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Abstract. This paper introduces a new concept, that of vision realis-
tic rendering. New rendering techniques are developed for the computer
generation of synthetic images that incorporate accurate optics, especially
for the human visual system, both as a model and from specific patient
data. Two approaches are developed. In the first approach, we convolve
an image with a point spread function, using high dynamic range source
images to achieve a much more realistic estimate of glare and loss of con-
trast. The second approach traces rays from a retina or film plane through
a system of lenses and into a three-dimensional scene. Both of these ap-
proaches can be used for camera models, eye models, and actual corneal
topographic data. We are incorporating an accurate distribution of pho-
toreceptors, with the density of sampling decreasing away from the foveal
region of the retina. There are two distinct impacts of this research, one
from the perspective of computer graphics and the other from the point
of view from optometry and ophthalmology.

§1. Introduction

Context

The field of computer graphics is concerned with techniques for the generation
of realistic synthetic images using computers. One of the primary goals has
been photo-realistic rendering, that is, the computer creation of synthetic im-
ages that are visually indistinguishable from photographs of real scenes. This
quest for visual realism in computer graphics has been remarkably successful
as the field has developed and matured since the mid-1960’s.

However, even the most compelling realistic synthetic images, generated
by techniques such as ray tracing and radiosity, do not model the optics of
the camera nor of the human visual system. The so-called “camera model”
in computer graphics is in fact a misnomer, meaning little more than the
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specification of the position and orientation of the perspective projection.
The complexities of an individual’s human visual system are not taken into
account. In fact, almost all images in computer graphics are generated on
the basis of the over-simplified pinhole camera model. For example, an effect
such as the blur of the background of a scene is usually handled in an ad-hoc
manner.

Two New Approaches to Rendering

We are investigating camera models and eye models as well as the use of
corneal topographic data obtained from videokeratography. To this end, we
are exploring two independent approaches. In the first approach, we convolve
an image with a point spread function, using high dynamic range source images
to achieve a much more realistic estimate of glare and loss of contrast. The
second approach traces rays from a retina or film plane through a system
of lenses and into a three-dimensional scene. Both these approaches can be
used for camera models, eye models, and actual corneal topographic data.
When using an eye model or actual corneal data in the second approach, we
incorporate an accurate distribution of photoreceptors, with the density of
sampling decreasing away from the foveal region of the retina.

§2. Approach I: Convolution of a 2D HDR Image with a Point Spread Function

Overview

Our overall goal is the accurate simulation of human vision. In this approach,
we use the Point Spread Function (PSF), a technique used to measure the
quality of optical systems. We use the PSF with our corneal models to derive
a very good first approximation of what a particular person actually sees.
This should be particularly effective in simulating visual phenomena such
as nighttime haze and glare, a possible side effect of laser corneal refractive
surgeries.

Background of the Technique

The PSF describes the response of an optical system to a single point of light; it
is a two-dimensional retinal energy histogram. It provides a lot of information
about predicted visual acuity, as it is akin to the impulse response of a circuit.
Thus, to simulate the response of the optical system to any visual stimuli, we
simply convolve the PSF with a digital image reproduction of that stimuli to
get a very good simulation of what the patient actually sees [8, 9, 10].

Computational Method to Create the PSF from the Cornea

To compute the PSF, we shower the cornea with parallel incoming rays and
record where they fall on the retina as a 2-D histogram. This retinal distri-
bution was studied by Strehl [1] who developed an interesting metric, called
the Strehl Ratio, to characterize the function. The Strehl Ratio describes
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the ratio of the height of the normalized PSF histogram compared to the
ideal diffraction-limited height. We ignore diffraction effects, so we call this
computation the Geometric Strehl (Strehlg) ratio. The PSF itself is usu-
ally represented as a simple 2-D height-map or pseudo-color map of light ray
density.

Note that most corneas have astigmatism which dominates the PSF re-
sponse. Thus, we must add a correcting cylinder lens, just as patients who
are astigmatic must wear correcting spectacles or contact lenses. We search
through a three-dimensional space of correcting terms (overall resolving power,
astigmatic correction angle and intensity) until we find the particular combi-
nation which achieves “best” acuity. We measure best acuity as the highest
geometric Strehl ratio.

Once we have the PSF and a digital image of the visual stimuli, we then
convolve the PSF with the stimuli to create a blurred image, very similar
to what the patient would see. This convolution is very fast, as it involves
performing a Fourier transform of both images, multiplying them, and taking
the inverse transform. Both the transform of the stimuli and PSF can be
pre-computed.

The input image can be anything: a photograph, a computer-generated
2-D image, or even a standard Snellen acuity eye chart. This last stimuli
is very revealing, since it shows what the patient would see during an eye
examination, and provides an accurate picture of his or her vision.

Simulating Accurate Haze and Glare Using High Dynamic Range Images

One of the shortcomings of using input images with Low Dynamic Range
(LDR) (i.e., 8 bits per pixel with 256 levels of luminosity) is that they do
not fully capture the nonlinearities of human vision. To properly model vi-
sual phenomena such as glare and haze requires High Dynamic Range (HDR)
stimuli, which have at least tens of thousands of different levels of luminosity.

§3. Approach II: Optical Ray Tracing in 3D

Introduction

The second approach traces rays from a retina or film plane through a optical
system of lenses (ocular or camera-based) and compute radiances of rays per-
meating through a three-dimensional scene. The illumination from the scene
along a ray can be determined either from a synthetic computer-modeled
environment or from data captured by a series of images taken in a real en-
vironment. In the synthetic case, the light can be computed using traditional
ray tracing or an experimental virtual light field technique [21]. For a real
scene, the flow of light is represented using a light field or Lumigraph [11, 18]
representation of the plenoptic function. We provide a brief discussion on the
applicability of light fields for completeness.
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Camera Models

Realistic models of cameras are an important part of rendering photo-realistic
images. However, with only a handful of exceptions, [3, 4, 7, 16, 17, 20],
this has received almost no attention in the computer graphics literature.
Combining light fields with realistic camera models provides an opportunity
to create photo-realistic renderings of synthetic scenes captured in a light field.

Realistic models of cameras for rendering comprise a system of lenses
focusing light onto a film plane. As with physical cameras, an aperture control
is included as part of the system. By modeling lenses and apertures, the
realistic camera model introduces depth of field blurring, and distortion effects
such as coma and pincushion. These effects are not present in the simpler
pinhole camera model used for most computer graphics rendering.

Rendering with a realistic camera model is accomplished by tracing rays
from the film plane, through the system of lenses and apertures, out into a
synthetic environment. For each point on the film plane, a number of rays
need to be traced in slightly different directions to simulate the different paths
that light can take to arrive at a point on the film plane. These multiple paths
produce blur in images taken with a real camera. An (ideal) pinhole camera,
where light can reach a point on the film plane in exactly only one direction,
creates unrealistic images with no distortion or blur.

This camera model allows the lens system to be directed at a certain point
in the scene and then focused at a given distance. For instance, the camera
could be pointed at a virtual tree and then focused (by adjusting the distance
between elements in the camera’s lens system) to produce a crisp image of
the tree, but a somewhat blurry image of mountains in the background. In
addition the aperture could be adjusted to be very small, bringing distant
features such as mountains into better focus, just as with a physical camera.
Some of the subtle distortions and variations in illumination that physical
cameras produce can be modeled. The typical pinhole model used in computer
graphics does not provide this realism.

Tracing a few rays from each point on the film plane is sufficient for cam-
era models with close to perfect lenses. As more imperfections or aberrations
are introduced into the lens system, it is necessary to sample more rays per
location on the film plane to account for a greater variation in the paths that
light can traverse to reach each location.

Building the Camera Model

Camera lenses are clasically composed of spherical /planar glass “elements” as
well as apertures, all centered on the optical axis [22]. We build the system
of lenses [22] from the right to left, parameterizing each spherical lens by the
following properties: 1) radius, 2) z position along the principal axis of the
lens system 3) aperture radius and 4) Indices of refraction of adjacent surfaces.

One other important property of the lens system is the exit pupil. Similar
to the pupil of the human eye, the exit pupil asserts a maximum range for rays
emanating from the lens system. To compute the exit pupil, for each subset of
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lenses between the image plane and the aperture stop, we compute the thick
lens approximation and project the aperture stop through the approximation
[2]. The exit pupil is characterized by the minimum angle (with respect to
the principal axis) over all subsets of lenses. We use the plane on which the
exit pupil lies to compute sample rays from the image plane.

Sampling for the Camera Model

Our lens/cornea research uses sampling to obtain quanta from the continuous
space of the “world” outside the camera/eye and to map these points to the
image plane. We sample a finite number of rays defined by one endpoint at
the point on the image plane and the other at a random point that is within
a planar region specified to be some distance away from the image plane (the
exit pupil plane). We perform this operation over all points on the image
plane, effectively blurring areas of high frequency transitions on the projected
image plane.

When sampling, we also need to account for the aliasing that occurs. [19]
Our solution is to use a variation of unweighted area sampling (prefiltering).
[6, 15] When we create the set of rays from any given point, we perturb the
“base point” ( starting point on the image plane) up to a specified random
amount. This prefiltering effectively anti-aliases regions of high frequency,
smoothing out the visually objectionable “jaggies”.

Our sampling algorithm is as follows: For each discrete point on the
image plane, compute a finite set of rays (which are described by their two
endpoints) by randomly picking the second endpoints of each ray on the plane
that describes the geometry of the projected exit pupil. If this random point
lies within a specified area on the plane, then send this ray out into the ray
tracer. Otherwise, pick another random point, create another ray and perform
this test again until enough rays have been computed.

After sampling a set of rays for a given point, we combine the ray samples
using a cos() function: the weight of any given color is a function of cos(d),
where d is the angle between the normal vector of the image plane and the
ray being cast. The intuition is that rays that are closer to the normal are the
ones with the most influence on the color of that point on the image plane.

The Ocular Model

In the ocular model, we send rays from a small image plane through a corneal
surface and compute radiances along refracted rays in the surrounding envi-
ronment. The corneal surface is obtained from our spline surface algorithm
for reconstruction from a videokeratographic reflection pattern using spline
surface fitting of normals [12, 13, 14]. This data is represented as a Taylor
series.

Sampling for Corneal Topographic Data

We send rays constructed from sampling points on the cornea surface and base
points on the image plane. The sampled points can be arbitrarily dense and
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computing intersections between these rays and the cornea surface becomes
trivial. In addition, the normals are also known at these sampled points, so
computing the refracted ray by Snell’s law is also simple. This method also
allows for more control in terms of the sampling region on the surface of the
cornea. For example, we may want to sample more densely towards the center
of the cornea and less densely on the outer regions.

Image Based Rendering and Light Fields

Given our two refraction models (ocular and camera-based), we also investi-
gate representations of scene geometry other than the “classical” ray tracing
approach, which is limited to synthetic, computer-modeled geometry. It would
be beneficial to trace rays from “real” geometry. Another drawback is that
this approach generates a single image from a fixed vantage point. These
shortcomings can be overcome by using a light field (or lumigraph) [11, 18].

Light fields can be generated from digitized images of real-world objects
and environments, thereby providing a database of light rays from real ob-
jects. In recent years, there has been interest in the approach of image-based
modeling and rendering. By using real photographs, the need for certain tech-
niques to create realistic images is obviated. This light field approach employs
a discrete sample of the distribution of radiance in a space constructed from a
set of 2D images with known camera parameters. In addition, once the light
field is generated, it can be quickly queried for the radiance of any given ray;
this is advantageous compared to ray tracing which would require non-trivial
time to compute this radiance.

A light field is ideally employed in situations where the images are cap-
tured by a digital camera from real scenes. We can refer to this as a cap-
tured light field (CLF) approach. A light field for virtual scenes can also be
constructed [21]. In this case, an existing rendering system may be used to
produce the required array of 2D images. In the case of a light field for virtual
scenes, if the illumination is local, then there is clearly no problem to produce
the required 2D images; for example, OpenGL can be used for this purpose.
However, a new approach [21] is to directly produce light fields for globally
illuminated virtual scenes without the intermediate need to render a large
number of 2D images. This is called the virtual light field (VLF) approach.

Our proposed representation of a light field is similar to the 4D light
fields used to represent a region of non-occluded space [18]. We parameterize
lines by their intersections with two planes; the first plane is parameterized
by (u,v) and the second by (s,t). We select n discrete points from the first
plane and m discrete points from the second plane; then, for each point (z,y)
on the uv-plane, we compute the radiance along the lines to each point on
the st-plane. The resulting set of lines (and their radiances) represents the
light field for that region. In other words, the light field is the set of radiances
associated with the lines that are formed from the nm pairs of intersections
between the first and second planes.

To produce images, a virtual “observer” can be placed anywhere in the
scene at any viewing orientation. Consider, first, the simplest case of a single
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convex thin lens. The lens is represented as a rectangular planar polygon,
and all rays through the lens can be trivially and rapidly generated. The
intersection corresponding to any ray striking the lens can be looked up. If
the intersection carries radiance in the appropriate direction (to inside the
lens), then the lens formula may be used to compute the refracted ray, which
can then be intersected with the image plane, and the radiance along the ray
is accumulated on the image plane pixels. For a single convex lens, all rays in
a parallel subfield are refracted through a single point on the focal plane. The
image plane can be mapped to a two-dimensional window on a workstation
display.

The lens properties (focal length, etc.) can be altered as desired between
frames at no cost. The time for this operation of capturing an image onto
the image plane through a lens is essentially constant for any eye position
anywhere in the scene. It is equivalent to rasterization of one polygon (the
lens) as many times as there are rotations of the parallel subfield plus the cost
of the rotations.

This simple case of a single convex thin lens can be extended to any
set of optical elements that can represent any combination of camera lenses,
spectacles, contact lenses, and elements of the human eye.

¢4. Example Images

Fig. 1 & 2. A scene rendered using the PSF (left) and a scene with a camera/lens system (right).

Fig. 3 & 4. Scene rendered through a normal cornea (right), and through cornea with keratoconus (left).
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Figures 1-4 provide some images rendered using these techniques. Figure
1 shows the glare from the headlights of an approaching car rendered by
convolving a synthetic image with a point spread function that was generated
from actual patient corneal topographic data. Figure 2 illustrates rendering
through a lens system of a camera, demonstrating blur as well as spherical
aberration at the edges of the image. Figure 3 is an image traced through a
normal cornea. Figure 4 is an image traced through the keratoconic cornea of
the first author.

§5. Conclusion: The Next Step in Adding Rigor to Computer Graphics

Taking a broad view of the development of computer graphics, it can be seen
that throughout its history, there has been a tradition of beginning with ad
hoc, heuristic models, and then refining them by appealing to more rigorous
science and mathematics. One example is in the early “cosine to a power”
in the Phong specular reflection model which had no basis in physical real-
ity and which was later improved by models based on physics such as the
Cook-Torrance [5] model. Another example is in motion specification in an-
imation which benefited from many physics-based models such as dynamics
[23]. These examples are from the early 1980’s, and as the computer graph-
ics field has matured and has been so successful in improving the quality of
computer-generated imagery, there have been diminishing opportunities for
finding such gaps where appealing to more rigorous science and mathemat-
ics can have a significant impact. In this context, the new concept of vision
realistic rendering incorporating involves the identification of just such a gap.
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