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Annual Progress Report for 
Grant ECS-9058389 

"Presidential Young Investigator Award" 

1. Summary of Research Conducted 

The purpose of my research is to develop and apply efficient methods for computing 
radiant energy transfer. I have explored two new lines of research in the past year -- the 
application of illumination simulations to problems in computer vision, and the 
development of a simple model of human perception for computer graphics realistic 
image synthesis. 

Another faculty member at Georgia Tech, Dr. Kok-Meng Lee, has established a research 
program (sponsored in part by a NSF PYIA Grant 8958383) in low-cost flexible systems 
for machine loading and assembly. Central to such a system is a low cost camera system 
used to locate the parts to be handled. In the past other researchers have used simple 
computer graphics images of part geometries as an aid for testing image processing 
algorithms. Dr. Lee, mechanical engineering graduate student Johne' Parker (who is 
supported in part by this grant), and I are investigating the benefits of using images 
generated with an accurate illumination simulation to aid in the design of the camera 
system as well as in evaluating image processing algorithms to be used on the data 
captured by the camera system. We selected the public domain illumination package 
"Radiance" developed at Berkeley Light Laboratories as the basic simulation software 
package. Thus far we have made a few preliminary images attempting to simulate the 
geometry and properties of the vision system used in Dr. Lee's laboratory. We are still 
evaluating differences between the actual and simulated images and determining what 
improvements are needed to obtain an adequate simulation. 

Although they are very time consuming, reliable algorithms for accurately calculating 
illumination for computer graphics image synthesis have been developed over the past 
few years. One question that has remained unanswered is how accurate is accurate 
enough? Traditionally, graphics illumination algorithms began by assuming an artificial 
universe in which displayable radiance values were always integers between 0 and 255. 
Once a value was known to the nearest integer, the calculation was complete. More recent 
methods -- radiosity and Monte Carlo Path Tracing -- compute radiance in true physical 
units, which can have ranges as great as a trillion to one. No method for accurately 
mapping this huge physical range to a display device has been developed. As a result, 
after painstakingly specifying geometries and properties, and waiting hours to compute 
accurate radiances, the final image is displayed with an arbitrary scaling curve. Jack 
Tumblin, a graduate student in the School of Electrical Engineering (not supported by this 



grant) and I worked on developing some simple perceptually based models to address this 
problem. These models are based on perception data gathered years ago for developing 
gamma curves for film and television displays. Knowing how a radiance will ultimately 
be mapped to a display device allows us to limit illumination calculations to within an 
uncertainty which will not be visible in the final image. 

2. Plans for Continued Research 

In the coming year research will continue in the two areas described above, along with 
research into progressive refinement algorithms which as been started with support from 
grant ECS-8909251 (Research Initiation Award). 

In the computer vision area, we will continue comparisons of the real and synthetic 
images. We will try to develop guidelines for the camera system geometry and 
illumination using the simulation package. We plan to begin a specification of a design 
tool in which an illumination simulation could be incorporated in a CAD system, so that 
the ability of a robot to assemble a system could be an added consideration in the design 
process. 

In the perceptual model area, Jack Tumblin will continue working with another professor 
to develop more advanced models. I will continue working on how to take advantage of 
these types of models in minimizing the calculations needed to generate an image. 

In the area of progressive refinement algorithms, research into the use of geometric 
hierarchies to simplify calculations will be continued. 

Support is primarily required for graduate students, both for the student working on the 
computer vision project, and for the students who have been working on the progressive 
refinement algorithms. Support is also required for the maintenance of the Personal Iris 
workstation which is the primary machine for my research. 
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PART I - PROJECT IDENTIFICATION INFORMATION 
1. Program Official/Org. 

George Lea/Computational Engineering 

2. Program Name Presidential Young Investigator Awards 

3. Award Dates (MIWYY) 	From: 10-1-90 
	

To: 3-31-93 

4. Institution and Address 
The George W. Woodruff School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332-0405 

5. Award Number ECS-9058389 

6. Project Title 
"Presidential Young Investigator Award" 
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NSF Grant Conditions (Article 17, GC-1, and Article 9, FDP-II) require submission of a Final Project 
Report (NSF Form 98A) to the NSF program officer no later than 90 days after the expiration of the 
award. Final Project Reports for expired awards must be received before new awards can be made 
(NSF Grants Policy Manual Section 677). 

Beloit, or on a separate page, provide a summary of the completed projects and technical information and attach It to this form. 
Be sure to include your name and award number on each separate page. See below for more instructions. 

PART II - SUMMARY OF COMPLETED PROJECT (for public use) 

The summary (about 200 words) must be self-contained and Intelligible to a scientifically literate reader. Without restating the 
project tide, it should begin with a topic sentence starting the project's major thesis. The summary should include, If pertinent 
to the project being described, the following items: 

• The primary objectives and seeps of the project 
• The techniques or approaches used only to the degree necessary for comprehension 
• The findings and implications stated as concisely and Informatively as possible 

see attached sheet 

PART Ill - TECHNICAL INFORMATION (for program management use) 

List references to publications resulting from this award and briefly describe primary data, samples, physical collections, 
Inventions, software, etc. created or gathered In the course of the research and, if appropriate, howthey are being made available 
to the research community. 
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Holly E. Rushmeier 
ECS-9058389 

Part II - Summary of Completed Project 

The purpose of this research was to develop and apply efficient methods for computing 
radiant energy transfer. Two specific lines of research were explored — one in the area of 
realistic image synthesis and one in the area of computer vision. 

In the area of realistic image synthesis a great deal of attention has been given to the 
accurate simulation of the radiant transfer of visible light in the environment to be imaged. 
The results of such a simulation are real valued radiances with a potential range of a tril-
lion to one. Very little research has been done to examine how this range of radiances is 
most effectively mapped to the limited display range of a typical CRT. In this project an 
appropriate mapping was developed based on a simple model of the human visual system. 

In the area of computer vision synthetic images are frequently used to test algorithms 
for image analysis. These synthetic images are based on simplistic energy transfer models, 
and do not accurately represent images captured by real vision system. The usefulness of 
such images is limited. In this project we examined how to produce physically accurate 
synthetic images using state of the art computer graphics global illumination algorithms and 
an accurate camera model. Initial comparisons of simple synthetic images and physically 
accurate synthetic images to images capture by an actual vision system showed that careful 
modeling of the radiant energy transfer is critical in producing useful simulations. 



Holly E. Rushmeier 
ECS-9058389 

Part III - Technical Information 

The following publications resulted from this award: 

Tumblin, John Erwin (Jack) and Holly E. Rushmeier, "Tone Reproduction for 
Realistic Computer Generated Images," Georgia Tech Graphics, Visualization 
and Usability Center Tech Report GIT-GVU-91-13, submitted for journal publi-
cation. 

Rushmeier, Holly E., Johne M. Parker, Kok-Meng Lee, "Physically Accurate 
Synthetic Images for Computer Vision System Design," Georgia Tech Graphics, 
Visualization and Usability Center Tech Report GIT-GVU-91-25, submitted for 
conference presentation. 

The results of this grant are methods and algorithms, which are being distributed to the 
research community by means of the publications listed above. The software developed to 
test these methods is not in a form suitable for general distribution, and will only be used 
for future research by people involved in this project. 
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1 Introduction 

The goal of this research was to develop and apply efficient methods for computing radiant 
energy transfer. Two ideas in this area were developed. The first was the development of 
a simple model of human perception to be used in mapping the results of an illumination 
simulation to the limited dynamic range of a CRT. The second was the generation of synthetic 
images for use in the study of computer vision systems. 

This grant was terminated by the departure of the principal investigator from Georgia 
Tech 1 year and 3 months into the original 5 year term of the grant. A third area to have 
been pursued was the continuation of the development of progressive refinement methods 
for calculating radiant transfer which was begun with support from grant ECS-8909251, 
"Progressive Refinement Algorithms for Radiant Transfer." 

2 Personnel 

Two graduate students received support from this grant - Johne Parker and David Hall. 

Two additional graduate students received travel funds from this grant - Jack Tumblin and 
Charlie Patterson.  

Johne Parker is a graduate student in the School of Mechanical Engineering at Georgia 
Tech. She was supported by this grant from September 1990 to December 1991. Her work 
concerns the generation of synthetic images for the study of computer vision systems. She 
plans to finish her M.S. thesis in the Spring of 1992. She plans to continue on for a Ph.D. 
doing research in the area of computer vision under the direction of Dr. Kok-Meng Lee of 
the School of Mechanical Engineering. 

David Hall is also a graduate student in the School of Mechanical Engineering. He was 
supported in part by this grant in the Fall of 1991. David worked on the project supported 
by ECS-8909251, and was continuing work in the same area until the departure of the P.I. 
He is now pursuing a Ph.D. in the area of Mechanics of Materials with Dr. David McDowell 
in the School of Mechanical Engineering. 

Jack Tumblin worked on the problem of modeling human perception as an independent 
study course while working on his non-thesis M.S. in the School of Electrical Engineering at 
Georgia Tech. Upon completion of the M.S. he enrolled in the Ph.D. program in the College 
of Computing, supported as a staff assistant in the Graphics, Visualization and Usability 
Center. Jack received funds from this grant to attend SIGGRAPH '91 in Las Vegas, Nevada 
to expand his general background in computer graphics. (At SIGGRAPH he worked as a 
student volunteer in return for registration fees.) Jack is currently continuing research in the 

1 
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area of graphics and human perception with his advisor Dr. Brian Guenther of the College 
of Computing. 

Charlie Patterson is a graduate student in the College of Computing. He worked on 
the project supported by ECS-8909251. He received funds from ECS-9058389 to attend 
SIGGRAPH '91 . (The College of Computing also contributed to the cost of his trip.) 
Charlie is continuing his research in computer graphics under the direction of Dr. Brian 
Guenther. 

Funds from this grant were also used to provide one month summer salary for the P.I. 
Travel funds were also used for the P.I. to attend the SPIE Aerospace Sensing Conference, 
April 1991 in Orlando, FL. The purpose for attending this conference was to learn about the 
application of radiant transfer solution methods to image synthesis for remote sensing and 
defense applications. 

3 Facilities 

The work was primarily performed using a Silicon Graphics Personal Iris, purchased with 

faculty start-up funds. Funds from ECS-9058389 were used to pay maintenance fees for the 
machine. Funds were also used to purchase a laserjet printer devoted to this project. The 
Personal Iris and printer were located in the Graphics, Visualization and Usability Center 
located in the College of Computing. In the Center students also had access to additional 
SGI workstations, Sun workstations, an Apple Macintosh, a film recorder and a variety of 
printers. 

For the computer vision project, real images to be compared with synthetic images were 
captured using a new proto-type vision system developed by Dr. Kok-Meng Lee. Funds from 
ECS-9058389 were used to purchase parts for this system - led's, pinholes, etc. - needed to 
make appropriate comparison images. In particular, specific parts needed for Johne Parker 
to finish experiments for her M.S. thesis were purchased near the end of the term of the 
grant. 

4 Summary of Results 

The results of this project are detailed in the publications appended to this report. Below 
is a summary of each publication: 

1. Tumblin, Jack and Holly Rushmeier, "Tone Reproduction for Realistic Com- 
puter Generated Images," Georgia Tech Graphics, Visualization and Usability 
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Center Tech Report GIT-GVU-91-13, submitted for journal publication. 

Computer graphics global illumination methods calculate the radiant transfer of visible 
light energy in a scene. Illumination methods have been developed which are capable of 
producing highly accurate, detailed solutions. The results are in the form of real numbers 
which can vary in magnitude by a factor of a trillion. These results must be mapped to 
a CRT display which has a dynamic range on the order of only a hundred to one. Most 
image synthesis systems today spend CPU hours or days computing an accurate illumination 
solution and then use arbitrary methods are used to make the mapping to the CRT. The 
goal of this research is to use a simple model of the human visual system to formulate an 
appropriate mapping. 

Mapping real world radiances to an image radiance is a classic problem in photography, 
and is referred to as the tone reproduction problem. Clearly the image radiance can't match 
the real world radiance. The goal is to produce an image in which the tones perceived by the 
viewer match the tones which would be perceived by the viewer of the actual scene. In this 
paper the ideas used in tone reproduction photography are applied to the graphics problem. 
A different mapping is developed for the graphics problem though, since graphics image 

synthesis does not have the limitations of chemical reactions inherent in the photographic 
process. 

The tone reproduction mapping solves two problems. First, a realistic image can be 
formed without the user having to intervene and adjust scaling factors until the image "looks 
good." Second, the mapping allows the user to define how accurate an illumination solution 
has to be. Solutions only need to be computed to the point were the pixel radiance plus or 
minus the error in the pixel radiance map to the same CRT setting. 

2. Rushmeier, Holly, Johne Parker, and Kok-Meng Lee. "Physically Accurate 
Images for Computer Vision System Design" Georgia Tech Graphics, Visualiza-
tion and Usability Center Tech Report GIT-GVU-91-25, submitted for conference 
presentation. 

The design of a computer vision system is a complex hardware/software design problem. 
The design loop can be shortened by the use of synthetic images for running tests of system 
software. Synthetic images have the advantage that the geometry and properties of the parts 
being viewed can be controlled completely. 

Most synthetic images used in testing vision software however use extremely simple mod-
els of image formation. Simple and/or aphysical properties such as Larnbertian or Phong 
reflectance are assumed. Point light sources and ideal pinhole cameras are used. Synthetic 
images of this type are very limited in their usefulness in testing the overall vision system. 
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A methodology for making physically accurate synthetic images to simulate the input 
to a computer vision system is presented. The "Radiance" software package from Lawrence 
Berkeley Laboratory was used to calculate the light energy transfer in the scene. A model of 
the camera system was then used to calculate the digital gray scale output for the calculated 
array of incident radiances. 

A comparison of a series of increasingly accurate synthetic images to images captured by 
an actual vision system are presented. The comparison of actual and synthetic images show 
the critical impact of correctly modeling reflectance, light source distribution and the finite 
camera pinhole. 

5 Future Work 

The two major ideas developed in this project, incorporating models of human perception 
into image synthesis and generating accurate synthetic images computer vision design, are 
being expanded by the students who worked on them. Jack is refining the tone mapping 
operator, and is looking at the general problem of human perception affects the sample 

techniques used in generating an image. Johne is developing some quantitative comparisons 
of real and synthetic images. One idea she is considering for future research is how synthetic 
imaging could be incorporated into a CAD package that would allow an engineer to examine 
ease of assembly in the course of designing a part. 
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TOPIC SENTENCE 

Avoid 'magic scale factors' when mapping drastic real-world intensities to the tiny range of display 
intensities; instead, use 'observer models' to mimic effects of the human visual system. 

ABSTRACT 

Radiosity and other global illumination methods for image synthesis calculate the 'real world' 
radiance values of a scene instead of the display radiance values that will represent them. This 
causes 'display range' problems that are often solved by ad-hoc means ,giving little assurance that 
the evoked visual sensations (brightness, color, etc.) are truly equivalent. Workers in photography 
have studied such perception matching as 'tone reproduction', and devised correcting operators from 
both empirical and vision research data. Corrections are usually limited by the chemical/optical 
restrictions of film. These practical film methods were adopted by television systems and then by 
computer graphics, despite the ease of implementing better correction operators by computer. 
In this paper we advocate the use of better tone reproduction for computer graphics. We give a 
general framework for tone reproduction, where mathematical models of the display device and 
human observers define an explicit conversion from real-world to display device radiance. These are 
used to review tone reproduction operators used for film and television. A brief summary of some 
applicable vision research literature leads to a simple example of an improved operator. We apply 
the Stevens & Stevens models of brightness .vs. luminance relations to our framework to create a 
new tone reproduction operator for black & white computer generated images. The new operator is 
shown to be a reasonable solution to the display range problem, and further extensions are suggested. 

1. INTRODUCTION 

Most computer graphics image synthesis algorithms don't know the difference between night and 
day — differences that are obvious to any human eye. These differences are lost in the conversion of 
computed images to displayed images, and deserve more careful study. Though methods such as 
radiosity and stochastic ray tracing techniques can compute extremely accurate and wide-ranging 
scene radiances, these precise results must be converted to a very small range of displayed radiances 
for viewing on modem display devices. Despite good 'gamma correction', these conversions can be 
dubious, aphysical, and sometimes fail spectacularly for extreme lighting conditions because they 
ignore light-dependent changes in the way we see. 

This paper calls attention to these conversions, not only because bad solutions can ruin the accuracy 
of displayed images, but because good solutions are implemented easily by computer from a 
mathematical description. A photograph is said to have good 'tone reproduction' if it faithfully 
reproduces the subjective brightnesses of the original scene, and tone reproduction is improved by 
careful control of the conversion between photographed and displayed radiance values. Only the 
simplest conversions are done, however, since more complicated changes are chemically or 
optically impractical. Free of these limits, computer graphics workers can not only apply the 
existing photographic tone reproduction operators, but may greatly extend them to include more 
complex and subtle effects of human vision, by simply exploiting the quantitative models and data 
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published by vision researchers. Advanced methods of tone reproduction may eventually allow 
accurate reproduction of Many familiar visual effects usually done by ad-hoc or artistic means, such 
as afterimages from a blinding flash, the eerie glow of a neon tube, or a gradual transition from 
daylight to night-vision. 

Figure 1: Display of radiositv solution using ad-hoc scale factor, 
This image is valid for both the firefly- and the searchlight-illuminated case 

2 BACKGROUND 

2.1 A Simple Example 

A simple example of day-and-night confusion is shown in Fig. 1, and arises from the intuitive use of 
scale factors as a tone reproduction operator. Figure 1 depicts a room of uniformly diffuse surfaces 
lit by a single extended light source whose emitted power can be continuously varied between that 
of two squashed fireflies and that of an aircraft searchlight. Since the global illumination solution is 
linear in source radiance [ARV090], if the image radiance values are known for one light source 
strength, results for any other light source strength are directly proportional; doubling the light 
source power doubles all image radiance values. Accordingly, the image of a room with firefly-
powered lighting is identical to the image of a room lit by an aircraft searchlight, except for a scale 
factor of about 10 11 . 

How should such firefly- and searchlight-strength room images be displayed? One popular and 
widely used method normalizes all computed scene radiance values by the radiance of the strongest 
non-emitting surface in the image, and then these normalized values drive a gamma corrected 
display system. This method was used for figure 1, and gives the appearance of pleasant office 
lighting quite familiar to radiosity workers. When applied to the firefly- and searchlight-powered 
images, the 10 11  scale factor that distinguishes them is removed by normalization, so Fig. 1 is the 
displayed result for BOTH of them! 
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Human observers would perceive these rooms quite differently. Given enough time for full dark-
adaptation (up to an hour) [DAVS76], the firefly-powered room appears as little more than a very 
dim light source. Given time for the painful, squinting adjustments needed, a searchlight illuminator 
might allow a human observer to discern some harsh details in the darker shadow areas, but all else 
would be awash in glaring white. Neither observer would recognize Figurel; despite careful 
computation of radiance, the displayed result is a wholly inaccurate representation of the two rooms. 

Besides the clear failure of simple normalization to render extremes in illumination, our example 
also shows Fig. 1 to be of questionable accuracy even as a rendering of a typical indoor illumination. 
As discussed in [MEYE86], the rendering process has two steps — the calculation of scene radiances, 
and the use of principles of perception to map these radiances to the display device. In order to be 
viewed as a science, each of these steps must be subject to verification by the scientific method. A 
tremendous amount of research has appeared recently dealing with rigorous, first principle methods 
for the first step (e.g. [HALL89]). The portion of the second step dealing with color transformations 
has also been been studied with a sound scientific basis (e.g. [DURR87]). However, the mapping of 
the range of real world radiances to the display device (tone reproduction) has been generally 
ignored. Currently, unless the scaling of an image is performed by a user who knows what the scene 
should look like, no justifiable model of the human vision system has been used to generate the 
image. 

Figure 1 was expensive to compute, since the error tolerance of its radiosity solution was quite small 
and uniform across the entire image. Human observers in the firefly- and searchlight-illuminated 
rooms would see very little of the image detail present in Figure 1; all but the brightest features 
would be lost in blackness under firefly light, and all but the harshest shadows would be blasted 
away in the glare of a searchlight. In either case, images made with good tone reproduction would 
contain much less image detail than Fig. 1; so most of the accurately computed .  details presented 
there are wasted. A good tone reproduction operator can be used to predict the thresholds of error 
visibility in various regions of the displayed image, and the precision of the computed radiosity 
solution could be set accordingly. Thus a reliable tone reproduction operator can be used to answer 
one of the basic questions remaining in the area of global illumination -- how accurate does a 
solution have to be? 

Figure 1 lacks the strongly light-dependent effects of human vision that are required for good tone 
reproduction. By including models of the complex, dramatic changes to human vision that occur 
over the firefly-to-searchlight range, the subjective accuracy of the displayed image might also be 
improved. There are many effects to consider, such as strong differences in sensitivity, acuity, 
contrast perception and color sensitivity; high contrast effects such as glare, dazzle, afterimages, 
color washout and diffraction; spatial effects such as Mach banding and hyperacuity; temporal 
effects such as adaptation, persistence of vision, patterns of gaze, and recognition time. 

For genuinely accurate tone reproduction, all of these effects must eventually be considered, but 
useful results will be demonstrated here using just a few. In this introductory paper we wish to stress 
the importance of explicit tone reproduction operators and encourage their use, rather than to 
champion any one particular expression. The example we develop in section 5 is restricted to static 
black and white scenes; extensions for color and temporal dependence, while certainly possible and 
promising, will be considered in later papers. 

BEGINNING OF BREAK-OUT BOX) 

DEFINITIONS 
The eye is quite conceited; one can easily assume the scenes of the world around us are exactly as 
we see them, as an assemblage of radiance values that neatly match our sensations of them. This is 
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an illusion: humans are very poor judges of absolute radiance ([DAVS76] cites experimentally 
measured errors exceeding 30%), and are easily fooled by simple tricks. Instead, the visual system is 
far more accurate as a detector of spatial and temporal CHANGES in radiance, and the sensations of 
radiance are apparently reconstructed from judgments of these changes. Since the sensation of light 
strength is often quite different from its measured strength, they are carefully defined by the Optical 
Society of America [JAME66]; 

Let 'brightness' define the magnitude of the subjective sensation produced by visible light; 

Let'luminance' define the physical measure of the magnitude of visible light. 

Luminance is found by averaging the radiance across the visible spectrum weighted by the 
normalized spectral sensitivity curve of the average eye. Thus 'brightness' is a measure of 
perception, while 'luminance' is a measure of radiance; the latter is physically measurable, 
the former is not. 

While a 'quantitative' measure of a subjective value like brightness may seem specious, workers in 
psychophysics have deduced accurate, repeatable brightness measures from cleverly designed 
comparison experiments. We use the 'briLs' units devised by Stevens [STEV60], where 1 brit equals 
the sensation of brightness induced in a fully dark-adapted eye by a brief exposure to a 5 degree 
white target of 1 microlambert luminance on a completely black background. 

The purpose of 'tone reproduction' operators is to match brightness values of a real-world image by 
its reproduction on a display device. Two images that appear identical will by definition have the 
same values of brightness, regardless of their actual luminance values, which might be quite 
different. Image pairs that have measurably identical luminance values but whose brightnesses do 
not match are also possible, and form an interesting class of illusions (e.g. [CORN70]. Exploiting 
both makes tone reproduction possible; good tone reproduction recreates the sensations 
(brightnesses) of the computed scene radiances from luminance values entirely within the the tiny 
range of the display by exploiting visual illusions. 

Tone reproduction is only necessary because the eye's input range dwarfs the output range of 
existing electronic displays. If computed scene radiances could be directly reproduced, then the 
light-dependent changes in the viewer's vision would be reproduced as well (though only 
approximately; the display's spatial bandwidths and the viewer's surroundings also have some 
effects[BART67]). Such a display device would be astounding and dangerous, for the output range 
of existing display devices is so narrow in comparison that direct reproduction is almost never 
possible. For example, shadows in a starlit forest are just barely visible at about 10 -9  lamberts, while 
sun-glints on snowbanks are almost painful at about 10 lamberts, and nothing prevents synthetic 
images like Fig. 1 from exceeding this range. Meanwhile, CRTs in a dark room cover at best about 
10" to 10-2  lamberts. 

(END OF BREAK-OUT BOX) 

2.2 A General Framework 

A general framework to define tone reproduction, as shown in Fig. 2a, and is built from 
•mathematical models of the response of two observer models and a display system model. An 
'observer model' is a mathematical model of the human visual system. This quantitative model, 
which includes all desired light-dependent visual effects, converts viewed radiance images to 
perceived brightness images. 
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Figure 2a: The Tone Reproduction Problem 
What tone reproduction function will cause displayed brightness sensations to equal 
or closely match the real-world brightness sensations? 
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Fjgure 2b: A Simple Solution 
Make a simple tone reproduction operator by concatenating a real-world observer 
model, an inverse display observer model, and an inverse display device model. The 
resulting display brightness should be equal to the real-world brightness. 
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Two such observer models are used. The 'real world observer' views the desired radiance image 
(R,) and corresponds to a human visitor to the rooms of Fig. 1, and the 'display observer' views the 
radiance values of the display device(R d). The display device is also quantitatively modeled; the 
'display model' converts display input values (RGB), to viewed radiance values (R d ); it includes 
effects of ambient room light, CRT performance, and compensations such as 'gamma correction'. 
The 'tone reproduction' operator we wish to find is a converter from 'real world' radiances (R,) to 
display input values (RGB), chosen so that the outputs of the two observer models, B, and Bd , are 
equal or well matched. 

To solve for the tone reproduction operator, simply 'unfold' Figure 2a as shown in Figure 2b. The 
tone reproduction operator is thus defined as the concatenation of the real-world observer, the 
inverse of the display observer, and the inverse of the display model. If each of these operators are 
known and robust, then a tone reproduction operator follows easily. 

3. TONE REPRODUCTION FOR FILM AND TELEVISION 
3.1 Film 

All photographs perform some sort of tone reproduction; real-world radiances R, at the camera are 
translated to the display radiance Rd  of the displayed print or projected transparency by chemical 
and optical means. When plotted on log. — log,o  axes, film's response to light is linear near the 
center of its usable range, as shown in Figure 3a. Such plots are widely used to describe 
photographic emulsions, and are called 'D-Log-E' or 'H-D' plots, after Hurter and Driffield who 
devised them in 1890 [JAME66]. 

D 

'flare' 
'shoulder' 

slope = gamma 

'knee' 

'fog' 

lauitud.e .  
	OW- 

1°g10E 
I l i 	I • 	I; 

Where T= transparency, for perfectly opaque, =1 for perfect transparency 
D = density = log(1/1) 
E = film exposure = t • I , where t= exposure time and I = incident intensity 
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The plot axes for H-D curves are 

Film Density = D = —log, o (T) where T = transparency , 	for perfect opacity 
=1 for perfect transparency 

Film Exposure = E = light energy absorbed by the film. 

By changing units on these axes, H-D plots can relate real-world to display radiances (R, to R d ), 
and thus describe the combined tone reproduction operator and display system operator in our 
framework of figure 2a. Note that film exposure E is directly proportional to real-world radiance 
R,„ where proportionality constant a o  is set by camera lenses, aperture, and exposure time. 

E = ao  •R,,, 	 so 
login (R, ) = log, 0  (E) — login (ao  ) 	 (1) 

For the display system, suppose the film is viewed as a transparency placed on a light table — a 
diffuse (lambertian) light source of Ld  lamberts; then the resulting display image luminance is: 

Ld  = light table luminance (lamberts) 
Rd  = Ld  • T 
D = —logm (T)= logio (1-d ) — login (Rd ) 

login (Rd ) = logio (Lo )— D 	 (2) 

Equations (1) and (2) can be applied to the H-D curve of figure 3a to find the graph in figure 3b, 
which directly relates real-world radiance R„ to displayed radiance Rd . 

143g 10 Rd 

log R 
10 rw 

Figure 3h: Change of units  on both axes shows the H-D plot describes the relation 
between real-world radiance R.,. and the display radiance R d  of figure 2. 
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The nearly-linear center region of H-D plots usually spans about 2.0 to 3.0 log units in E for most 
film (100:1 to 1000:1) [JAME66]; outside this 'straight line' region sensitivity gradually vanishes 
into saturated black or white, and are used only for image highlights or deep shadow details. Hurter 
and Driffield parameterized this straight line region by its horizontal offset called the film 
sensitivity or film speed, and the 'middle-tone or mid-region slope they named 'gamma' ( y ); and the 
width of the region became known as the 'lattitude'. This concise description of film response has 
been widely used since these simple parameters can be robustly controlled by chemical and optical 
processes. Note that gamma is negative for film that produces negative images. 

The 'replotting' in figure 3a & b can also be expressed mathematically. In the tone reproduction 
framework of figure 2b, the 'straight line' region of the H-D curve is 

D= y • loglo  (i) — y • logu, (E) 	 (3) 

where i = intercept of line with D=0 axis 
(better measures of film speed are in current use [JAME66]) 

by substituting equations (1) and (2) into (3) we can express R d  in terms of It m ; 

log io (Ld )—logio (Rd )= y • logio(i)— login (R, 

logio (Rd )= y-logio ( R'w • a°
) 
 +logw (Ld ) 

i  

Rd  Ld  • (4) • R rw r  

combine constants into a l ; 

Rd  = at  • Ld  • R,„7 
	 (4) 

Note that a/  and y are set by the photographers choice of film, lenses, exposure time, aperture, and 
darkroom processes, so artistic judgement can strongly affect the resulting image. 

Extensive experiments in subjective image quality (such as [JONE48]) have shown the best choice 
for al  and y depend strongly on both the illumination L d  and the surrounding luminances seen by 
the display observers. For viewing reflection prints in normal room light, most prefer y between 1.1 
and1.2, and the exposure constant al  must be made large enough to drive the image highlights above 
the straight-line region of the H-D curve into the saturated 'shoulder' region. Film reproduction with 
the simple scale factor relation as used in Figure 1, that is, with y = 1.0, a l  = nominal, are 
overwhelmingly rejected as too dark and lacking contrast when viewed as a reflection print. 
However, when viewed as a strongly back-lit transparency viewed in a dim room, such film is 
preferred over any other reflection print. Strong backlighting is needed, though; image highlights 
must be made much brighter than a diffuse white object would appear in the observing room. If the 
room lighting is then boosted so that the diffuse white object's luminance matches the transparency 
illuminator, the image will again look dark and flat[BART67]. Even though the image has not 
changed, the changed surrounds have made the eye's response very different. Such changes in eye 
response due to overall illumination changes are often called adaptation. A description of adaptation 
and other changes is needed to complete the framework of figure 2b, and is given in Section 4.1. 
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Now suppose we could safely approximate the eye's response by H-D plot-like curves; then the 
accuracy of tone reproduction can be assessed and controlled in (y,i) terms. That is, suppose the 
observer models in figure 2b, like film, are reasonably modeled as line segments on log-log plots. 
Replace the exposure E with the viewed radiance value R, replace density D with log lo (B), where B 
is brightness expressed in brils. Then the observer models are simple equations of those lines: 

logio (B) = Y logio (ier )— yo„ • loglo (R) 

combine constants to get; 
B= al •R7'• 	 (5) 

With this sort of observer model, a complete tone reproduction operator for film can be expressed 
entirely in terms of gamma and film speed, and hence can be robustly implemented. A very popular 
and successful graphical method to achieve this was introduced by [JONE20]. Jones drew eye-
response curves on two quadrants adjacent to H-D plots, and transferred points to the 4th quadrant to 
find subjective tone reproduction curves. A good summary is found in [JAME66] or [HUNT75]. 
This film-like description of vision apparently led to the term 'visual gamma' as the inverse of the y 
required for good tone reproduction, as in [DeMA72] and [BART67]. 

3.2 Extensions to Television 

Response of cathode ray tubes (CRTs) to their control voltages are surprisingly similar to film. For 
normalized control voltage V where 0<= V =< 1, the display luminance Rd  is approximately 

Rd  = a3 	 (6) 

where2.8 5 7., 5 3.0 (standardized for television displays), 
and typical peak luminance of 15 5 a 3  5 40 millilamberts [HUNT75] 

Unfortunately the available contrast is generally much lower than film due to light reflections inside 
the glass envelope and veiling light on the CRT face from its surroundings. Television workers such 
as [DeMA72] have stated viewers preferred increasing y as surrounding lights were dimmed; 
ranging from 1.0 in bright light, 1.2 for dim (4 foot-lambert) surrounds, to 1.5 for darkness. This is 
not terribly mysterious, in part because [SCHR86] suggests viewers crave contrast in most electronic 
displays; as the room light is reduced, the veiling glare on the CRT face falls. The peak luminance 
changes little, but reduced veiling glare allows darker blacks, approximating larger y. Thus for dim 
surrounds the preferred system response is 

a3 • Riv1.2  = Rd 	 (7) 

Dim surroundings for viewing are typical, and to keep television receivers simple, 'gamma 
correction' is applied to the television signal (which becomes the 'control voltage' above) before 
broadcasting to reduce the effects of y cr, values and thus achieve the response of equation (7). Thus 
the black & white broadcast signal is approximately 

V = (a4 R,,) (47) 	 (8) 

so that when received signal V is applied as the CRT control voltage, the resulting response matches 
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equation (7). 

In short, television systems adopted the nomenclature and methods of film with little change, and 
introduced the notion of 'gamma correction' to both correct for CRT response and act as a simple 
tone reproduction operator at the same time. In both film and television, tone reproduction 
operators are primarily concerned with the light-dependent effects of the display observer alone; the 
real world observer effects, such as increased exposure to cause saturation of image highlights, are 
the responsibility of the photographer or videographer. Further, the purpose of these systems is to 
produce pleasing renditions rather than accurate ones. 

4. MOVING BEYOND FILM 

4.1 The Applicability of Film Techniques to Computer Graphics 

Simply re-applying film tone reproduction operators may be inadequate, since there are substantial 
differences in photographic image generation and synthetic image generation for computer graphics. 
These are basically the differences in the knowledge and goals of the persons generating the image, 
and the differences in the imaging media. For example: a photographer can actually see the scene to 
be imaged. From prior experience, the photographer chooses film exposure for good reproduction of 
items of interest in the real-world scene. Often a computer image is synthesized because there is no 
way to actually see the object, so exposure choice imposes a scale factor that is undefined for 
computer graphics. 

As an imaging medium, film has the advantage that its contrast range is far superior to the electronic 
displays in common use for computer graphics images. Film also suffers from a response to incident 
light is chemically controlled and tough to shape precisely. Tone reproduction functions for film 
must be simple to be achievable, so results are approximated by the best-fitting choice of gamma and 
exposure. In comparison, any tone operator of any complexity can be implemented for computer 
graphics. Furthermore, the sensitivity of film to light restricts most photography to the middle or 
upper range of human vision, where acuity and sensitivity to color and luminance are fairly constant, 
Photographic tone reproduction applied to starlit scenes is uncommon, but there is no such 
sensitivity restriction for computer graphics images. Precise spatial filtering is also impractical in 
film; therefore corrections for light-dependent acuity, diffraction in the eye and other effects are 
rarely attempted except by ad-hoc darkroom tricks. Some optical methods for spatial filtering are 
popular in offset printing (see [HUNT75]) but are also applied subjectively. In computer graphics 
such effects are more easily included in the image synthesis calculation; for example, eye diffraction 
calculations were used by [ NAICA90]. 

4.2 Re-examining Applicable Vision Research 

The eye's complete response to light is still not completely understood, despite over 100 years of 
research. It is difficult to accurately quantify because vision blends smoothly with higher brain 
functions, and because the eye's behavior is strongly dependent on the content of the viewed image. 
Brightness response is usually described by several processes, including at least adaptation, 
simultaneous contrast, brightness- and color - constancy, and image interpretation. Many of these 
are interdependent, self-adjusting, and difficult to measure separately: each tends to obscure the 
other, so that brightness rules inferred from simple tests often fail when applied to more complex 
images (see [BART67] and [CORN70]. Since brightness itself (and any other measure of 
perception) can only be measured indirectly, experienced workers such as [CAEL81] and [SCHR86] 
suggest that no quantitative model is above suspicion. A robust and accurate description of the 
entire gamut of visual response will probably come only when more of the biological mechanisms of 
perception are understood. 
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4.2.1 Basics: Adaptation 

In simplest terms, the eye detects contrasts rather than absolute luminance, and absolutes appear to 
be inferred from detected contrasts [CORN70],[ICING89]. The threshold of detectable contrast is 
near 2% for most viewing conditions ([WEBE1847], [BLAC46] & many others since], and gradually 
increases as surrounding luminance drops below about 10 -3  lamberts; at these lower light levels the 
thresholds closely approach the theoretical quantum detection limits (nicely summarized by 
[SCHR86]). However, the recognition of small luminance differences, and the influence of the 
bordering luminances and their transition rates are still being actively debated (e.g. [KING89] & 
[YOUN87]); most of these effects are grouped as 'simultaneous contrast' and are discussed in the 
next section. 

It is a popular mistake to treat these contrast thresholds as discrete differential units of sensation, or 
'Just Noticeable Differences' and then integrate them to form a single logarithmic function for the 
luminance-brightness response, often attributed to Fechner's 1860 opus at the dawn of 
psychophysics, yet still persistent in the literature (for example, lucid texts by [RUBI69], and 
[GONZ87]). This "Weber-Fechner Law" was best put to rest by the definitive and entertaining 
article by Stevens [STEV61], who suggests the use of film-like sets of power-law rules instead. A 
single curve, regardless of shape, is clearly wrong; it ignores adaptation. For example, an 
automobile dome lamp's surface (about 1/2 lambert) is painfully bright when switched on suddenly 
at night, but as time passes our eyes adjust, and the apparent brilliance is reduced; clearly the 
brightness has changed with adaptation. Adaptation loosely names the slow adjustments (2 seconds 
to an hour or more) to sensitivity in response to surroundings. It is attributed to iris adjustment and 
some forms of photochemical equilibrium in the retina. Frequent movements of the eye assure that 
adaptation is approximately constant across the entire viewed scene. 

Fiaore 4. Snlit Tar'et Contract Thresholds  
at various fixed adaptation levels Al through A5 
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Figure 5: Postulated Brightness .vs. Luminance Response 
(see text) with adaptation level fixed at dots 

The precise amount of adaptation is easy to define only for large fields of uniform luminance, so 
many experiments test visibility of small targets in the hope that adaptation is unchanged. 
Measurements of contrast thresholds between two small adjacent targets displayed on large uniform 
adapting fields have shown that contrast thresholds are not constant; thresholds for detecting 
differences between the two targets quickly increased as target luminance diverged from adaptation 
level, as shown in figure 4. As the differences from the adapting background grew large, the targets 
appeared completely black or as brilliant white, suggesting that if adaptation processes are fixed near 
daylight conditions the usable luminance range of the eye spans only about 100:1 to 150:1, and this 
'usable range' falls rapidly when adapted to lesser amounts of light. In this sense, the eye's 
performance is analogous to a camera using film with 'attitude of about 2.2 log o  units, but with an 
automatic exposure constant a 2  (equation (5)) determined by adaptation amount. 

If we repeat Feclmer's dubious integration of threshold measurements with fixed adaptation, a set of 
sigmoid response functions is suggested (Figure 5), with one curve for each adaptation level. These 
curves must be regarded with suspicion, not only due to their origins and lack of corroborating 
experiments, but also because luminances that fall in the upper regions of such a curve are likely to 
increase the adaptation level and hence the choice of the curve itself. Regardless, such curves may 
describe the saturating effects of painfully bright lights, and workers such as [SCHR86] suspect 
these curves exist. 

4.2.2 Simultaneous Contrast 

Direct measurement of these fixed-adaptation response curves were attempted by diverse methods, 
though usually with targets that were darker than the adapting surrounds. Binocular matching 
methods used by [PITT39] were later adopted by [STEV63], while others used direct quantitative 
estimates made by the observers themselves: Newhall, Nickerson, & Judd used observer estimates 
of 'equal appearing intervals', and estimates of brightness ratios were used successfully by [STEV63] 
and [HANE49]. An excellent summary appears in [JAME66]. It was found that the shapes, sizes, 
and positions of the small targets used could strongly affect the resulting curves. These spatial 
dependencies in the measured luminance .vs. brightness curves are often called 'simultaneous 
contrast effects'. 
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Simultaneous contrast is a quick (0.1 to 2 seconds) localized adjustment in sensitivity, and an 
apparent sharing of local brightness signals due to the amount of local luminance. Simultaneous 
contrast effects increase the amplitude of brightness transitions at luminance edges, participate in 
curious effects such as edge acutance, vernier resolution or 'hyperacuity', and illusions such as the 
Craik/ Comsweet illusion [KING89], Mach banding, and the Herman - Herring grid illusion of 
figure 6. Simultaneous contrast is usually attributed to neural processes in the retina. 

Figure 6: The Hermann-Herring Grid Illusion 
Note the transient gray spots at the crossings of the white lines: this illusion is usually 
attributed to Simultaneous Contrast. 

Simultaneous contrast effects tend to exaggerate sharp brightness transitions and suppress slow-
varying changes. Since these effects are frequency dependent, several workers in the 1960s 
attempted to model them by Fourier analysis. [LOWE60], [CAMP68], [ NESS67], [OVER81], and 
others each attempted to model interactions between adjacent brightnesses by either direct frequency 
domain descriptions or by determining bandpass filter kernels for convolution; experiments included 
extensive measurements of the visibility thresholds of sine wave gratings and other methods. 
However, nonlinearity of both the brightness response and its local interactions meant only the 
measurements at detection threshold could be trusted. [CORN70] showed that such frequency 
response models formed a plausible fit to data when applied to log radiance instead of radiance itself, 
suggesting structures in which log(R rw) is applied to linear filters for modeling perceived 
brightness. Data for these filters are troublesome because most have no DC response; a separate 
'adaptation' signal (or image) is also needed to reversibly describe the complete image. Some 
workers [FIOR68], [XIE89]) suspect that the adaptation level itself is not purely constant, but is 
localized, so that local adaptation is better modeled as a low-frequency image that affects spatial 
frequency response as well. Still others [MARR82] have proposed that perhaps only the edges, 
corners, and rate-of- change information is sensed directly and that perhaps intensity is only inferred 
without absolute sensing. Simultaneous contrast was also addressed by a neural network models to 
describe supra-threshold effects by [CAEL81], and [XIE89]. 
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Some of these models are troublesome in the tone reproduction framework of figure 2 because they 
appear to be irreversible, and an inverse observer model is needed in the tone reproduction operator 
shown. Perhaps the most intriguing model we found is the 'Intensity Dependent Spread' mechanism 
proposed by [CORN86]. They show this simple nonlinear mathematical model fits a wide range of 
visual data well, reproduces many disparate visual phenomena, and is very easy to compute. It does 
not appear to be easily reversible, but certainly merits further study; perhaps it can be reversed by 
preserving additional data with the brightness output. 

4.2.3 Independent Measures of Adaptation and Simultaneous Contrast 

Perhaps the most exhaustive experiments to measure the entire gamut of human brightness response 
were made by Stevens & Stevens between about 1953 and 1963, who showed that certain power law 
relations (equation (14) below) worked well for their very simple test images. Two reports on their 
work are of particular interest; an abstract of a paper apparently never published, giving equation 
(11) and Figure 8 to relate log io  (luminance) to log lo (brightness) as a simple family of lines 
[STEV60], and later a paper describes further measurements in which the effects of simultaneous 
contrast have been stabilized and perhaps removed[STEV63], shown in figure 7. Though Jameson 
& Hurvich [JAME64] and later Bartelson and Breneman [BART67] showed the 1960 equation was 
inadequate for complex images, the separation of simultaneous contrast effects in the later paper 
suggests better models of simultaneous contrast might overcome these problems. 

By 1963, Stevens & Stevens measured brightness versus luminance and adaptation by using 
'haploscopic matching'[ PITT37], that is, by the matching of brightnesses perceived when one eye is 
dark-adapted (as 'standard condtions' for measuring brightness) and the other is adapted to a test 
value. In the later experiments, once the left eye was fully dark-adapted and the right eye had 
adapted to its uniform test field, both were briefly presented with 5 degree test targets on completely 
black (light-tight) backgrounds. Brightness comparisons between the two eyes were made quickly, 
before either could change adaptation level significantly, and repeated experiments at different target 
brightnesses verified verified the brightness matches found.Since the target surrounds are always 
black during measurement, any interactions between adjacent brightnesses ('simultaneous contrast 
effects') are always between the target brightess and blackness, thus stabilizing and probably 
removing most of them. The results are given by equation (9), plotted on log-log axes in Figure 7. 

B = K 	— Rdve,h )rn 	 (9) 

where B = brightness in brils, where brils are a linear scale of brightness sensation described in 
[STEV63], where 1 bril is the sensation of brightness from a fully dark-adapted eye 
viewing a 5 degree target of 1 micro-Lambert for one second. Two brils appear exactly 
twice as bright as one bril, and ten brils appear five times as bright as two brils; thus 
brils are a linear scale of absolute brightness. 

Rt.;  = radiance of target in millilamberts, 
Rte= threshold of detectable radiance in millilamberts; this depends on the strength of the 

adapting field; 
m , K = fixed parameters dependent on the strength of the adapting field. 

For full dark-adaptation,R th.h 	m = 0.33, K = 10, and agrees with the data of Hanes (see 
[JAME66] pg475 eqn 22.12). Note that as adaptation level increases, Rth  increases steadily, but 
with no other viewed luminances for comparison, the brightnesses above threshold are not strongly 
affected by adaptation amount; that is, K is slow-varying. [JAME66] notes that a millionfold 
increase in adapting luminance causes only a tenfold decrease in K. 
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Figure 7: Stevens" J963 Experiment  measured brightness .vs. luminance at various 

adaptation levels, with effects of simultaneous contrast removed or stabilized. 
The observer's eye was allowed to thoroughly adapt to a uniform background luminance. 
Then the background was switched to total darkness while a target was briefly presented, 
and its brightness was measured before significant adaptation could occur. Darkness 
surrounding the target stabilized and perhaps removed the simultaneous contrast effects. 

The earlier experiments [STEV60] also measured 5 degree gray targets, but the targets were 
presented without switching off the adapting background; thus simultaneous contrast effects were 
included in the measurements; interactions occurred between perceived brightnesses the target and 
the white background used for adaptation. Stevens' equation for his data is given below and plotted 
in Figure 8; 

logio  (B) = 0.004 • RS — 27) • (8.4 — R) —108] 	 (11) 

where 
L„ = adapting white background luminance in lamberts and 
Lt,ri  = target luminance in lamberts, 
S = L,, in dB, where 0dB =10" 10  lamberts, so that 
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S =10 • logic, 	io 	) or 
10-  lamberts 

S = 100. +10•logio  (L. ) 	 (12) 

R = target luminance difference in dB, 

=S-10 • log io(----,„ L 	, so that 
10''0  lamberts 

R =10•loglo ( 
	

(13) 

Alternately, if the adapting background S is formed by illumination of a 100% diffuse reflecting 
white surface, then the target, viewed under the same illuminant, has reflectance given by 
—R — t arget  reflectance in dB =10 • log io  (reflec tan ce), where 0< reflectance < 1. We can 
substitute expressions for S and R (equations (12) and (13))into equation (11), and express it in the 
'power law' form of equation (5); 

where 
logio  (B) = a • log io  (L) + /3 	or 	B = /3- La 	 (14) 

B = brightness in 'brils' (see equation(9)) 
L = viewed (target) radiance in lamberts, 
L,„= luminance of white surround 
a = 0.4 • logit,(1.„) +2.92 	 (15) 

$ = —0.4 • (log ic, (L.)) 2  + (-2.584 • log ic, (L,„ )) + (2.0208 ) 	(16) 
Note that a and /3 are constants that depend only on the adaptation amount 

caused by the large uniform white background, whose luminance is 

Simultaneous contrast effects have dramatically changed the eye's response to the target luminances. 
For the same adaptation levels of Figure 7, the eye's sensitivity to changes in target luminance has 
increased by several times, and the black thresholds R thresh have grown much larger for the higher 
levels of adaptation. (Presume that adaptation Level is fixed by the white background, and is not 
affected by changes in the target luminance). Also note that targets with -8.4dB reflectance (14%) 
have constant brightness regardless of the adaptation amount, and thus this particular reflectance 
exhibits 'brightness constancy'. Reflectances below 14% act strangely; increased illumination (and 
hence increased adapting radiance) reduces their brightness; more light makes them look darker! 

More importantly, notice that equation 14 and Figure 8 describe straight-line plots on log-log axes, 
so they are easily applied to tone reproduction for film. The graphical method of [JONE20] would 
show near-perfect tone reproduction could be achieved by adjusting (y,i). This tends to verify the 
pleasing results of film. 
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Figure 8: Stevens' 1960 Experiment measured brightness .vs. luminance at various 
adaptation levels (as in Figure 7) but INCLUDED effects of simultaneous contrast. 
The observer's eye was allowed to thoroughly adapt to a uniform background luminance. 
A target was briefly presented and its brightness measured, but unlike Figure 7, the 
adapting background was NOT removed. Simultaneous contrast between background and 
target strongly affected the target's appearance, resulting in sharp :[y increased slopes and 
"brightness constancy" for -8.4dB reflectivity. 

Unfortunately, the Stevens & Stevens data is neither valid nor accurate when applied to more 
complex, interesting images, since their luminance .vs. brightness relations depend on localized 
image contents. By careful measurement of many test photographs, BarteLson & Breneman 
[BART67] found pleasing reproductions for complex scenes could be made with an additional 
exponential weighting term. They suggest (in different terms) 

logio (B) = a + /3 • logio  (R, ) - 8 -(R,)` 	 (17) 

where a, /3, 8 and e are parameters dependent on viewing conditions for 'best fit' to their data, and 
given graphically. In other words, the straight-line segments in Figure 8 were curved for their test 
images. 
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5. AN EXAMPLE OF A NEW COMPUTER GRAPHICS TONE OPERATOR 

Given the rich literature of vision research, it is tempting to begin building huge observer models 
immediately, but very complicated observer models would greatly increase the computational cost of 
generating an image. It is not clear that including all known effects would be worth the additional 
expense. As a starting point then, we present . a simple tone reproduction operator to solve the 
display range problem described in section 1, using Steven's film-like luminance brightness relation 
of equation(14) & figure 8, a few simple assumptions, and the tone reproduction framework of figure 
2b. We ignore Bartelson & Breneman's extensions to avoid root-finding problems. 

5.1 Mathematical Description 

Refer to Figure 2b. We will first build Real-World Observer and Display Observer equations from 
equations (14-16), restated below, which are simply line segment equations on log-log axes: 

logu, (B) = a • logio  (R) + /3 	 (14) again 
where 

B = brightness in 'brils' (see equation(9)) 
L = viewed (target) radiance in lamberts, 
L.= luminance of large uniform white surround which determines adaptation amount 
a = 0.4 - log,,,(L„,) + 2 .92 	 (15) again 

/3 = —0.4 • (log, o (L.)) 2  + (-2.584 • logw 	)) + (2.0208 ) 	(16) again 

Change variable names in (14) to write equations for each Observer model of Figure 2: 

Real-World Observer: 	logo  (B, ) = a, • loglo  (L,) + /3, 	 (18) 

Display Observer 	logo  (B,) = ad  • logio (Ld )+fid 	 (19) 

Where 
Bd ,B,= brightnesses (in brils) perceived by the real-world and display observers 

respectively, 
am , /3,, ad , /3d  = constants that depend only on adaptation amount for real-world and 

display observers respectively. (Adaptation amount for the real-world observer 
is L,,, („ ) , and for the display observer is L W(d) . See (21) and (22) below.) 

L,„ Ld = input to the observer models: luminance values in the real-world scene and the 
displayed image respectively 

As shown in figure 2b,assign B, = Bd  within the tone reproduction operator, use this to combine 
(18) and (19) and solve for display luminance Ld  in terms of real-world luminance L, ; the resulting 
equation models the back-to-back observer models in figure 2b: 

(a,« 
Ld  = [L,w ]k71:1-) • [10]( 	) (20) 

Definitions for a's and /3's in both observer models must be clarified. In Stevens' experiments the 
amount of adaptation in the observer's eye was set by a large uniform white background of L. 
lamberts. For arbitrary, non-uniform images, the adaptation amount is not so obvious; but we still 
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need an estimate of an L. value that would cause the same amount of adaptation. [JAME66] noted 
that several workers used average image luminance as an adaptation measure, and that [MARI62] 
found Stevens' data could also fit this model. Similarly, we presumed that the eye adapts to keep 
most brightnesses near the 'brightness constancy' contour in the Stevens' data, at 8.4dB below L. 
Accordingly, we chose L a  to be 8.4dB = 0.84 log 10  units above the statistical mean of the log ic, of 
luminance. For the real world observer, this means 

log10  (Lw(w) ) = Elio& 	+ 0.84 	 (21) 

Where: 
Lwo,,) = luminance of a large uniform white field that would cause the same amount of 

adaptation that occurs from viewing L, , the real-world luminance image. 
E(x)= statistical mean, or 'expected value' of the random variable x 

Take a simpler approach for the display observer; since the luminance range of the display device is 
so small, approximate L. as a constant. For a CRT display, use [HUNT75] pg 441 data claiming 

typical CRT peak luminance is –50-120 cd/m 2.. Since 1 cd/m2  = ir lamberts/10,000, then take a 
midrange display value as the CRT peak luminance L d ,,,,,, and use it as the L„, for the display 
observer: 

logio (Lw(d) ) = –1.569, or 1.,,„ (d) =Ld .= 0.027 lamberts 	 (22) 

Where LW(d) = the luminance of a large field of uniform white that would cause the same 
amount of adaptation as the display device, and Ld,, = CRT peak luminance 

Complete the Tone Reproduction Operator by devising the inverse display model. A simple 
forward model of a direct-view CRT display is given by (23), which includes an additive 
term for ambient lighting to limit the available contrast. 

Ldmuc 	',dm= 
Ld  j = n7  +( BG 

Where: 
Ld  = screen radiance in lamberts, 

= max possible screen luminance = 0.027 lambert typical. 
y = 2.8 to 3.0 for uncorrected CRTs; if display device includes built-in gamma 

correction, this value is typically 1.2. 
n = frame buffer value ( 0 < R=G=B= n < 1) used as display device input 
BG = screen background luminance in lamberts, 

= ambient_luminance * screen reflectance + secondary_CRT_intemal_reflections 
C. = maximum contrast ratio possible between on-screen luminances. Typical values 

for direct view CRTs are,about 35 [HUNT75], and are easy to estimate. 

() 
Note that 

BG 
  is approximately equal to —

1 
, because the brightest on-screen radiance is 

Ldr= 	 C,,,, 

(23) 
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largely determined by Ldwa , which overpowers the ambient light reflected from the CRT face, and 
the dimmest possible on-screen radiance is set by the screen background radiance as the screen 
phosphor output drops to zero. Dimmest/Brightest = maximum contrast = 1/C., so we may 
approximate the 'BG' term in (22) by 1/C. .Now find the inverse display system model by simply 
solving for n: 

(1) 

n 	Ldmax  c  L
d 	1 

rraz 
= [ 	]"/ 

Finally, as shown in figure 2b, plug the inverse display system model (24) into the back-to-back 
observer models equation (20) to form the Tone Reproduction Operator (25). This equation finds 
frame-buffer values 'n' from the calculated real-world radiance R,. 

(24) 

n  = (1.-.).[10] (11 .19  
d mast 

1 
CMAX 

(25) 

Note that 'gamma correction' of the CRT's 2.8 to 3.0 value is not explicit; there is no (112.2) factor in 
the equations above. Instead, the preference for y =1.2 is implicit in the inverse display observer 
model. Despite its messy appearance, all symbols are constants except n and L, for any fixed 
adaptation levels. Once the adaptation levels for the two observer models are known, the tone 
reproduction operator is greatly reduced. 

Figure 9: New Tone Reproduction Operator  applied to radiosity solutions of Figure 1 
5.2 Example Images 
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Figure 9 shows the results of this operator when applied to the radiosity solutions of Figure 1. We 
must stress that these images were entirely the result of our new tone reproduction operator 
developed in section 5.1; no 'adjustments' or 'magic scale factors' were used: this 'hands-off property 
alone may justify its use. For comparison, the lower left corner image 'stdfile.brt' (identical to 
figure 1) was made by the popular ad-hoc method of normalizing all radiances to the strongest non-
emitting surface in the room. The remaining images display the output of the new Tone 
Reproduction Operator (25) when subjected to real-world radiances that range over the 'searchlight 
to firefly' range described in section 1. (The gray-scale stripe between the framed images was used as 
a check of the photographic print). The brightest image is the displayed result for a radiosity 
solution with the overhead lamp luminance at 1000 Lamberts, and is awash in glaring whites. 
Succeeding images show display results as the lamp luminance is reduced by a factor of 100 with 
each successive image; thus the dimmest image is the result of a 10 microlambert light source. 

The differences in these images show that this simple tone reproduction operator acts as both as an 
exposure control and as a contrast compressor. The 'stdfile.brt' or figure 1 image is much harsher 
than any of the tone-operator images, and is perhaps best matched by the Lamp0.1 image; a solution 
typical of ordinary office lighting. The tone operator is noticeably lacking in spatial effects: the very 
dim images should also be very blurry, as the eye's resolution fades with decreasing light, and the 
brilliant images should be more harsh, but glare and diffraction effects are missing from our simple 
operator. The operator is also flawed for very dim images; for S < 27dB (equation(11)) the slope of 
the R-B line is negative, and the last image in figure 9 is mostly a very dark grey instead of black. 
However, even this simple operator appears to be a consistent and plausible solution to the display 
range problem. 

6. CONCLUSIONS AND FUTURE WORK 

We have shown by example that ad-hoc methods are not required for display of images whose 
computed radiances cannot be directly reproduced by the display device. Even the crude example 
operator developed here has proven useful for consistent image display, and was achieved with a 
fairly small amount of computation. More sophisticated observer models should increase the 
accuracy of the displayed image by including more light dependent effects of vision. Even without 
noticeable improvements in brightness reproduction, these methods remove some 'guesswork' from 
radiosity image display, and demonstrate that tone reproduction operators need not be constrained to 
the same gamma and exposure corrections used in film and television. 

A truly practical tone reproduction operator should include more sophisticated models of 
simultaneous contrast, and must also include extensions to color and perhaps to time dependencies as 
well. Effects of color washout in bright light, the gradual loss of color vision as illumination fails, 
and models of 'color constancy' or 'color adaptation' seem especially important for realism. 

Because any tone reproduction operator explicitly maps the results of a global illumination method 
to the display device, it also specifies the accuracy required in the illumination calculations 
themselves. Since computational costs rise rapidly as error tolerance falls, tone reproduction 
operators need to be explored for use in current efforts to develop efficient realistic image synthesis 
systems. 
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Physically Accurate Synthetic Images 
for Computer Vision System Design 

Abstract 

The design of a computer vision system for part presentation is a complex 
hardware/software problem. In the past, standard renderings of parts available from CAD 
systems have been used as aids in the design process. However, such standard renderings 
are very limited because of the simple illumination models they employ. We present 
preliminary results of a study of the utility of physically accurate synthetic images in the 
design of vision systems. Physically accurate images can potentially be used both for the 
hardware lighting and sensing design, as well as for template design for model-based 
matching for part location. We describe how state-of-the-art computer graphics global 
illumination algorithms can be used to generate images for the vision problem. We present a 
comparison of a variety of synthetic images to images captured using the GRIPPS 
retroreflective vision system under development at Georgia Tech. 

keywords: computer graphics, computer vision, global illumination, part presentation, 
retroreflection, synthetic image generation 



Physically Accurate Synthetic Images for Computer Vision System Design 

1. Introduction 

Designing a computer vision system for determining part location is a complex 
hardware/software problem (Lee,. 1991a.) The final design consists of many components 
including the selection and placement of light sources to illuminate the part, the selection 
and placement of the sensing elements used to capture the image of the part and the 
development of software to determine part location and orientation from the captured image. 
In this paper we consider the use of physically accurate synthetic images in the design of 
hardware and software for a low cost computer vision system currently in development at 
Georgia Tech. Synthetic images can potentially be used to reduce the number of hardware 
configurations to be built and tested, and can provide insight into efficient image processing 
algorithms for accurate part location. 

Synthetic images are frequently used as an aid in testing image processing algorithms (e.g. 
Wu et al., 1990.) Usually simple image synthesis algorithms, available with many 
commercial CAD systems, are used to generate these images. These simple algorithms 
generally assume idealized (i.e. Lambertian) or nonphysical (i.e. Phong) reflectance models, 
limited light source models (i.e. parallel or isotropic point light sources) and do not attempt 
to model true camera optics (an ideal pinhole camera is generally used). Such images can be 
useful in gaining insight into algorithm performance, but they are extremely limited (Chen 
and Mulgaonkar, 1991.) They cannot, for example, be used reliably to compare the 
performance of an algorithm in locating a part for two different configurations of the 
hardware lighting/camera system. 

In the field of computer graphics, attempts to generate "photorealistic" images have resulted 
in the development of highly accurate methods for calculating illumination. The use of such 
physically accurate methods in an iterative method for interpreting images has been 
proposed by Gagalowicz (1990). Other researchers, while maintaining that understanding 
the illumination problem is important, feel that physically accurate images are too 
computationally expensive to be of use in a vision system (Cowan, 1991). In this paper we 
present preliminary results from a study of the utility of highly accurate computer graphics 
synthetic images in the design of a vision system. 

We begin by describing the particular vision system design which we ultimately seek to 
improve. Next we present the methodology used to compute physically accurate synthetic 
images. Then we present preliminary results comparing synthetic images generated using 
various methods to images captured by the existing vision system. We conclude with 
recommendations for improving the accuracy of the synthetic images and tests that can be 
performed to evaluate alternative configurations of the vision system. 

1 



2. The Computer Vision System 

The system under study is the computer vision component of GRIPPS, the Generic 
Retroreflective Integrated Part-Pickup System. GRIPPS has been developed specifically as 
a low cost part-pickup system. GRIPPS is described in greater detail in Lee, 1991b, and in 
Lee et al. 1991. Here we review just the basic vision system design, and specify the 
parameters which we hope to optimize with the aid of synthetic images. 

A diagram of the vision system is shown in Fig. 1. The light sources and camera used to 
illuminate and image the parts are mounted a distance D above a flat horizontal surface on 
which the parts will be placed. To obtain high contrast between the parts and the 
background, the horizontal surface is covered with a retroreflective coating,. The 
retroreflective surface has the property that the peak of reflected light energy is in the 
direction of the incident light, as shown in Fig. 2. When a sensor is collocated with the light 
source, the radiance reflected by the retroreflective surface is over 300 times that which 
would be received from a Lambertian surface with a reflectance of pd =1. 

To take advantage of the dramatic contrast between the retroreflective background and the 
part to be located, the camera must be essentially collocated with the light sources used to 
illuminate the part. In the GRIPPS system, the light sources are a set of N light emitting 
diodes (LEDs) mounted in a ring of diameter w around a pinhole camera. Each LED emits 
light in a narrow cone angle t..The CCD imaging sensor is located a focal distance f from a 
pinhole of diameter d. Images are produced by capturing an image for exposure time T. The 
signal from the CCD imaging sensor is amplified and electronically sampled through an 
analog to digital processor, and the resulting array of integer values is sent to an on board 
digital-signal-processing (DSP) chip. 

The design parameters which affect the accuracy of part presentation using computer vision 
may be broadly divided into two types; namely, the intrinsic and extrinsic parameters. The 
former characterize the optics f and d, and the illumination w, N, t, and D for a specified 
sensor geometry and field-of-view; and the latter describe the relationship between the 
camera coordinate frame and the scene coordinate frame (Tsai, 1987). One goal of this 
ongoing project is to determine the intrinsic parameters that would result in images from 
which the position and orientation of a wide variety of parts could be obtained more 
accurately. 

The software used to process the image uses a model-based matching approach, described 
in more detail in Lee and Janakiraman, 1991. The processing begins by identifying the 
prespecified features such as fiducial marks on the part or simply the sharp curvature on the 
edge of the part. Features of the part are then matched against that of stored templates of the 
object. After matching to the template, the location of the center of mass of the object and its 
orientation can be computed. The template design can be characterized as two distinct 
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Figure 1: Schematic of vision system showing design parameters. 
(Not to scale.) 
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Figure 2: (a) A retroreflective surface reflects most incident energy back into a cone 
of directions centered around incident direction. (b) A plot of the variation of 
retroreflectance for normal incidence with the observation angle measured from the 
surface normal. 
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processes. The first process determines a representation of the geometric charateristics of 
the parts so that the features can be uniquely and reliably identified in the presence of 
highlights due to specular reflections introduced by the collocated source or the general 
ambient lighting. The second process determines an accurate set of geometric data to be 
used by the image processing software so that the location and orientation of the part can be 
calculated from the matched features. 

A second goal of this project is to develop a template design method using photorealistic 
CAD representations, taking into account the specific illumination effects (e.g. shadows, 
specular reflections,etc.) and optic effects (e.g. depth of field, perspective, etc.) which 
would result when this particular vision system is used. 

3. Synthetic Image Generation 

In this section we review the basic theory of physically accurate synthetic image generation, 
and the implementation of a particular image generation system for this project. 

3.1 Theory 

In computer graphics, the generation of a physically accurate synthetic image has been 
modelled as a two step process (Meyer et al., 1986), as shown in Fig. 3a. A description of 
a scene's geometric and optical properties, along with the specification of the viewer 
position and and image plane is used to simulate the scene illumination, and to determine an 
array of radiances (i.e. energy/time-projected area- solid angle). These radiances are mapped 
to the limited dynamic and spectral range of the display monitor. This mapping is specified 
by a model of human perception (e.g. Tumblin and Rushmeier, 1991) for the computer 
graphics problem. The output of the perceptual mapping is the array of values of 0-255 to 
be displayed on the computer monitor. 

For the computer vision problem, the process in Fig. 3a must be revised to the process 
shown in Fig. 3b. The output from the illumination model needs to be energy/area, rather 
than radiance at each pixel. The mapping based on human perception must be replaced by a 
model of how the system sensor converts incident light energy into a 0-255 value. 

Computer Graphics 

To understand how to use computer graphics methods for vision simulations, we begin by 
looking at the illumination simulation step in the graphics problem. The geometry of the 
illumination at each image pixel is diagramed in two dimensions in Fig. 4. In most graphics 
methods, an infinitesimal pinhole is assumed, and a solution is found for the rendering 
equation (Kajiya, 1986) for each image pixel for each wavelength band: 

I . 	— f . , 	I.(8 	.,(1) 	.)f(x ,y 
p )  pixel_area 	p,t 	p, 	P 	P 	pixel 
	

(1) 
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where: 
'pixel is the average radiance incident on the pixel, calculated using f(x p,yp)  as a 

weighting function over the pixel area, f f(xp,yp) d A__ _pixel = 1. In the graphics 
problem the form of f(xp,yp) depends on the sensitivity of the human eye. 

(xp,yp) is a point on the pixel 
Ii(ep,i4p,i) is the radiance incident through the infinitesimal pinhole 
(8p,i,4)p  j) is the direction to the infinitesimal pinhole in spherical coordinates 

based at (xp,yp); Op,i, is the polar angle, 4 is the azimuthal angle 
explicit dependence on the wavelength X is omitted. 

Assuming the geometric optics approximation is valid, the value of I i(ep,i ,timi) is equal to 

the value of the radiance I0(6.,, ,0 ,41,,,0) for the point (x.,„y,) on a real object visible along the 
ray starting at a point on the pixel in the direction (13 p,i ,itp,i). (Note that the bending of rays 
by diffraction through a small aperture can potentially be accounted for by methods such as 
described by Nakamae et al., 1990.). For reflective (rather than emitting) surfaces 
I,3(0.,40 ,4:•„,0) is not known a priori and must be calculated. As shown in Fig. 5, 
Ie(ev,0,4v,e) depends on the light energy incident on the object. Specifically, I 0(ev,04v,0) is 
given by the following equation of radiative transfer (e.g. see Siegel and Howell, 1981): 

I 0 (0 v,0 ,4) v,o ) 	p bd(0 v,0,4) v,o ; 	 9 	tho 	
(2) 

where Pbc1, - (A v,o,, dav,o; A th 	is the bidirectional reflectance of the real world object and 
the integral is over the entire hemisphere of directions above the real world object at point v. 

The incident radiance Ii(e v,i ,c¢v,i) may originate at light sources, or may be due to multiple 
interreflections within the environment. That is, if a light source is visible in direction 

, the incident radiance is the emitted radiance of the source in the direction of 
point v. If something other than a light source is visible in direction (0„, i ,ckv,i) , the radiance 
of that object must be calculated by reapplying Eq. (2). In other words, Eq. (2) is recursive 
for multiple interreflections. Solving Eq. (2) accounts for all possible geometric optic 
illumination effects — i.e. shadowing, highlights, caustics, color bleeding, etc. 

Methods for efficiently solving Eq. (2) have been studied extensively in computer graphics 
over the last decade. Radiosity (e.g Goral et al. 1984, Nishita and Nakamae, 1985, Sillion 
et al. 1991) and Monte Carlo path tracing (e.g. Kajiya 1986, Ward et al. 1988) are the major 
techniques which have been developed for solving Eq. (2). In radiosity methods the 
problem is discretized in object space, while in Monte Carlo methods the problem is 
discretized in image space. Radiosity methods are useful for calculating the overall global 
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Figure 5: The radiance leaving a surface on a real object in a direction 
(3o4o) depends on the radiance incident on the surface from all 
directions. The incident radiance may be from light sources, or may be 
from secondary reflections off of other surfaces in the environment 
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illumination of an environment, while Monte Carlo methods are useful when highly 
accurate high spatial frequency components of an image are required (Chen et al., 1991). 

Compliter Viainn 
For the computer vision problem, the captured image values are related to E pixei, the 
average energy /area incident, not on the average radiance 'pixel . To calculate Epixei the size 
of the finite pinhole in the vision system must be used. E pixei  is found by replacing the 
incident radiance Iin  in Eq. (1) with the incident energy per unit area Ei: 

E . 	f 	E 	 )f(x y )clA 
pixel 	pixel_ area i 	p,i' p,i 	 P 	pixel 

	
(3) 

In our work, we assume the spatial sensitivity of each sensor pixel is uniform, and so 
f(xp,y0  is simply 1/Apixel. Ei(e,i4)p,i) is equal to the integral of the incident radiance times 
the unit projected area of the pixel in the direction of the pinhole and the sample time z over 
the solid angle subtended by the pinhole: 

dE 	.) 	. 	(9 1 	,4) 	.)cos 0' 
p,1 	 pinhole 	p , I 	p, 	p,1 	pinhole 	 (4) 

where the direction (e' p,i 3Op,i) is in the solid angle subtended by the pinhole, and the center 
of the pinhole is in direction (O p,i4p,i) . As before, the incident radiance Ii(e' p,i ,('p,i) is 
equal to the radiance leaving the visible real world object as given by Eq. (2;). 

The values Epixei are the appropriate input to the sensor model. Note that although some 
computer graphics methods have accounted for the depth of field effect resulting from a 
finite aperture (e.g. Cook et al., 1984), these methods do not calculate E pixei . 

The sensor model for a computer vision system is much simpler than the perceptual model 
based on human vision used in computer graphics image synthesis. Explicitly denoting the 
spectral dependence of the incident energy per unit area by E pixel(X), the sensor model for 

the computer vision system can be modelled as a power law: 

G pixel  K(fo  E pixel (k)s(k)dk) Y  + G 
0. 

(5) 

where : 
Gpixel is the output gray scale value, 
s(X) is the spectral sensitivity of the sensor 
K and y can are parameters which characterize the camera system 
Go  is the background gray scale value 
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The spectral sensitivity s(X) is given with the manufacturer's data for the sensing element. 
K and y need to be calibrated for the system as a whole to account for the non-linear effects 
of the analog to digital signal conversion, as well as the sensitivity of the sensing element. 
Equation (5) holds for values of Epixel  up to a saturation value E pixe Lsat , for which Gpixei is 
equal to G. 

3.2 Implementation 

Both the graphics problem and the computer vision problem require the solution of the 
radiative transfer equation given in Eq. (2). Since high spatial frequency variations in 
illumination are important in the part location problem, a Monte Carlo path tracing approach 
is more suitable than a radiosity approach. We selected the public domain software package 
Radiance from the Lighting Systems Research Group of the Lawrence Berkeley 
Laboratory to solve the transfer equation at each pixel location. The specific Monte Carlo 
solution method used in Radiance is described in Ward et al. 1988. The Radiance software 
was originally developed as a tool for illumination design, but has gained wide usage as a 
computer graphics image synthesis package. Because it was developed as a design tool, the 
output of Radiance has been validated by physical measurements, and by comparisons with 
other software packages written to calculate illumination (Grynberg, 1989). 

One of the useful features of Radiance is that, unlike many other computer graphics 
software packages, it requires physically feasible definitions of the bidirectional reflection 
distribution functions pbd. Radiance uses the specular-like plus diffuse-like model for 
reflectance which is common in radiative transfer. The specular-like reflectance is modelled 
as a Gaussian function centered around the mirror direction, with the spread of the 
distribution specified by a "surface roughness" parameter. The diffuse-like reflectance is 
modelled as ideal Lambertian. Radiance uses "texture" maps (more commonly referred to as 
"bump" maps in graphics literature) to clef= perturbations of the surface normal to 
simulate larger scale surface roughness (such as the bumps on the skin of an orange). 
Within this framework, Radiance can accommodate retroreflectance. The retroreflective 
surface is defined as a specular-like (i.e. Gaussian) reflectance with a bump map which 
always turns the surface normal towards the viewer. In effect, the "mirror" direction is 
always back in the direction of the viewer. The result is that the value of pbd is calculated 
by the following equation by Radiance 

Pbc(O040;eiki) = Ps exp(-5 214a 2)/47ra 2cosei 	 (6) 

where 5 is the angle between the view direction (8 0,k) and the direction of incident 
radiation (OA) , and a is the parameter specifying "surface roughness." 
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Radiance also requires physically feasible definitions of light sources. Sources are 
modelled as finite surfaces, rather than as points. The emitted radiance across each light 
source surface can vary spatially. The directionality of the emitted radiance may also vary. 
One way the directionality can be specified is giving a light source direction, and the size of 
the cone angle t around that direction. Another way is to give a list of relative light source 
intensities for directions specified in spherical coordinates. 

For a given viewpoint, view frustum and image resolution RxQ (R pixels by Q pixels), 
Radiance returns a radiance value for each pixel assuming an infinitesimal pinhole and 
infinitesimal pixels (i.e. only one location (x p,yp) is considered for each pixel). The average 

radiance over each pixel can be calculated by calculating an image at a higher resolution 
MRxMQ. At this resolution each pixel is jitter sampled — i.e. the location (x p,yp) for each 
pixel is chosen randomly. An RxQ resolution image with average pixel radiance is formed 
by filtering down the high resolution MRxMQ image. Using this jittering and filtering 
technique then, Ipixel as given in Eq. (1) is calculated by Radian= 

The Radiance package does not have an explicit mechanism for integrating over a finite 
pinhole. In this project we use the following approximation for Eq. 4: 

	

E . 	 I.  . 	., 	. 	p , 	pinhole) cos 0 	TS-2 

	

1 	p,1 	p ,1 	i,ave 	p,t 	p, (7) 

where: 

'Lave (€)/NiA)p,i) is the average radiance incident through the pinhole obtained by 
sampling the radiance through many points on the pinhole. 

ilpinhole  is the solid angle subtended by the pinhole 

'Lave (ep,i Otp,i) is found by taking the weighted average of the radiances calculated using 
several different positions for the infinitesimal pinhole, taking into account the shift in pixel 
registration when the pinhole is moved. We chose a sampling pattern which requires only 
integer pixel shifts, and which samples the pinhole area relatively uniformly. The weight 
associated with each sample is equal to the fraction of the pinhole area that sample 
represents. 

flpinhok in Eq. (6) is equal to the area of the pinhole projected in the direction of the sensor 
pixel, divided by the distance squared from the sensor pixel to the pinhole. For a sensor 
plane parallel to the pinhole, —pinhole  can be expressed in terms of the pinhole size d and 
the focal distance f: 
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pinhole 

nd2 cos 8 
4 	- P. i  

f 	2 
( 	0 	) COS p ,i  

(8) 

Combining Eqs. (7) and (8) gives: 

p.imi zti4f 2 
E i (8 	p,i) al I i,ave (0 p.i ,4) p,i)cos 4 0 

The value of Epixet  in Eq. (3) is found by calculating values of kave (6p,i, 

in which several samples per pixel were taken. 

(9) 

from images 

For our initial implementation we considered averaged values for a single wavelength band. 
The method for producing a simulated captured image using Radiance is summarized in the 
following pseudocode: 

/* Find Average Pixel Radiances for X Pinhole Locations */ 
For each pinhole sample location X 

{ 

Calculate the array of radiances I[X][RM][RN]; 
Filter the result of the supersampled image down to I[X][M][N]; 
} 

/* Find Composite Image for Radiance Averaged over the Pixel and the Pinhole 
LAVE = 0; 
For each filtered image X 

{ 

Shift I[X] so that pixels line up with image centered around pinhole; 
LAVE += weight[X]* I[X]; 
} 

/* Calculate Average Energy/Area E from Average Radiance LAVE*/ 
/* And Compute Gray Scale G from E */ 
For each pixel [0] [0] to [M-1] [N-1] 

{ 

E[m][n] = LAVE[m][n]*cos 46[m][n]*nd2T/4f2 ; 
If (E[m] [n] < Esaturation) 

, G[m][n] = K*(E[m][n]) Y +Go; 

else G[m][n] = Gam; 
} 
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4. A Comparison of Captured and Synthetic Images 

In this initial investigation, we compared a series of synthetic images generated by 
increasingly physically accurate methods to images captured by an existing vision system. 
Our goal was to examine whether there were meaningful differences in the accuracy of the 
various synthetic images. 

The vision system of the type described in section 2 was used with D = 0.48 m, f = 6.75 
mm, d = 0.1 mm and w = 2.54 cm. The illumination system consisted of N=12 A1GaAs 
LEDs (Hewlett Packard model HLMP-8104), which are designed to concentrate the 
luminous flux into a cone of t = 7 degrees. The typical relative angular intensity 
distribution for the LEDs is shown in Fig. 6. The LEDs have a peak intensity at a 
wavelength of 650 run. The LEDs were chosen as low cost, low power consumption, long 
life sources with spectral characteristics matching the imaging sensor. The imaging sensor 
was a Texas Instruments CCD TC-211, the output of which was sampled at 4 MHz using a 
Motorola MC 101319, an 8-bit analog-to-digital flash converter. 3M Scotchlite Reflective 
Sheeting (#3870), a commercially available retroreflective material, was used as a 
retroreflective background. 

The camera energy/area to gray scale transfer function defined in Eq. (5) was calibrated by 
shining one of the LEDs directly into the camera from distance D, and recording the gray 
scale values obtained by averaging over the 35 brightest pixels for various exposure times 
r. The values obtained were K = 33,844, y = .85 , Go  = 12 and Gmax = 161. 

Two images captured by the system were used for comparison -- an image of the plain 
retroreflective background and an image with a shiny stainless steel washer. The images 
were captured with low ambient light The captured images are shown in Figs. 7 and 12. 
(Note: Figs. 7-14 can be found on the two 35 mm slides accompanying this paper.) 

For comparison with the captured image of the plain retroreflective background, the 
following series of synthetic images were produced: 

Fig. 8: Background modelled as Lambertian with pd = 1, camera modelled with 
infinitesimal pinhole and light source modelled as 7 degree cone. 

Fig. 9: Background modelled with pbd given in Eq. (6), with p s  = .086 and a = .00612 
(parameters chosen to fit data for Scotchlite), camera modelled with infinitesimal pinhole 
and light source modelled as 7 degree cone. 

Fig. 10: Background modelled with pbd given in Eq. (6), with p s  = .086 and a = .00612, 
camera modelled with finite pinhole and light source modelled as 7 degree cone. 
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Fig. 11: Background modelled with pjj given in Eq. (6), with p s  = .086 and a = .00612, 
camera modelled with finite pinhole and light source modelled with the directional 
distribution shown in Fig. 6. 

Figures 8 to 11 represent increasingly accurate simulations of the image. Figure 8 is the 
grade of output that would be obtained using a standard CAD package. Clearly the image, 
which is nearly black, is useless for camera system design. In Fig. 9 the use of the correct 
retroreflectance results in realistic gray scale values, but the illuminated area is too small, 
and too sharply defined. In Fig. 10, the averaging over the finite pinhole removes the sharp 
edges, but the illuminated area is clearly still too small. Finally, using the more accurate 
directional light source distribution in Fig. 11 results in a larger illuminated area. 

For comparison with the image with the washer two synthetic images were produced. In 
each the washer is modelled as ideal specular (i.e. perfectly smooth) with a reflectance of p s 

 .8. 

Fig. 13: Background modelled with pj given in Eq. (6), with p s  = .086 and a = .00612, 
camera modelled with infinitesimal pinhole and light source modelled with the directional 
distribution shown in Fig. 6. 

Fig. 14: Background modelled with pij given in Eq. (6), with p s  = .086 and a = .00612, 
camera modelled with finite pinhole and light source modelled with the directional 
distribution shown in Fig. 6. 

Comparing Figs. 13 and 14 to the captured image Fig. 12 shows that averaging over the 
finite area of the pinhole is important in accurately simulating the appearance of the edge of 
the washer, and the contrast between the washer and the background. 

While the synthetic images show that the correct reflectance distribution, light source 
distribution and pinhole model are critical in accurately simulating the captured images, 
none of the synthetic images matched the captured images perfectly. The illuminated area in 
the captured images Figs. 7 and 12 is more sharply defined than in Figs. 11 and 14. This 
may be because a Gaussian does not adequately model the sharp fall-off in the 
retroreflectance, and that another function should be used. The geometric alignment of the 
camera system, which resulted in the captured image being off-center, needs to be simulated 
more accurately. The retroreflective coating used was a flexible sheet that may not have 
been perfectly smooth, possibly causing some of the irregularities in the illuminated area. 
There was a subtle pattern on the Scotchlite sheeting which is visible in the image which 
needs to be modelled in the simulation. Also, the Scotchlite has a specular sheen which 
should be modelled. The washer in Fig. 14 does not have the same shape as in the captured 
image. This may be due to the precise placement of the washer, or because the reflectance 
of the washer needs to be modelled more accurately. 

]. 6 



5. Conclusions and Future Work 

Synthetic images have the potential to be useful in designing computer vision 
hardware/software systems. We have presented a methodology for generating physically 
accurate synthetic images for simulating the images captured for a computer vision system. 
We have shown some preliminary comparisons that indicate physically accurate image 
synthesis methods, rather than the synthesis methods used with standard CAD packages, 
are necessary to simulate captured images. 

In the next phase of comparisons between captured and simulated images we will consider 
the reflectance modelling and geometric alignment issues mentioned in Section 5. We will 
go on to test images of many more objects. We will consider a variety of ambient lighting 
conditions, rather than simply the effect of direct lighting by the vision system itself. Rather 
than just visually comparing the images we will compare the performance of image 
processing algorithms on the synthetic and captured images. Once we have completed the 
validation of the synthetic imaging process, we will go on to use this process to test various 
intrinsic hardware design parameters, and to develop a template design methodology for 
feature matching. 
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