. 
 
Histograms 
 
The histograms are the primary information source for setting the overall camera exposure. Take 
a photo with normal exposure settings and then press the green Playback Button to see the 
results. Cycle through the Display options until you see the four histograms. Each histogram 
displays the brightness along the horizontal axis (dark to bright) and the intensity on the vertical 
axis.  
 
The ideal exposure will show an even 
distribution, with the graph just barely 
touching but not overflowing the right 
edge. If you see a vertical line at the right 
edge of any of the histograms, the 
resulting image will be overexposed in 
some portion.  
 
If there are extreme highlights such as 
direct sun or reflections, moderate 
overexposure in these areas is not a 
problem. If you are shooting an indoor 
setting with tungsten lighting, pay 
particular attention to excessive exposure 
shown in the red (R) histogram. 
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In setting the exposure for a panorama, I typically shoot several test images in different 
directions and compare histograms. If the scene is relatively evenly lighted, a single exposure 
setting will provide the correct settings for both cameras. In cases where the lighting varies too 
much for a single exposure, you may want to consider exposure bracketing. Instead of shooting 
only a single panorama at one exposure setting, use the repeat feature in GigaPan to shoot 
several identical panoramas of the same scene. Adjust the exposure for each panorama 
differently, giving you a range of possibilities to select from in post production.  
 
You can also use high dynamic range (HDR) techniques for combining multiple images taken at 
different exposure settings. This technique is described under 16. Advanced Options. 
 
White balance – WB 
 
Don’t use the AUTO (AWB) setting. Almost anything else is recoverable, but the automatic 
setting for white balance will frequently result in unpredictable results in panoramas. In many 
situations there isn’t a single white balance setting that is appropriate for all areas of the scene. 
You will often have bright sun in one area, deep shade in another. Interiors are often a mix of 
daylight and artificial light. To see the effect of white balance adjustments, try this option: 
 

Take a sample photograph for comparison. 
Press the WB button to see how the white balance options affect the image. 
Cycle through the options and select the balance that looks most reasonable.  
 

When you’ve selected the white balance setting, make sure that this setting is the same on both 
cameras. If the white balance is matched between the two cameras, various adjustments in post 
production can often overcome, or at least compensate for, mixed lighting conditions. 
 
QUICK Menu 
 
Make these selections first: 
 

Camera function dial set on M (manual) 
AF/MF focus set on MF (manual) 

 
Select Q.MENU button on the back of the camera and step through these menu selections, 
checking to see that all settings are both correct and identical between the two cameras. 

 
Critical items are shown in bold. The other items on the QUICK Menu do not matter for shooting 
panoramas. 
 

Flash Auto 
Film Mode – Standard 
SH film mode 
Aspect Ratio / Picture Size - 1:1 L 
Quality – Fine 
LCD Mode OFF 
I Exposure OFF 
Metering Mode – Multi Metering 
Aperture and shutter speed – set as required 
Sensitivity 400 
White balance – set as required 
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360° Panorama 
 
There are two panorama settings for the GigaPan. Selecting 360 Panorama in the GigaPan 
menu automatically creates a series of images covering a complete circle. You only have to set 
the top and bottom angles of this panorama in order to program the image collection process. 
 
If you would like to shoot a 360° x 180° complete sphere, set the top and bottom angles to plus 
and minus 75°. This will create a slight “overshoot” at both zenith and nadir. The stitching 
software will automatically recognize this and will trim the vertical dimension of the final 
panorama to exactly 180°. These vertical dimensions will automatically create a panorama that 
is 12 images wide and 6 images high. Here are the complete steps: 
 
 360 PANORAMA / OK 
 Top of panorama (+75 For 180°) 
 Bottom of panorama (-75 For 180°) 
 Check horizontal 12  
 Check vertical 6 
 Notebook – record data 
 OK 

 
120° Panorama 
 
Selecting New Panorama in the GigaPan menu activates the second panorama option. In this 
case, you will select the upper-left and bottom-right image, forming a rectangle. The GigaPan 
will automatically scan this area, collecting the required images. Here are the complete steps: 
 

New Panorama / OK 
Lens – 75mm 
NEW PANORAMA - OK 
Top-left and Bottom-Right to suit 
Notebook – record data 
OK 
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6. Changing camera batteries and SDHC media 
 
It is necessary to partially disassemble the camera unit in order to replace the camera batteries 
or the SDHC data cards. You will need: 
 

• One 5/32” hex key wrench. This is the only tool used. 
 

• A flat surface for checking the camera alignment after 
reassembly.  

 
The cameras are designated left and right as shown in this 
view. Note that the two vertical mounts are at a slight angle to 
the camera bar. This is necessary because the base plates 
on the cameras are not exactly parallel to the axis of the 
lenses.  
 
Also notice the slight distance between the left camera and 
the right vertical mount. The top of the left camera should be 
close to, but not touching the right camera mount.  
 
Remove the left camera and vertical mount from 
the camera bar 
 
Using the 5/32” Hex key wrench, loosen the nut holding the 
left vertical mount to the camera bar. Separate the two 
cameras as shown here.  
 
The right camera and its vertical mount remain fixed. It’s 
important that you do not change the angle between the right 
camera and the horizontal bar. 
 
Rotate both cameras 90° 
 
Loosen the nut holding each camera to its vertical mount. 
Rotate each camera 90° and gently tighten the nut to hold 
the camera in that position.  
 
Remove/replace batteries and SDHC cards 
 
With the cameras in this position you have access to both 
the batteries and the SDHC memory cards. 
 
Reassemble the camera unit 
 
Rotate the right camera so that it is again aligned with the 
vertical mount. Tighten the nut holding the right camera 
securely. 
 
Rotate the left camera and align it with the vertical mount. Tighten the nut holding this camera 
just enough to keep the camera in position. This will be adjusted later. Reattach the left camera 
and its vertical mount to the camera bar. Move the vertical mount to the right so that the top of 
the left camera is close to, but not touching, the right vertical mount. Tighten this nut just enough 
to keep the left camera and its vertical mount in this position.  
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Check alignment 
 
Placing the cameras face down on a flat surface before tightening the nuts holding the left 
camera automatically aligns the camera assembly. 
 
Remove the lens covers, if used. Place the camera assembly face down on a flat surface, with 
the fronts of both lenses resting on the surface. Adjust the position of the left camera as 
necessary so that the fronts of both lenses are flat against the surface. You may need to press 
lightly on the backs of both cameras. Tighten both nuts holding the left camera in position. 
 
This completes the alignment of the camera unit. Both cameras now positioned so their lenses 
are on the same plane, with identical yaw, pitch, and camera-to-subject distance.  
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7. Changing lenses 
 
The 20mm lenses are ideal for shooting 360 x 180 panoramas and can be used for any other 
configuration as well. When shooting panoramas with smaller dimensions, the 20mm lenses 
may not provide enough resolution, however. In that case, switching to the longer focal length 
75mm lenses allows more photographs to be taken per area, increasing the resolution of the 
final image significantly. 
 
In principle, using even longer focal length lenses could increase the resolution of the 
panoramas to any desired level. Practical concerns usually limit total resolution to a gigapixel or 
so due to processing times and file size. 
 
Other focal length lenses in addition to these two examples can be used with this setup. For 
information on setting the correct camera placement and the correct field of view angle, see the 
LUMIX instruction manual. If you are using a zoom lens, you will need to make a separate set of 
adjustments for each focal length you plan to use. 
 
When you change from one set of lenses to the other you will be making two separate 
adjustments. 
 
Adjusting camera position 
 
The entire camera unit is moved forward or back to adjust camera position. The slide adjusting 
the camera unit position back and forth will be adjusted to position the lenses.  
 
 
Changing from20mm to 75mm 
 
Note that the setting on the camera slide 
is currently 90mm. Loosen the knob 
holding the slide and move the slide back 
until the setting reads 112mm. Tighten 
the adjustment knob. 
 
Replace both 20mm lenses with the 
75mm lenses. 
 
 
 
 
 
Changing from 75mm to 20mm 
 
Note that the setting on the camera slide 
is currently 112mm. Loosen the knob 
holding the slide and move the slide 
forward until the setting reads 90mm. 
Tighten the adjustment knob. 
 
Replace both 75mm lenses with the 
20mm lenses. 
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Adjusting Field of View (FOV) 
 
The GigaPan menu will be 
used to change the Field of 
View (FOV) to match the new 
focal length.  
 
From the GigaPan menu, make 
these selections to change the 
field of view to match the new 
lens. 
 
GigaPan menu settings 
 
Main / Camera Setup / OK 
 
This displays the current POV setting. For 20mm it will be 42.0 vertical degrees. For 75mm it will 
be 15 vertical degrees.  
 
OK=Set 
OK=Done 
OK=Done 
OK=Done 
 
The menu will now display Field of View 0.0 vertical degrees 
 
Press the UP arrow button. When you release the button the Field of View value will be 
displayed. Continue adjusting the GigaPan up or down until the Field of View reaches the 
desired setting. If you have difficulty matching these numbers exactly, use a slightly lower value. 
 
20mm Field of View = 42.0 degrees 
75mm Field of View = 15.0 degrees 
 
OK = Done 
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8. Load and adjust images  
 
Several different software products may be used to organize image files, adjust exposure and 
other factors, and create matching panoramas. If you are already familiar with particular 
programs, by all means use these. If not, the software suggested here and used for illustration 
would be a good choice. The basic workflow will include these steps: 
 

• Load and organize image files 
• Adjust exposure and white balance 
• Align images 
• Adjust control points 
• Adjust numerical transforms 
• Create projection 
• Adjust dynamic range and balance 

 
 
Load and organize image files – Adobe Bridge 
 
Your first task is to simply transfer the images from the cameras and save them in folders, 
organized by panorama, and separated by left/right pairs. Adobe Bridge or other sorting software 
makes this much easier. Image transfer can be by direct connection to each camera’s USB port 
or through reading individual SDHC cards, which requires some disassembly of the camera unit. 
 

 
 
Adobe Bridge is ideal for sorting images and collecting corresponding left and right views of a scene.  
 
Adjust the sorting software so that the horizontal row of images on the screen matches the width 
of the panorama shot. In this case, a 12 by 6 panorama is easily examined. If you have taken 
any duplicate shots, remove them and make sure that the final on-screen grid matches the 
panorama you wish to stitch. 
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If you have taken more than one complete panorama exposure of a scene at different light 
levels, the sorting software will quickly show which exposure best captures the dynamic range. If 
you have repeated any single shots while taking the panorama, the sorting software will help you 
remove duplicates and edit the final result so that the panorama matches the original grid 
pattern.  
 
Both creating multiple panoramas and adding multiple images within a panorama are techniques 
that allow you to use sorting software to assemble images that would otherwise not be 
acceptable. You can, for example, take additional shots and “remove” people or objects that 
wander into the scene while shooting. You can also shoot selectively (using the GigaPan pause 
option) to correctly expose a scene with varying light levels, such as an outdoor scene when the 
sun is passing in and out of clouds. 
 
Careful notes taken while shooting will make the entire sorting process much easier. The final 
product of the sorting process will be organized folders containing matching left/right sets of 
images. 
 
Adjust exposure and balance – Adobe Lightroom 
 
You many not need this step if your panorama was shot under fairly even lighting conditions. If 
individual image adjustment is necessary, Adobe Lightroom and similar software programs allow 
post production adjustment of exposure, white balance, and other factors. Adjusting the grid 
pattern on the screen to match the horizontal and vertical configuration, as shot will make all 
these adjustments much easier to visualize.  
 

 
 
Adobe Lightroom can be used to adjust color balance and exposure of individual images, if required. 
 
There will probably be minor differences in exposure level between the left and right panoramas. 
In practice, a one-third-stop difference is typical, even for matched cameras. You can typically 
pull or push up to a complete stop in exposure, provided the maximum exposure does not 
exceed the dynamic range of the camera’s sensor. With Lightroom and similar products it is 
easy to adjust either the left or right set of images to obtain identically exposed images. 
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White balance should have been set correctly, and remained constant, when the panorama was 
shot. Even so, post production can compensate for variations and also allow a second chance to 
get this parameter right. If you are saving image files in RAW format, the complete range of 
white balance adjustments is available in post production. With conventional JPEG files, the 
range of adjustment is less. Post production adjustment of individual images may be the only 
way to correctly render panoramas where multiple types of light sources are involved. 
 
Before attempting to make detailed exposure or white balance adjustments to various portions of 
a panorama at this point in the workflow, it is probably best to make overall adjustments only, 
and create a final test image first. Some of this fine-tuning of the image can be more easily done 
later, using Photoshop.  
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9. Create panoramas – PTGui PRO 
 
The remaining steps are done with the stitching software. The complete procedure will begin 
with the individual images created above and end with a completed pair of matching stereo 
panoramas. After stitching and final adjustments, the 360° panoramas are processed further as 
described in the VR display method section for display in CAVE systems and similar virtual 
reality environments. The 120° panoramas can be used directly in 2D or 3D tiled displays and in 
print. 
 
Workflow 
 
Various stitching programs may be used to create a matching pair of stereo panoramas. The 
basic steps are the same: 
 

• Load images 
• Align images 
• Add control points if needed 
• Edit and match both panoramas 
• Adjust both numerical transforms 
• Create projections 
• Test spherical image 

 
Create two copies of the stitching software 
 
The most expedient way to create, compare, and finally adjust a matching pair of stereo images 
is to open two copies of the stitching software. Open one copy of the program and load the left 
images. Then open a second copy (File/ Launch New Instance) and load the matching right 
images. The second copy will be created behind the first one. Adjust the software on the screen 
so that they are superimposed. You can then click on the corresponding icons and switch back 
and forth between the two programs. 
 

 
 
Two versions of the PTGui Pro stitching software used in tandem allow comparison between left and right views. 
 
Working in parallel with both the left and right images allows you to easily switch between them 
as they are being created. In the final alignment phase, switching back and forth to compare left 
and right panoramas is essential in making the last critical adjustments. 
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Load Images 
 
Load the left and right images into the corresponding copy of the stitching software. Adjust the 
images on the screen so that the two versions of the stitching software overlap exactly. 
Switching between the two views will now show a definite left-right shift in the input photographs. 
If you don’t see matching views shifting slightly left and right when you click on the 
corresponding icons for the left and right views, something is definitely out of place and needs to 
be corrected before you continue. It’s a good idea to scroll through all the input images, making 
sure that the inputs for left and right panoramas are matched and the total number of images is 
the same. 
 
Align images 
 
Click on the Align Images button to begin. The alignment process can take several minutes, 
depending on the complexity and size of the image. If the software can stitch and align the 
image automatically, the software will complete the alignment process and display a completed 
panorama in the Panorama Editor.  
 
If both panoramas are shown in the editor mode and are complete, you can safely proceed with 
the edit phase. If there are any problems in the stitching process, close the Panorama Editor and 
select the Control Point Assistant. The assistant will direct you in adding control points as 
necessary between adjacent images. 
 
Add or adjust control points if needed 
 
If the panorama is in focus everywhere and there is sufficient picture information in each of the 
images, the stitching software will create control points automatically. In this case, no further 
interaction with control points is necessary. You can skip the control points process and go 
directly to the panorama editor and create the projection you select. 
 
If, however, the stitching software cannot generate control points for you, manual interaction will 
be required. Here are some of the pitfalls you may encounter that prevent automatic stitching of 
your panorama. 
 

• Large areas with no picture information, such as open sky or a plain ceiling with no 
detail. 

 
• Individual images that are not in focus and offer no precise information for the automatic 

stitching process. 
 

• Areas in the original scene with repeating patterns, making it difficult for the stitching 
software to determine what goes where. 

 
If you encounter any of these situations, it will be necessary for you to select matching control 
points by hand. This can take several hours for some difficult situations. 
 
In the PTGui program there are two menu headings for “Control Points.”  The heading on the 
menu at the top of the screen selects the overall parameters. The heading at the top of the 
software display selects the Control Point Table. 
 
Set up the Control Point Table as shown here. Note that the images are slightly enlarged to 
33%, filling the space. The border between the images and the control point data section has 
been raised slightly. This allows you to see and check the control point distances for matching 
pairs. 
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The stitching software creates matching control points for joining adjacent images in a seamless panorama. The Control 
Point Editor allows you to manually create or adjust these points if necessary. 
 
It’s important that each separate image is linked to at least one other image. This linking of 
control points may be between any adjacent views -- left/right or top/bottom. After you have 
added control points between images, optimize the project and update the changes 
(Project/Optimize). After optimizing the program you can again view progress by selecting the 
Panorama Editor (Tools/Panorama Editor) and the Control Point Assistant (Tools/Control Point 
Assistant). 
 
Selecting matching control points and creating a satisfactory panorama image can be time 
consuming, especially if there are large areas in the original scene with very little visual 
information (areas of open sky with no clouds) or sections with similar visual information 
(interiors of buildings with repeating patterns). The PTGui tutorial on creating matching control 
points can be very helpful in these cases. 
 
Edit and match both panoramas 
 
From this point on, the ability to switch back and forth between left and right panoramas in the 
Panorama Editor view is essential. Line both editor views up carefully so that you can compare 
the two images exactly. Adjustment of position in the yaw, pitch, and roll axes must be done 
carefully if the two panoramas are to create a true stereo view. 
 
Add the Numerical Transform adjustment screens to both the left and right views 
(Tools/Numerical Transform). Arrange the two small Numerical Transform screens left and right 
of each other, matching the left and right views in the corresponding Panorama Editors. 
Switching between left and right views by clicking on the appropriate icons will now switch 
between left and right panorama editor and its matching transform adjustment screen. 
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The Panorama Editor shows the complete panorama. In this case the equirectangular image is 360 x 180 degrees. 
Adjusting the numerical transforms for both left and right images aligns the stereo pair vertically for all points in the 
image. 
 
Adjusting 360° panoramas begins by selecting equirectangular projection. This will produce a 
rectangle that is 360° wide and 180° tall on the screen. If your panoramas are 120° wide or less, 
select rectilinear or cylindrical projection. 
 
It is unlikely that the two panoramas will overlap precisely. Pick one and move it left or right it by 
adding a value for the Yaw component and clicking Apply. Note that the 360° image actually 
represents a cylinder that can be rotated. Continue shifting the first image left or right until you 
have a scene that you prefer. There are no criteria for “correct” orientation of the first image 
other than personal preference. 
 
The other panorama is also rotated with its Yaw component Numerical Transform until it lines up 
exactly with the first image. The point of alignment should either be a point in the image at 
infinity focus or at the furthest object in the scene. Switching back and forth between the two 
images will begin to show a definite “stereo” appearance, with near objects moving more than 
those in the distance. 
 
Adjust numerical transforms – overview 
 
Although you can move or rotate the panorama 
image using a mouse, the Numerical Transform 
screen is a much more precise method for 
aligning the two panoramas. Final adjustments 
using plus or minus 0.1° values for the transforms 
will position the images precisely. You may notice 
that portions of the two images appear to move up 
and down as you switch between the two views. If 
so, adjust the pitch values to eliminate this 
vertical displacement.  
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Adjust pitch of both panoramas, if necessary, so that the portion of both images that is directly in 
the center of the screen shows no vertical movement when switching back and forth between 
the left and right views. To refine adjustments, it’s better to move both panoramas an equal 
amount (but opposite in sign), bringing the panoramas together. 
 
The procedure for final vertical alignment of the panoramas varies slightly, depending on the 
projection. For 360° images, rotate both panoramas in 90° increments, using the yaw transform. 
Adjust pitch transforms to again bring both panoramas together vertically. Continue rotating both 
panoramas and adjusting the pitch until there is no vertical movement when changing between 
the left and right view.  
 
For 120° panoramas, the procedure for eliminating vertical displacement is similar, except that 
the roll transform will be adjusted to match the two views. 
 
Adjust numerical transforms – details 
 

• Select the Panorama Editor in both the left and right versions of the stitching software. 
Clicking on the left or right PTGui icon will now switch between the two views. 

 
• Select the equirectangular view for adjusting the numerical transforms. (Panorama 

Editor / Projection / Equirectangular). 
 

• Adjust the images on the screen so that the two editors overlap exactly. 
 

• Select and display the Numerical Transform box in both views.  
 

• With the left view displayed, adjust the Yaw transform and rotate the left image so it 
displays your preferred image.  

 
• Switch to the right view and adjust the Yaw transform so the two views are aligned. 

 
• Continue switching back and forth between the left and right Panorama  

Editors and adjusting the Yaw transforms until distant objects at the center of the image 
overlap exactly. Final adjustments will be made in steps of 0.1°. 

 
• Notice whether comparing the two images shows any relative vertical movement at the 

center of the screen. If so, adjust the Pitch transform on each image to eliminate any 
vertical motion. Adjust the Pitch in matching increments, bringing the two views 
together. Final adjustments will be in + 0.1°.and - 0.1°. 

 
• When there is no longer any relative vertical motion at the center of the screen when 

switching between the left and right panoramas, rotate both panoramas 90°. Set both 
Pitch transforms to zero, set both Yaw transforms to 90° and click Apply in both 
transforms. 

 
• In this rotated view, again check for any vertical motion between the two panoramas 

when switching back and forth. If needed, adjust the Pitch transforms again, bringing 
the two images together in the center of the screen. 

 
• Continue rotating both panoramas by 90° and checking vertical alignment at each step. 

You may have to “spin” the images more than once to eliminate all vertical motion. 
 

• The final step will be aligning the Yaw transforms so that the images align horizontally at 
the preferred distance from the camera. In many situations, that distance will include the 
portion of the images that is furthest away.  
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Create projections 
 
Several types of projections are available 
from within the panorama editor, as shown 
on this drop-down menu. The projection 
selected will depend on the final display 
configuration. For spherical panoramas, 
either equirectangular or cylindrical 
projections are normally used. Rectangular 
panoramas that are 120° or less in width 
can be created with rectilinear projections 
that show minimal distortion when viewed 
on a flat surface. 
 
The resolution selected in the final Create 
Panorama step will depend on the 
requirements of the display system. 
Generally, a pixel density roughly twice the 
display capacity of the display is preferred.  
 
It is essential when selecting the Width parameter that this horizontal dimension of both the right 
and left panoramas is the same. This assures that the circumference is identical when both 
images are projected onto a sphere. 
 
Select image resolution 
 
Selecting the highest resolution possible can easily result in stereo panoramas ranging in the 
hundreds of megapixels per eye. Depending on the capabilities of the computer you are using, 
this can require 14 hours or more of processing time per image. A more prudent selection of 
image size would be to limit the pixel dimensions to approximately twice the dimensions of the 
display system. If you are only examining the panoramas on a computer screen, limiting the 
width to twice the width of your screen will provide enough resolution for testing and analysis. 
 
Test spherical projection 
 
It is by no means necessary, but a QuickTime video quickly shows if the resulting panorama can 
be correctly mapped to a spherical surface. This test is particularly helpful in assessing the 
continuity of the image at both poles. Note that the black horizontal line at the bottom of the 
image as it appears in the panorama editor is actually an image of the tripod, as shown in this 
view.  
 
This test is similar to a VR presentation, showing full rotation and both poles. Since using either 
the left or right image creates this test, it does not show depth. But it does indicate whether 
normal perspective will be presented and whether straight lines will appear normal when viewed 
in a spherical projection. 
 
This test may be created in two ways. Within the PTGui software, the Preview menu option will 
automatically create a temporary spherical image for this test. You can also create a complete 
QuickTime.mov image from the Create Panorama screen. This resulting file can be of any 
resolution you desire, and can also be saved for permanent viewing. 
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A QuickTime video provides a continuity test of the spherical panorama while the image is still in the stitching software. 
www.qwerty.com/pix/qtvr.mov 
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10. Adjust final images – Photoshop 
 
The final image adjustments in Photoshop are of two types. There are the usual adjustment 
sequences that are applied for fine-tuning the appearance of any photograph. More importantly, 
however, is the range of adjustments that make the resulting images ideal for stereoscopic 
display. In all of these Photoshop adjustments, the goal is to ultimately provide an image that the 
human eye accepts as real. In many cases, this is not the same as the image we would normally 
display in a gallery print.  
 
Exposure matching 
 
If the exposure has not already been adjusted precisely between the left and right panoramas, 
this is the final opportunity to match the images precisely. While many single images could be 
acceptable for viewing over a range of exposure values, stereo pairs are much more critical in 
this regard. Viewing both images in Photoshop so that you can easily switch between them will 
show, and allow you to correct for, exposure variations in fractions of a stop. 
 

 
 
The final pair of matching stereo panorama images is adjusted in Photoshop. Complete adjustments include exposure, 
contrast, color balance, shadow/highlight matching, and sharpness. 
 
Color balance and saturation 
 
This is another parameter that must be matched between the left and right panoramas. If the 
original scene was composed of several different light sources, color balancing may require 
considerable adjustment. Human eyes are particularly adept at adjusting automatically and 
perceiving normal color when viewing objects that are lit by a wide variety of sources, as is 
common in natural environments. In a VR setting, these adaptations are much less forgiving.  
 
VR systems vary in color saturation. I suggest boosting the saturation by about 20% to see if this 
improves the final result. This adjustment is in the Photoshop menu under Image / Adjustments 
/ Hue/Saturation. 
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Shadow/highlight matching 
 
The Shadows/Highlights options that you see here represent 
the standard model I use for extending the dynamic range. I 
suggest that you begin by applying this set of adjustments 
while turning the Preview on and off. You will probably notice 
extended detail in highlight areas, as well as improved 
contrast.  
 
If you decide to accept these values, or similar adjustments, 
the next step will be to increase shadow detail, if needed. If 
the shadow areas are slightly dark, try advancing the 
Shadows / Amount approximately 20%.  
 
If either shadows or highlights are increased too much, the 
image will show distortion in the form of outlines in areas of 
fine detail. The net result should show an image with 
enhanced dynamic range, with no loss of detail in either 
shadows or highlights. 
 
Sharpening 
 
There are almost as many theories about optimum image 
sharpening, as there are possible adjustments. My 
suggestion is to use the Unsharp Mask under Filters in the 
Photoshop menu. The settings shown here will provide a 
modest boost in sharpness without causing halos or outlines.  
 
Stereoscopic test 
 
This final test quickly shows if the left and right images are 
aligned perfectly. Load both panoramas into Photoshop and 
place the left image on the right side of the screen, and the 
right image on the left side of the screen, as shown below. 
Stare slightly beyond or behind the pair of images. If a third 
image appears in the center, concentrate on that. Some 
people are able to see full stereovision instantly with this 
technique. Others can master this technique with a little 
practice. Still others never seem to be able to manage. If it 
works for you, it is a simple and very precise way to evaluate 
all aspects of the stereo panoramas you’ve created. 
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If you are familiar with the cross-eye viewing technique, you can check the stereo separation and depth by displaying 
matching views in this configuration. The left image is on the right, and the right image is on the left. Loading both 
images into Photoshop and aligning them as shown here create this display.  
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11. VR display 
 
The top image on this page shows how either the left or the right image appears at the 
completion of the stereo photographic process. The bottom image is a photograph of a person 
viewing this stereoscopic image in a StarCAVE virtual reality system. More information on the 
process of incorporating stereo panoramas in VR displays is available in Appendix 1: Acquisition 
of stereo panoramas for display in VR environments, Chapter 5. VR Display method. 
 

 
 
Wisconsin Capitol Dome 3. This equirectangular stereo panorama covers 360° x 180° with 392 megapixels per eye. 
Two images matching the view from each eye are created by the stereo panorama system. 
 
 

 
 

Wisconsin Capitol Dome 3. The person in this photo is viewing a spherical panorama created by the dual-camera 
imaging system. Full stereo view is presented in this StarCAVE virtual reality display at California Institute for 
Telecommunications and Information Technology.  
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12. Initial camera setup 
 
This initial setup procedure is only required when the cameras are first purchased, or if the 
camera Menu/Reset has been activated. After initial setup these settings will not be changed. 
There are two menus with the Panasonic Lumix GF-1 cameras. The MENU / SET button 
displays the MAIN menu and the Q.MENU button displays the QUICK Menu. 
 
MAIN Menu setup 
 
 MAIN / REC / ASPECT RATIO 1:1 
 MAIN / REC / PICTURE SIZE Large 
 MAIN / REC/ PICTURE QUALITY set for maximum JPEG. (top setting). 
 MAIN / SETUP / BEEP I turn this off simply because it is annoying. 
 
All other MAIN menu settings may be left in the default position. Make sure that all menu 
settings are the same for both cameras. 
 
QUICK Menu setup 
 
This menu used for both initial setup and adjustment while shooting. These menu options cycle 
through several settings, using the four direction buttons surrounding the MENU / SET button. 
The QUICK Menu adjusts shooting parameters for each panorama. Turn both cameras on, click 
on Q.MENU, and step through the options, stopping both cameras at FLASH (upper left). The 
menu options for both cameras should be the same. 
 
 Flash FORCED FLASH ON 
 Film mode STANDARD 
 Burst rate H 
 Motion picture mode SH 
 Aspect ratio – Picture size 1:1 L 
 Quality FINE 
 LCD mode OFF 
 Exposure OFF 
 AF mode 23 Area 
 Metering mode MULTI 
 Aperture (depends on conditions) 
 Shutter Speed (depends on conditions) 
 Sensitivity (depends on conditions) 
 White Balance (depends on conditions) 
 Remaining Display REMAINING SHOTS 
 
Folder number setup 
 
It’s easy to get confused when sorting out left and right 
images after having shot several panoramas. This is 
especially true if you are using bracketed exposures or 
repeating some shots to eliminate moving objects. My 
system of adjusting folder numbers and file numbers 
eliminates possible confusion. This option is by no means 
a requirement. You may wish to skip this numbering 
system at the onset, and possibly return to this method 
later. In the example on the right, the folder number is 103 
and the sequence number is 0004.  
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The file numbers recorded with each image are a combination of a folder number and a 
sequence number. The first three digits are the folder number and the last four digits are the 
sequence number. It’s easy to keep track of left and right camera images if the folder numbers 
for the two cameras are different. Similarly, having the same sequence number for matching left 
and right  
shots makes it much easier to find matching stereo pairs. In this example, the two cameras have 
different folder numbers and the same file number.  
 
    
  Image one image 72 
 Left Camera file number  105-0001 105-0072 
 Right Camera file number 125-0001 125-0072 
 
 
To initialize this option, select one of the cameras and advance its folder number several times 
so that the folder numbers are no longer the same between the two cameras.  
 
 MAIN / SETUP / NO.RESET  / OK 
 
You will need to reset several times to advance the folder number to a higher setting with this 
camera only. If the camera with the lowest folder number is placed on the left of the dual-camera 
pair when facing forward, the left/right images will be in the proper sequence when viewing the 
files in a directory. 
 
Advancing the folder number on both cameras before you begin shooting starts each camera 
with the sequence number at 0001. If you are shooting multiple panoramas, resetting the folder 
number when you begin the session will simplify sorting the images later. 
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13. Initial GigaPan Setup – menu settings 
 
This section of the document covers the initial setup for the GigaPan robotic controller menu. 
Once set, these adjustments will not need to be modified again. You can also select Factory 
reset to return to default settings, and then repeat these adjustments for the initial setup. 
 
 
 
Main / Move Camera 
 
Before changing the rotation or elevation of the GigaPan system, turn the unit on and select the 
Move Camera option from the main menu. This allows you to adjust the camera position, using 
the four arrow keys on the front panel. 
 
Main / Camera Setup 
 
This menu selection allows you to adjust the Field of View (FOV) to match the focal length of 
the lenses used. This adjustment will be changed to match the current lenses, and is covered 
later in the Shooting Checklist. You must have the cameras mounted on the GigaPan and the 
correct lenses attached before you can adjust this setting.  
  
The correct FOV settings: 
 
 20mm – 42° 
 75mm – 15° 
 
Main / Options / Time per Picture 
 
This is normally set for 2.0 seconds. Extend this time only for unusually long shutter speeds. 
After you have become accustomed to the unit’s performance, you may carefully shorten this 
time a bit to decrease the time required for taking large panoramas. If you “outrun” the camera’s 
internal buffer, however, you will miss shots. 
 
Main / Options / Picture Order 
 
Change this setting to Row-Down. This is essential for matching the look of the stitching 
software and makes it much easier to evaluate images on screen. With this setting, the camera 
will begin taking panoramas at the top, with a horizontal sweep, and then move down one step 
at a time. Shooting the sky first is ideal for exterior images. 
 
Main / Options / Expert Options / Aspect Ratio 
 
Set the aspect ratio to 1:1. This will match the cameras, which are also set for this ratio, 
producing square images. With this setting, the GigaPan unit will move an equal distance in both 
left/right and up/down positioning. 
 
Main / Options / Expert Options / Picture Overlap 
 
Change this setting to 25%. This gives plenty of overlapping area between adjacent images in 
both horizontal and vertical direction. This will ensure that there is sufficient information for 
reliable stitching. 
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14. Initial GigaPan setup – mechanical settings  
 
There are two mechanical settings that need to be set 
to match the Lumix GF-1 cameras. One adjustment is 
set permanently, and the other will be adjusted 
whenever you change focal length of the lenses used. 
 
Camera position – up/down 
 
The camera height adjustment is the same for all 
lenses. Rotate the GigaPan to a convenient position 
and loosen the adjustment screws on both sides of the 
camera unit. Lower the camera unit as far as possible. 
The setting shown will be at maximum, or 72. Tighten 
the two adjustment screws. This setting will not be 
changed.  
 
Camera position – back/forth 
 
The camera rotation point will vary, depending on the focal length. The objective is to rotate the 
GigaPan around a central point that is between the zero-parallax point of the lenses. The 
GigaPan on-screen instructions cover this in detail for a single lens, but it is much easier to 
simply use the correct dual-lens settings, shown here. Loosen the knob that controls the back 
and forth position. Set the sliding scale to match the focal length. Be sure to tighten the knob 
afterward. 
 
 For 20mm lenses, the setting is 90mm.  
 For 75mm lenses, the setting is 112mm.  
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15. Initial camera bracket assembly setup  
 
This setup procedure is only required if you are 
assembling the vertical camera mounts and the 
camera bar for the first time. Once assembled 
and aligned, this camera unit is easily attached 
and removed from the GigaPan. This initial 
assembly and adjustment is somewhat tedious 
but it only has to be done once. After both 
cameras are accurately aligned with each other, 
the matching images from both cameras will 
also be aligned properly as the camera unit is 
rotated in various positions. 
 
The separate components are shown here. 
Note that there are two hex key wrenches in 
addition to the two vertical camera mounts and 
the camera bar.  
 
Attach the GigaPan bracket 
 
The GigaPan bracket is removed from the 
GigaPan unit and attached to the camera bar as 
shown. Note that the bracket is not symmetrical. 
Orient the side with the slight indentation so that 
it faces upwards. Place the bracket and the 
camera bar on a flat surface before tightening 
so that these two units are aligned.  
 
Adjust the vertical camera mounts 
 
Both vertical camera mounts (“L” brackets) are 
adjusted so that the cameras can rotate freely 
while remaining attached to the mount via its 
tripod socket. Loosen, but do not remove, the 
three hex nuts that hold the sliding adjustment. 
You will need both the 1/8” hex wrench and the 
5/32” hex wrench to do this. Attach the camera 
and position it so that it can rotate around the 
tripod socket without touching the bottom of the 
vertical mount.  
 
There will be a gap of about 2mm between the 
camera and the bottom of the mount. This 
allows the camera to rotate for easily changing 
batteries and SDHC cards.  
 
When the sliding adjustment is set, tighten the 
two smaller hex nuts. This holds the slider in 
position and allows the center hex nut to be 
loosened slightly so that the camera can rotate. 
Secure the two smaller hex nuts permanently 
as these will not be adjusted again.  
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Repeat this adjustment with the second camera and its vertical mount. After these adjustments 
you will no longer need the smaller 1/8” hex wrench. I suggest covering the two silver 1/8” hex 
nuts on each vertical mount with tape to avoid confusion later when changing camera batteries 
or SDHC cards.  
 
Loosening the larger 5/32” hex nut will now allow each camera to be rotated or removed later 
without changing the vertical alignment setting.  
 
Attach the right camera and its vertical mount to the camera bar 
 
Note that “right” and “left” are designated in 
terms of the view from behind the cameras, as 
shown here. Before attaching the cameras, 
check the position of the rotary switches on top. 
The mode selector switch should be set to 
Manual (M) and the shutter selector switch set 
to single-frame (all the way to the left). 
 
Rotate both cameras so that they are parallel 
with the vertical camera mounts. Tighten the 
sliding adjustments to hold the cameras 
securely. 
 
Attach the right camera and its vertical mount to the camera bar. As a sheer coincidence, the left 
edge of the mount bisects the center of the camera bar when the right camera is in the correct 
position. This position may need to be adjusted later, after both cameras are mounted in the 
GigaPan unit. 
 
Attach the left camera and its vertical mount to the camera bar 
 
Attach the left camera vertical mount to the camera bar. The camera should be close to but not 
actually touching the right camera vertical mount. A slight space is necessary so that the mode 
selector switch on top of the camera is not pressed tightly against the right camera vertical 
mount. 
 
Align both cameras 
 
Place the camera assembly face down on a flat 
surface. In the next step, you will adjust the 
camera mounting so that the front of both 
lenses are in the same plane. This assures that 
the cameras are aligned. 
 
Loosen all three accessible adjustments holding 
the cameras in position. This includes the two 
adjustments attaching the vertical mounts to the 
camera bar, as well as the single adjustment 
allowing the left camera only to rotate. If you 
press down lightly on both cameras you will be 
able to align the fronts of both lenses against 
the flat surface. This places the lenses in the 
same plane. Note that the vertical camera 
mounts are rotated slightly with respect to the 
camera bar. This is because the bottom plates 
on the cameras are not perpendicular to the 
axis of the lenses.  
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Tighten all three adjustments and turn the 
camera assembly over. Using a straightedge, 
check that the fronts of the lenses are in line.  
 
This additional check assures that the cameras 
are parallel and pointing in the same direction. 
 
If you believe that the camera alignment has 
been altered at some point, you can repeat this 
alignment check at any time to verify that the 
lenses remain parallel. 
 
Permanently secure the right camera 
 
With the cameras aligned, permanently tighten the adjustment holding the right camera. This 
adjustment will not be changed. I suggest covering the hex nut holding the right camera in place 
with tape so that this will not be moved later. With the right camera vertical mount aligned with 
the camera bar and permanently fixed in place, the basic alignment of both cameras is easily 
restored after changing batteries or replacing SDHC cards. 
 
Check horizontal centering  
 
Place the camera unit in the GigaPan and 
measure the horizontal distance from each 
camera to the sides of the GigaPan. The 
camera unit must be centered precisely, 
positioning each camera an equal distance from 
the center of rotation.  
 
If necessary, repeat the adjusting procedure 
above, moving both cameras as required to 
center them equally.  
 
 
Final camera assembly 
 
The final camera assembly is shown here. Note 
the Velcro attachment for the CC-1 Dual-
Camera Controller that has been added to the 
left side of the unit. This complete system with 
the controller is easily attached to or removed 
from the GigaPan. 
 
The cables from the controller to the cameras 
may be routed as shown. This allows easy 
access to the USB camera data ports.  
 
Removing this entire unit from the GigaPan and 
reading the image data directly from the USB 
ports to your computer is usually easier than 
removing and reading the SDHC cards directly.  
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16. Advanced options 
 
This section is definitely not the place to begin, but if you want to experiment with procedures 
that can dramatically improve the dynamic range of your panoramas, these options are definitely 
worth considering. Dynamic range is often a problem with panoramas taken outdoors if they 
include both direct sunlight and deep shade. Both of the options below offer possible solutions. 
 
HDR bracketing 
 
HDR or High Dynamic Range imaging is a process whereby several photographs of the same 
scene are created with different exposure settings. These images are then blended to form a 
single image that has a wider dynamic range than would otherwise be possible. There are two 
ways you can do this. 
 
Camera bracketing can be set to record multiple images at different exposures, instead of a 
single shot. Unfortunately, the Panasonic LUMIX camera bracketing option does not provide 
sufficient exposure differentials to use this method effectively. 
 
Duplicate panoramas taken at different exposure settings can provide bracketed exposures 
quite easily. Fortunately, the GigaPan system has a provision for repeating a complete 
panorama exactly. The PTGui PRO stitching software will automatically recognize when multiple 
panoramas are taken at different exposure levels. This is the sequence I use: 
 

Determine if a single exposure setting can capture the dynamic range of the scene, as 
shown by the histogram display. If so, forget about HDR. 
 
If the dynamic range is beyond the capabilities of a single setting, shoot three 
successive panoramas. Shoot one panorama with a “middle” setting that is a 
compromise. Shoot a second panorama that’s exposed to capture highlights. Shoot a 
third panorama that is exposed to capture shadow detail. It’s important to only change 
shutter speed when adjusting exposure. Varying the aperture will wreak havoc with the 
stitching software. 
 
Combine these three panoramas in PTGui PRO. The software will recognize HDR 
images and will offer to use this setting when processing. The Exposure Fusion option is 
the easiest. 
 

RAW image processing 
 
The Panasonic LUMIX cameras can shoot images in Camera RAW, JPEG, or both. Fans of 
Camera RAW processing will claim that this extends the dynamic range considerably, when 
compared to JPEG. I don’t find this to be the case. RAW image processing, using the (supplied) 
Panasonic SILKYPIX Developer Studio software does not work as well as the software 
discussed earlier. I recommend JPEG image capture. 
 
In extreme cases where noise and limited dynamic range are major problems, DxO Optics Pro is 
a software solution worth considering. 
 
While RAW image processing may extend dynamic range, I find that HDR bracketing, using 
JPEG images, to be an easier path to creating well exposed images in a variety of challenging 
situations. 
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Appendix 
 
1. Acquisition of stereo panoramas for display in VR environments 
 
This is a reprint of a paper published by the Society of Photographic and Instrumentation 
Engineers (SPIE) and presented at IS&T/SPIE Electronic Imaging 2011.  
 
 
2. Equipment List 
 
This is a complete list of the equipment used in the system for creating stereo panoramic 
photography. 
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Appendix 1:  Acquisition of stereo panoramas for display in VR environments 

 
Acquisition of stereo panoramas for display in VR 
environments 
 
 
Richard A. Ainsworth*, Ainsworth & Partners, Inc. (United States); Daniel J. Sandin, Univ. of California, San 
Diego (United States) and Univ. of Illinois at Chicago (United States); Jurgen P. Schulze, Andrew 
Prudhomme, Thomas A. DeFanti, Univ. of California, San Diego (United States); Madhusudhanan 
Srinivasan, King Abdullah University of Science and Technology (Saudi Arabia) 
 
 
 
ABSTRACT  
 
Virtual reality systems are an excellent environment for stereo panorama displays. The acquisition and 
display methods described here combine high-resolution photography with surround vision and full stereo 
view in an immersive environment. This combination provides photographic stereo-panoramas for a variety 
of VR displays, including the StarCAVE[1], NexCAVE[2], and CORNEA[3]. The zero parallax point used in 
conventional panorama photography is also the center of horizontal and vertical rotation when creating 
photographs for stereo panoramas. The two photographically created images are displayed on a cylinder or 
a sphere. The radius from the viewer to the image is set at approximately 20 feet, or at the object of major 
interest. 
 
A full stereo view is presented in all directions. The interocular distance, as seen from the viewer’s 
perspective, displaces the two spherical images horizontally. This presents correct stereo separation in 
whatever direction the viewer is looking, even up and down. Objects at infinity will move with the viewer, 
contributing to an immersive experience. Stereo panoramas created with this acquisition and display 
technique can be applied without modification to a large array of VR devices having different screen 
arrangements and different VR libraries. 
 
Keywords: stereo panorama, environmental imaging, VR, StarCAVE, NexCAVE, tiled displays, CORNEA, 
COVISE, KAUST, virtual reality. 
 

1. INTRODUCTION 

The dual-camera image capture system was developed to explore the combination of high-resolution 
photography and stereo panoramas with a variety of VR displays. Instead of a single camera, a pair of 
cameras, separated by the interocular distance, is used to capture two separate sets of images, each 
corresponding to the view of one eye. This camera pair rotates as a unit both horizontally and vertically, 
maintaining the center of rotation between the zero parallax points of the two lenses. 
 
The focal length used determines the number of images required to cover a complete sphere and, hence, 
the resolution of the final result. In practice, the total resolution of the final image is typically set to at least 
double the resolution of the display system.  
 
For the spherical imaging examples in this paper, a focal length of 40mm (35mm equivalent) was used. 
With this focal length, total image capture for a 360° x 180° stereo panorama typically requires 150 images 
and runs 1.8 gigapixels. After blending with the stitching software, the two final spherical images provide 
800 megapixels of VR stereo information. For the rectangular display, the focal length was extended to 
70mm (35mm equivalent), creating rectilinear or cylindrical display images covering 120° x 60° at 267 
megapixels per eye. 
 
* ainsworth@qwerty.com 
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Appendix 1:  Acquisition of stereo panoramas for display in VR environments 
 
1.1 StarCAVE display 
 
The StarCAVE is an ideal VR environment for displaying the capabilities of stereo panoramas created by 
the dual-camera system, as shown in Figure 1. The resolution of the image capture system is hundreds of 
megapixels per eye and easily matches the resolution of this display.  
 

 
 

Figure 1. The person in this photo is viewing a spherical panorama created by the dual-camera imaging system. Full 
stereo view is presented in this StarCAVE virtual reality display at California Institute for Telecommunications and 
Information Technology[4]. Resolution of the image capture system is hundreds of megapixels per eye.  

 
1.2 Spherical projection 
 
Multiple images are photographed and combined in stitching software to create a spherical projection that 
captures the complete 360° x 180° view. This process is repeated for the left and right eye positions. The 
resulting rectangular image for either position is a cylinder that represents a complete sphere, as shown in 
Video 1. 
 
The video link shows how this image can appear when projected onto a spherical surface. This view is 
useful in checking the continuity of the image capture as part of the stitching process, and before 
processing to match the VR environment. This is particularly helpful in checking continuity of the stitched 
image at both nadir and zenith. 
 
The rectangular view shown below, or the spherical projection shown in the video link, only represents half 
of the stereo capture. Resolution is limited to what can be conveniently viewed on the computer screen. 
 

 
 
Taliesin Entrance. This entrance to Frank Lloyd Wright’s residence at Taliesin East, near Spring Green, Wisconsin, is 
photographed in a 360° panorama. Used by permission.   
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Appendix 1:  Acquisition of stereo panoramas for display in VR environments 
 
2. ACQUISITION METHOD  
 
The same photographic image capture technique is used for creating spherical stereoscopic projections for 
VR environments and high-resolution rectilinear or cylindrical images for multi-tiled rectangular displays. In 
both applications, an array of images is photographed and then processed in stitching software to create 
several types of projections, depending on the application. Image resolution can be as high as desired. 
 
Spherical images will be processed as equirectangular projections and mapped to the dimensions of the 
VR system. For rectangular displays, either rectilinear or cylindrical projections can be created in the 
dimensions required by the display. With spherical image capture, resolution at the surface of the sphere is 
a function of the focal length of the lenses used. Rectangular image resolution at the surface of the display 
is a function of both focal length and the angle of capture. 
 
2.1 Equipment 
 
Two cameras are programmed to create two sets of images corresponding to the view from each eye. The 
assembly shown in Figure 2 can be programmed to cover a complete spherical view or any section of a 
sphere. 
 

 
 
Figure 2. The dual-camera system is fully automated and can capture any number of stereo images covering a complete 
sphere or rectangle. Both nadir and zenith can be included, with the exception of a small footprint below the tripod. 
 
Panasonic LUMIX®  GF-1 cameras[5] were selected because they offer the resolution capability and 
flexibility of the best digital SLR systems, while maintaining a small profile. These cameras offer several 
essential features for this application, including 12.1-megapixel resolution and the possibility of being 
mounted side-by-side at the appropriate distance for stereo separation. In this mounting configuration, the 
interocular distance is 70mm. The mounting brackets are supplied by Berezin Stereo Photography 
Products[6]. 
 
The GigaPan EPIC Pro Robotic Controller[7] is used to automate the capture process. This 
programmability allows repeat image capture and the option for HDR (high dynamic range) processing and 
other options. GigaPan is a collaborative project between Carnegie Mellon University and NASA Ames 
Intelligent Systems Division’s Robotics Group[8]. This robotic system can be programmed to accommodate 
any number of images, matching the configuration of VR and other display technologies. 
 
The Ainsworth CC-1 Dual-Camera Controller[9] was developed specifically for this application, and 
provides an interface between the robotic unit and the dual cameras. This unit is necessary because the 
Panasonic GF-1 camera exposure and focus functions are activated by varying current levels, rather than 
by simple switch closure. The controller accepts the triggering output from the GigaPan Epic Pro system 
and supplies synchronous current pulses to the cameras.  
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Appendix 1:  Acquisition of stereo panoramas for display in VR environments 
 
2.2 Panorama photography 
 
Our method of panorama photography is based on creating a horizontal row of multiple images as the 
camera position is precisely rotated. The vertical dimension is created by additional horizontal rows at 
various elevations. When combined in a stitching program, these images form a seamless rectangle, 
including wide field images up to 360º and vertical dimensions that include both poles. If the camera 
positioning is done precisely, the resulting image is continuous cylinder with minimal distortion. A typical 
cylinder, mapped as a spherical projection, is shown below in Video 2. 
 

 
 
Video 2. Taliesin Courtyard. This view of the courtyard at Frank Lloyd Wright’s Taliesin East, near Spring Green, 
Wisconsin, is photographed in a 360° panorama. Used by permission. www.qwerty.com/PIX/FLR.mov 
 
 Stereo-panorama photography 
 
Panorama stitching software is designed specifically to overcome minor misalignments when combining 
multiple images. This blending process distorts images slightly so that adjacent photographs connect in a 
seamless manner. This built-in correction capability of stitching programs offers an opportunity to create 
seamless stereo images from image capture techniques that incorporate small amounts of inherent 
distortion characteristics. This makes it possible to rotate a camera pair about a central axis, creating two 
overlapping panoramas that preserve accurate stereo separation. 
 
The left photo in Figure 3 shows a camera rotation method for creating 2D panoramas. The single camera 
is rotated around the point of zero parallax, shown by the red dot, while capturing overlapping images. The 
photo on the right shows the technique for rotating dual cameras around a central point, again shown by 
the red dot. In this case, the pair is rotated about a common axis located midway between the left and right 
cameras and on a line connecting their zero parallax points. The sequence of images photographed by this 
technique form seamless panoramas in full stereo. 
 

 
 
Figure 3. The left camera is rotated about the point of zero parallax to create a 2D image. The dual-camera stereo 
system on the right is rotated around a central point that is midway between the zero parallax points of the two lenses.  
 
The technique for rotating the cameras about a common point in the horizontal direction may be applied 
vertically as well. This creates two concentric spherical images covering the full 360° x 180° field of view. 
The GigaPan robotic unit provides programmed camera motion capture, automating the process. The 
amount of inherent distortion created by our dual-camera system is a direct function of the camera offset, 
or the distance from the zero parallax point to the center of rotation. Limiting this offset to approximately 
35mm or less also limits the distortion effects of this technique to what could be compensated for later in 
the stitching process, provided that objects are no closer than approximately five feet from the point of 
rotation. Offsetting each camera by this amount provides a consistent 70mm interocular distance at all 
points in the resulting sphere. 
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Appendix 1:  Acquisition of stereo panoramas for display in VR environments 
 
2.4 Software 
 
The software converts the two image arrays created by the dual-camera system into two matching stereo 
views. The requirements are organizing the images into collections that match the image capture, adjusting 
individual exposure and possibly white balance if necessary, stitching the individual images to create a 
panorama, creating a projection that matches the intended display, and making final adjustments. Our 
choices for this project include Adobe Bridge® and Adobe Lightroom®, in Figure 4, and PTGui Pro® and 
Photo Shop® in Figure 5. 
 
Adobe Bridge or similar software can be used for viewing a large number of images, selecting the correct 
sequence if several exposures were shot, and matching corresponding left and right pairs. Adobe 
Lightroom can be used to make individual adjustments in light level, white balance, and contrast. Arranging 
the size of the thumbnail images to correspond to the width of the panorama gives a realistic view. 
 

 
 
Figure 4. Adobe Bridge and Adobe Lightroom provide a workflow for sorting and adjusting images from the dual-
camera system. This step organizes and adjusts images prior to the stitching process.  
 
The PTGui software allows multiple copies to be operated in parallel. This feature permits easily switching 
back and forth between left and right views. After the initial alignment, the Panorama Editor is selected for 
each image. Alternating between the two views allows precise adjustment of the roll, pitch, and yaw 
variables via the Numerical Transform Editor. Vertical alignment of the two views is critical, and can be 
adjusted to within 0.1 degree with this method. Finally, the yaw parameter is adjusted to align the picture 
plane at the preferred distance from the camera. The time required for creating the image file depends on 
the resolution selected and the capability of the computer used. For a Mac Pro with 6GB RAM, processing 
times for a maximum resolution panorama can reach 12 hours or more. 
 
Final adjustments for optimum contrast, color balance, saturation, sharpness, and similar parameters are 
done in Photo Shop. If both left and right images are combined in Layers, it is possible to switch rapidly 
back and forth between both views. This offers a quick and accurate test of stereo separation and balance. 
 

 
 
Figure 5. PTGui Pro stitching software is used to create the two matching stereo images and allows adjustment of roll, 
pitch, and yaw parameters. The final contrast, saturation, and sharpening are performed in Photo Shop. 
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Appendix 1:  Acquisition of stereo panoramas for display in VR environments 
 
3. SPHERICAL IMAGING 
 
The same photographic image capture technique is used for creating both spherical and rectangular 
projections. Spherical images are processed as equirectangular and mapped to the dimensions of the VR 
environment. Rectangular images are processed as rectilinear or cylindrical images and mapped to the 
dimensions of the rectangular display. 
 
3.1 Photographic capture 
 
A single rotation of the panorama head creates a horizontal row of images. Changing the vertical angle 
creates additional rows of images as shown below. In this example, fifteen images are required to cover the 
full 360° horizontal and five rows of images are required to cover the 180° vertical field. The five horizontal 
cylinders were shot at vertical angles of +70, +35, 0, and -35, -70 degrees. A set of images is created for 
each eye, separated by the interocular distance. 
 
The composite image in Figure 6 shows all 75 individual photographs. This represents either a left or a 
right component of the stereo image. The entire stereo for the VR output is constructed from at least 150 
individual photographs. If higher resolution is desired or if exposure bracketing is required, this number will 
rise dramatically. 
 

 
 

Figure 6. These 75 images will be combined to create a singe left or right channel of the 360° by 180° stereo view. 
 

3.2 Equirectangular or cylindrical projection 
 
Stitching software blends the separate images and creates a 360° by 180° projection, shown in Figure 7. 
This equirectangular or cylindrical projection will be subsequently mapped onto a corresponding sphere or 
cylinder in the VR environment.  
 

 
 
Figure 7. After processing in the stitching software, the separate left and right equirectangular projections. If comparison 
is made between the two images by switching back and forth between the two views, the stereo shift is apparent. 
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3.3 Spherical display -- QTVR 
 
The Quick Time (QTVR) test shown in Video 3, if selected in the stitching software before the final 
projection is created, will map the image onto a sphere. The result is similar to the complete VR 
presentation, showing full rotation and both poles. This test does not show depth, but it does indicate 
whether normal perspective will be restored and all straight lines will appear normal when viewed later in 
the VR environment.  
 

 

Video 3. Wisconsin Capitol. This test image shows how the equirectangular projection appears when mapped to a 
sphere, and how the final result will appear when viewed in the VR environment  
 
VR display – NexCAVE 
 
The two photographically created images are displayed on a cylinder or a sphere, depending on the 
projection used in the stitching. The radius from the viewer to the image is set at approximately infinity, or 
at the object of major interest. The two spherical images are displaced horizontally by the interocular 
distance, as seen from the viewer’s perspective. Displacement equal to the interocular distance is 
maintained perpendicular to a plane aligned with the viewer’s direction and perpendicular to a line between 
the eyes. This presents good stereo separation in whatever direction the viewer looks, even up and down. 
Objects at infinity will move with the viewer, contributing to an immersive experience. The NexCAVE in 
Figure 8 is a typical application. 
 

 
 
Figure 8. The NexCAVE high-resolution VR display at King Abdullah University of Science and Technology[10] presents 
polarized images matching the left and right views.  
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4. RECTANGULAR IMAGING  
 
Rectangular images are processed as rectilinear or cylindrical projections and may be used directly in high-
resolution multi-tiled displays[11], projection systems, and print. The correct visual perspective can be 
retained and further processing beyond conventional stitching software is not required. 
 
4.1 Photographic capture 
 
While spherical images for VR displays are frequently based on a 360° horizontal image capture, images 
for rectangular displays are limited to a 120° or less in the horizontal direction. Images wider than this 
cannot be rendered in rectilinear projection. The overall dimensions of the photographic capture will 
depend on the aspect ratio of the intended result. Resolution is a function of both the horizontal angle of the 
complete image and the focal length of the lenses used. This composite image in Figure 9 shows all 36 
individual photographs, representing either a left or a right component of the stereo image. Shooting slightly 
beyond the desired frame allows for cropping later in the final images.  
 

 
 

Figure 9. One channel of the original image capture is shown here as it appears in Adobe Lightroom2. The thumbnail 
size is adjusted so that the images in this view match the original order and layout in which they were shot. This 
arrangement facilitates making micro exposure adjustments to individual frames prior to stitching. 
 
4.2 Rectilinear or cylindrical projection 
 
The stitching software blends the separate images and creates a rectangular or cylindrical projection as 
shown in Figure 10. This image will be subsequently mapped onto a corresponding display. Image 
resolution is typically in the hundred-megapixel range, and can be as high as desired. 
 

 
Figure 10. The stitching software produces separate left and right images in either cylindrical or rectilinear projection. 
These images may be combined for full stereo electronic display or large-scale anaglyph prints. 
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4.3 Rectangular display 
Electronic displays in either 2D or 3D and large-scale anaglyph images can be produced by the same 
image capture technique. Shooting in full stereo and including wider angles of view than are strictly 
required allows for precise matching to the display. Both cylindrical and rectilinear projections are available 
in the stitching software and can be used to create accurate images in rectangular display format. 
 
Even if the intended display is only 2D, as shown below in Figure 11, capturing the original scene so that it 
may also be shown in stereoscopic mode takes little additional capture time and is a reasonable investment 
for applications with future display technologies. Capture in 3D also allows for anaglyph display or printing. 
 

 
Figure 11. A section of the original image is shown in this 40-megapixel display. The AESOP 40-tile display wall at King 
Abdullah University of Science and Technology was first prototyped at Calit2.  
 
Renderings of reasonable architectural accuracy are possible with rectilinear projections, provided that the 
horizontal input angle is not too wide. The absolute maximum for rectilinear progressions is 120°. Several 
rectilinear sections can be created like this one from a single 360° image capture of an interior view. 
Architectural interiors like the one in Figure 12 can also be photographed and displayed accurately with this 
technique. 
 

 
 
Figure 12. This architectural interior image captured in rectilinear progression and is 110° wide. Rectilinear projections 
like this show little distortion and may cover up to 120°.  
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5. VR DISPLAY METHOD  
 
The stereo panorama images can be displayed in immersive virtual reality systems in a way that the user 
experiences being in the place the photographer was when the surround images were created. We use the 
COVISE or Electro visualization framework, which is compatible with a wide variety of immersive and non-
immersive, 3D and 2D display environments, ranging from desktop computers to CAVEs. The key idea for 
stereo is to display the left and right eye images separately for each eye. That, along with the image being 
displayed at life size, will create a very realistic immersive experience.  
 
The type of projection selected will depend on the overall angle of view of the intended display.  
 

• For relatively small horizontal and vertical view angles, a rectilinear projection is textured onto a 
plane. 

• For large horizontal angles and small vertical angles, a cylindrical projection is textured onto a 
cylinder. 

• When both horizontal and vertical angles are large, an equirectangular projection is textured onto 
a sphere for the left and right eye respectively. 

 
The photographic panoramas are produced such that the points at infinity are in the same place on the left 
and right eye image. This textured sphere then goes through the normal VR perspective projection for the 
left and right eye. If the sphere radius is large, the left and right eye projections on the screen are displaced 
by the eye positions. If the tracked viewer head is oriented to view the screen "square on", the two images 
on the screen are displaced by the interlocutor distance along a line parallel to the line between the eyes.  
 
The correct disparity at infinity is produced by the VR projection. Disparities captured in the panorama 
closer than infinity are effectively subtracted from the disparity at infinity. We often set the radius of sphere 
at a point of interest in the scene. In an interior, we set the radius at the distance to the wall. This would 
move the disparity closer to the viewer, which is more appropriate for that kind of scene. 
 
Since the direction of the disparity is parallel to the line between the eyes, there is minimum vertical 
disparity error as the viewer tilts her head. With a sphere of large radius, objects move with the viewer, 
which is correct for objects at infinity. The disparity at the nadir and zenith is approximately correct.  
 
5.1 Advantages of this image capture and display method 
 
The method described in this paper has a number of advantages. It is not dependent on the particular 
screen arrangements of the VR hardware systems. The stereo panoramas can be displayed without 
software or hardware modification on a large number of VR devices, including one-wall through six-wall 
CAVEs. Images created by this technique are also compatible with a variety of software systems, including 
COVICE[12], CAVElib[13], and Electro[14]. 
 
If the VR software system has the ability to do different things for different eyes, a common property, then 
the method will work. We have ported the method to a large variety of VR systems including classic 
CAVE[15][16], StarCAVE[1], NexCAVE[2], Varrier[17][18], and CORNEA[3]. 
 
There are limitations, however, in response to head motion. If the radius of the sphere is large, the entire 
scene moves with the viewer. This is correct for distant objects, but not for objects at a different radius than 
the sphere. There is also no “look around” and the viewpoint of the projection is from the camera position, 
not the viewer position.  
 
5.2 COVISE visualization framework 
 
In order to display the surround panorama images with COVISE, they need to undergo the following steps. 
The source data set is one large TIFF image file. A typical size would be 22k x 14k pixels, either with 
cylindrical or with spherical mapping. These images are expected to be RGB at 24 bit/pixel, but other 
formats could easily be supported as well. 
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In the first step we use ImageMagick to resize the image so that the number of pixels along each edge 
becomes a multiple of 4k. For example, the 22k x 14k image would get scaled to 16k x 8k. This size works  
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well with the StarCAVE hardware, but it may be too much texture data for other systems. The resizing 
happens without maintaining the aspect ratio of the image; that is going to be corrected when the image is 
being displayed. 
 
In the next step, we load the resized images (in case of 3D stereo images, there will be a left-eye and a 
right-eye image) into our COVISE plugin. Upon loading, our software will tile the image into 4k x 4k 
textures. The tessellation of the image will happen differently, depending on whether a cylindrical or 
spherical image is to be displayed. 
 
5.3 Image conversion 
 
For cylindrical images, every 4k texture tile get tessellated into 30 quads, each as high as the tile and 1/30th 
of the width of the tile. The number 30 is an empirical value, which we find, works well in the StarCAVE. 
Our COVISE plugin has a menu in which the user can select the radius of the cylinder that the image is to 
be displayed on. A good value for this radius we found to be 30 feet. From the radius, knowing with what 
vertical viewing angle the panorama was shot, we can calculate the height of the cylinder, and thus the 
height for each textured quad. The cylinder is positioned so that its center is in the user’s head position, 
while its height is user adjustable; the user should set the height so that the horizon in the image is at the 
user’s eye height. 
 
In the case of a spherical image, our application will tessellate each 4k x 4k texture tile into 30x30 quads. 
Again, this is an empirical value that works well in the StarCAVE. The radius of the sphere is user 
adjustable, just like in the case of the cylinder; we use 30 feet by default, which is a good value for the 
StarCAVE. And again, the horizontal and vertical angle width of the panorama image is dependent on how 
the panorama was shot. Those angles and the radius fully define our sphere. The last remaining step is to 
position the sphere: we place its center in the user position. The height is adjustable, so that the user can 
move the horizon to eye height, which is where it would be in reality. The texture mapping for spherical 
images happens evenly across the tile. This means that towards the north and south pole of the sphere, 
the tiles shrink, down to a single point in the very poles. This assumes that the spherical panorama was 
shot all the way to the poles. 
 
5.4 Configuration file 
 
Every panorama image needs to come with information about its horizontal and vertical view angle, in order 
to allow for a correct display in VR. These and other parameters, including the user adjustable parameters 
in the menu can be configured or initialized in COVISE’s configuration file. The configuration options for this 
entry: 
 

• reye - right eye image 
• leye - left eye image 
• radius - world space radius of sphere/cylinder 
• viewanglev - vertical view angle 
• viewangleh - horizontal view angle 
• camHeight - height offset for camera position 
• segments - number of segments to use when rendering 
• tsize - image tile size 
• sphere - render as sphere instead of cylinder 

 
Here is an example for a configuration file entry for a spherical stereo panorama image: 
 
<Taliesin_Garden_13 reye="/state/partition1/data/SpherePans/Taliesin-Garden-13-R16_8.tif" 
leye="/state/partition1/data/SpherePans/Taliesin-Garden-13-L16_8.tif" radius="9144" viewanglev="180" 
viewangleh="360" camHeight="-1128.0" segments="30" tsize="4096" sphere="1"  /> 
 
Our COVISE application offers the following configurable parameters for the user to change with dials: the 
height offset of the cylinder or sphere from the origin of the room coordinate system; the radius of the 
cylinder or sphere; the view angles the panorama covers; the number of tessellation segments per texture 
tile. 
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6. CONCLUSIONS 
 
This system provides a compelling 3D experience with high-resolution photographic realism of architectural 
and natural environments. These stereo panoramas have been shown publicly to hundreds of viewers in a 
variety of VR display systems and VR software systems. Although the method does not provide viewer-
centered perspective, it does utilize the stereoscopic and large angle of view properties of VR systems. 
 
Two interesting developments have occurred as a result of this research. VR is expanded to now include 
photography as a medium for creating the entire immersive experience. Photography is expanded in scope 
as well, reaching beyond the conventions of the frame to include environmental imaging as created by the 
stereo panorama process. 
 
Many of the adjustments, parameters, and concepts that are familiar in conventional photography need to 
be modified or even abandoned for photographic capture of VR environments. Other than selecting a 
location that’s worth photographing in the first place, few skills learned from conventional photography 
remain intact. Many of the artistic considerations familiar to photographers are applicable in new ways. 
 
6.1 Composition  
 
Selecting a point of view is often the first consideration in creating a conventional photograph. With 
environmental imaging, however, there is no boundary to define the visual experience. This doesn't 
eliminate composition in the broad sense from consideration: it translates this aspect of the creative 
experience to encompassing more than two dimensions. The challenge becomes one of composing an 
image without reference to any edge. In this connection, selecting an environment for photographic capture 
has more in common with the ways we view sculpture or architecture than the artistic parameters 
associated with conventional photography. 
 
6.2 Depth of field  
 
Controlling the depth of field and region of focus is often a major creative element in conventional 
photography, rendering background or other information slightly softer and shifting point of view to a 
specific area of interest. This creative tool does not work the same way in VR because the viewer expects 
everything to always be in focus, just as it appears to be in the real world. If an object in virtual space does 
not immediately appear in perfect focus, the illusion is lost and virtual reality fails. With precise focus and 
aperture settings to preserve maximum depth of field for all visible objects we can present a virtual 
environment that mimics reality, regardless of the subject or portion of the image being scrutinized. To do 
this it is necessary to capture and visually recreate a scene the way we think we see, not as it actually 
appears to the eye. 
 
6.3 Dynamic range  
 
Capturing the complete dynamic range of a scene and recreating it in a print is the essence of the zone 
system[19] created by Ansel Adams[20] and others. Capturing dynamic range is challenging in conventional 
photography and even more problematic when capturing VR environments because of the wide range of 
light values. Exposure bracketing and HDR (high dynamic range) processing[21] is often the only solution. 
Fortunately, stitching software is designed to process HDR images automatically in both true HDR and 
image fusion modes. There are, however, drawbacks to this approach. With each additional set of 
bracketed images, processing time increases dramatically. This increased data collection taxes everything 
from camera buffers and storage media to post production times. Computer processing time can easily 
stretch to more than a day to calculate and display a single image, using current techniques and 
conventional computers. 
 
The dynamic range of human vision is extensive, allowing people to easily adjust to a wide range of light 
values. Photographs, by comparison, are extremely limited. As a result, the same loss of detail in highlights 
and shadows that is typical of many conventional photographic prints will appear unreal in a virtual setting. 
This places additional demands on the dynamic range that must be captured in order to provide a 
believable representation of what we would normally expect to see. With conventional photography, a 
major challenge involves adjusting the dynamic range of the image to match the very limited dynamic range 
of the photographic print. When digital displays are used, the restrictions of print no longer apply and 
dynamic range can be extended. 
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6.4 Image resolution  
 
Resolution is unlimited in stereo panoramas. If higher resolution is required, longer focal lengths are used 
to provide more images for covering a given area or angle of view, directly increasing resolution in the final 
product. This would be good news to those who are convinced that more is better where megapixels are 
concerned, except that processing demands quickly limit image resolution to practical levels.  
 
A reasonable approach would be to determine the maximum resolution the display media can 
accommodate and set the focal length and number of images required accordingly. Original image capture 
in higher resolution than is required in the current VR or other display is a reasonable choice, given that 
future display technology will probably continue to accommodate increased resolution capabilities. 
Similarly, photographing a scene in stereo where only a 2D output is required allows for future 
opportunities. 
 
 6.5 Camera settings 
 
Automatic settings make modern digital cameras easy to use and give the photographer creative freedom 
to explore subject matter instead of being constantly immersed in myriad dials and details. Unfortunately, 
many of these settings must be disabled when shooting for VR capture. Focus, for example, can no longer 
be automatic. It's fine to use auto-focus to initially set the distance, but this feature must be turned off when 
shooting panoramas. Shifting focus during capture can result in major post production confusion.  
 
Exposure should also remain constant. Variations in light level should be accommodated by bracketing all 
the images, not by changing exposure settings of individual images that will be combined in the final result. 
If the light level varies while a panorama is being photographed, processing the images in Adobe Lightroom 
or similar image correcting software can adjust for these variations prior to the stitching process. A more 
precise technique is to shoot the scene multiple times and create a correctly exposed result by hand-
selecting individual images with corresponding light values.  
  
Focal length and white balance must remain constant. The more advanced stitching software calculates the 
actual focal length used instead of relying on the EXIF focal length data encoded with the image file. If this 
parameter varies among images, the stitching software becomes completely befuddled. White balance 
must also be consistent for the complete scene. Allowing white balance to adjust automatically can result in 
wide variations that are extremely difficult to correct. 
 
To create a believable VR experience based on a photographic representation, all of these critical camera 
settings must be optimized for that result. If any one parameter wavers significantly, the overall effect will 
be lost. The viewer will be simply immersed in “photographs” instead of the reality that’s intended. 
 
6.7 Reality -- virtual and otherwise 
 
The mechanism of human visual perception abhors ambiguity and may go to extreme lengths to create 
reasonableness and continuity out of whatever visual information we perceive. This cognition is the primary 
contributor to our sense of what is real. 
 
To create a virtual or alternate view of reality, sufficient information must be presented to make that view 
the preferred choice. When photorealism is added to the VR environment via environmental imaging, the 
data can be sufficiently compelling. It is no accident that we use the phrase "I see" when we actually mean 
comprehension and understanding. We live, after all, in a visually defined universe -- as opposed a 
dolphin's principally auditory environment and the canine's olfactory world. To us, seeing actually is 
believing -- even if it's always a virtual perception. 
 
But our perceptions can be fooled, as with the Necker Cube illusion first examined by Swiss 
crystallographer Louis Albert Necker[22] in 1832 and shown here as Figure 13. There are several possible 
realities represented and, with insufficient data to definitively select one over the other, our actual 
perception of this event may waver. This is precisely the circumstance that allows us to perceive optical 
illusions of various sorts, and also allows us to intentionally manipulate the visual realities of others. 
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Figure 13. The Necker cube illustration shows how easily our visual perceptions may be altered when visual clues are 
ambiguous.   
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Equipment list 
 
This is a complete list of the equipment I used in creating the stereo panoramic system. Not all 
links – and of course not all pricing information – is guaranteed to be current. 
	  
(1)   Pelican Case 1550 w/foam  
$129.99 
http://www.amazon.com/Pelican-1550-Case-Foam-
Black/dp/B00009XVLO/ref=sr_1_1?s=gateway&ie=UTF8&qid=1285456148&sr=8-1 
 
(1)   Pelican Case 1300 w/foam  
$45.10 
http://www.amazon.com/Pelican-1300-000-110-Small-DSLR-
Camera/dp/B001AXJPF2/ref=sr_1_1?s=gateway&ie=UTF8&qid=1285456948&sr=8-1 
 
(1)   Pelican Case 1120 w/foam  
$27.39 
http://www.amazon.com/Pelican-1120-Case-Foam-
Black/dp/B0002INQSI/ref=sr_1_1?s=gateway&ie=UTF8&qid=1285456328&sr=8-1 
 
(1)   Apple Mac Pro 12-Core computer  
$9,199.00 (total) 
http://www.apple.com/macpro/ 
 

(Specifications) 
Two 2.66GHz 6-Core Intel Xeon “Westmere” (12 cores) 
16GB (8x2GB) 
512GB solid-state drive 
512GB solid-state drive 
2TB 7200-rpm Serial ATA 3Gb/s hard drive 
2TB 7200-rpm Serial ATA 3Gb/s hard drive 
ATI Radeon HD 5870 1GB 

 
(1)   Apple LED Cinema Display (27” flat panel)  
$999.00 
http://store.apple.com/us/product/MC007LL/A 
 
(1)   Adobe Photoshop CS5 [Mac]    
$659.54 
http://www.amazon.com/Adobe-65048331-Photoshop-CS5-
Mac/dp/B003B32B0U/ref=sr_1_1?s=gateway&ie=UTF8&qid=1285506597&sr=8-1 
 
(1)   Adobe Photoshop Lightroom 3    
$274.34 
http://www.amazon.com/Adobe-65064073-Photoshop-Lightroom-
3/dp/B003739DVY/ref=sr_1_1?s=software&ie=UTF8&qid=1285506711&sr=1-1 
 
(1)   PTgui Pro stitching software   
$206.00 
http://www.ptgui.com/order.html 
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(1)   GigaPan EPIC Pro robotic camera mount    
$895.00 
http://gigapansystems.com/gigapan-epic-pro.html 
 
(1)  GigaPan EPIC Pro battery (as spare) 
$49.00 
http://gigapansystems.com/gigapan-products/gigapan-epic-pro-product-parts.html 
 
(1)   Berezin Stereo Photography Products – 124 – Adjustable Twin Vertical Mount    
$149.95 
http://www.berezin.com/3d/slidebars.htm#Vertical 
 
(1)  Berezin Stereo Photography Products – 130 – Six-inch Twin Camera Bar    
$69.95 
http://www.berezin.com/3d/twinbar.htm 
 
(2)   Panasonic Lumix DMC-GF1 12.1MP Digital Camera with LUMIX G 20mm f/1.7 Aspherical 
Lens    
$674.95 
http://www.amazon.com/Panasonic-DMC-GF1-Four-Thirds-Interchangeable-
Aspherical/dp/B002MUAEX4/ref=pd_cp_p_2 
 
(2)   Panasonic 45mm f/2.8 Aspherical MEGA OIS Lens  
$895.77 
http://www.amazon.com/Panasonic-45mm-2-8-OIS-
Interchangeable/dp/B002NKM29C/ref=pd_rhf_p_t_1 
 
Tiffen 46mm UV protection filter 
$9.95 
http://www.amazon.com/Tiffen-46mm-UV-Protection-Filter/dp/B00004ZCJE/ref=pd_cp_p_1 
 
Panasonic DMW-BLB 13 battery 
$44.76 
http://www.amazon.com/Panasonic-DMW-BLB13-Battery-Digital-
Cameras/dp/B001ISKNKU/ref=pd_rhf_shvl_2 
 
SanDisk Ultra 32GB SDHC card 
$86.58 
http://www.amazon.com/SanDisk-Ultra-SDHC-32GB-
Card/dp/B00194101O/ref=sr_1_1?ie=UTF8&s=photo&qid=1253052022&sr=1-1 
 
Gepe CardSafe Extreme 
$18.88 
http://www.amazon.com/Gepe-CardSafe-Extreme-Case-
memory/dp/B0002I71LQ/ref=sr_1_4?ie=UTF8&s=photo&qid=1244988442&sr=1-4 
 
Ainsworth CC-1 Dual-Camera Controller 
$850.00 
http://www.qwerty.com/CC-1 
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Appendix 2:  Equipment list 
 
 
(1)  SDHC card reader – moshi Cardette 
$30.00 
http://www.amazon.com/moshi-Cardette-Ultra-Titanium-
Gray/dp/B00304ZB2A/ref=sr_1_3?ie=UTF8&s=electronics&qid=1289406132&sr=8-3 
 
(1)   Manfrotto 055CXPRO4 Carbon Fiber Tripod     
$424.90 
http://www.amazon.com/Manfrotto-055CXPRO4-Section-Magnesium-
Castings/dp/B001GIPR62/ref=dp_ob_title_ce 
 
(1)   Manfrotto 322RC2 Joystick Head    
$139.72 
http://www.amazon.com/Manfrotto-322RC2-Joystick-Head-
Short/dp/B000184N22/ref=sr_1_3?s=gateway&ie=UTF8&qid=1285512392&sr=8-3 
 
(1)   C-Thru Ruler inch/metric    
$.49http://www.amazon.com/C-THRU-6-IN-CO-ED-RULER/dp/B001E1Z6J4/ref=pd_sim_k_2 
http://www.amazon.com/C-THRU-6-IN-CO-ED-RULER/dp/B001E1Z6J4/ref=pd_sim_k_2 
 
(1)   ADC Tape Measure     
$6.61 
http://www.amazon.com/ADC-396-Tape-
Measure/dp/B000QV1L1U/ref=sr_1_16?s=STORE&ie=UTF8&qid=1285516141&sr=8-16 
 
	  


