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Two-dimensional images of 3D objects require realistic shading to create the illusion of
depth. Traditional (object space) shading methods require extra data (normal vectors) to be
stored with the object description. When object representations are obtained directly from
measured data, these normal vectors may be expensive to compute; if the object is modified
interactively, they must be recomputed frequently. To avoid these problems a simple shading
method is devised which uses only information available in image space, after coordinates have
been transformed, hidden surfaces removed, and a complete pre-image of all objects has been
assembled. The method uses both the distance from the light source and the surface orientation
as the basis for shading. The theory and its implementation are discussed and shaded images of
a number of objects are presented. © 1985 Academic Press, Inc.

1. INTRODUCTION

Computer-generated displays of 3-dimensional (3D) objects fall into two classes
[1]: those which produce a true 3D image in space, and those which project the
object onto a 2-dimensional (2D) surface such as a TV monitor driven by a
frame-buffer display system. Additionally, the object data may come from one of
several sources, or be represented in different ways [2]: from a computer model
synthesized with polygons or other 2D or 3D primitives, from a parametric represen-
tation of the object or its surface, or from a real medical object (human organ)
examined experimentally with a device such as a computed tomography (CT)
scanner. In the last case, the object data are frequently stored in the form of voxels
(cubic or rectangular volume elements of equal size). We will refer to the coordinate
system in which objects are defined as object space, and that within which they are
displayed as image space (Fig. 1). Object space and image space are related by a
coordinate transformation.

The realistic display of 3D objects on a 2D surface requires several depth-cues to
create the illusion of the third dimension: among these are hidden surface removal,
motion parallax, and shading. Shading techniques are used to simulate both the
object surface characteristics, and the position and orientation of object surfaces
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F1G. 1. Object space (x, y, z) and image space (x', y’, z’).

with respect to light sources. The simplest form of shading is by distance only, so
that objects far from the light source appear darker. More sophisticated models
distinguish between diffuse reflection, where the surface scatters light equally in all
directions, and specular reflection, where a glossy surface exhibits a highlight which
varies with the viewing direction.

Diffuse reflecting surfaces appear to have the same brightness from all viewing
directions; the brightness depends upon the illumination which is given by

I=1_,.co0s8, (1)

where 6 is the angle between the incident light and the normal to the surface (Fig.
2a). I, is the maximum illumination which results when § = 0. We can rewrite Eq.
(1) as

I=1_,N-L, (2)
where N is the unit vector normal to the surface and L is the unit vector along the
line from the surface to the light source.

In theory, illumination falls off with the square of the distance from a point light
source to the surface. In practice, however, a factor of 1/d? does not produce
natural looking images, and 1/4d is used instead. This can be explained by consider-
ing natural lighting to have properties intermediate between those of a single point
source and an extended light source which produces parallel rays. This point may be
emphasized by adding an ambient light term to account for (diffuse) reflection of
light from other surfaces in the environment. Additionally, the cos§ term may create
too harsh an angular dependence and may be replaced by (cos6)?” or (cos(8,/2))?,
where p is an empirically determined parameter. We have found the following
expression to give good results in practice:

. (Imax—lu)(ll))— Deosd)” )

where [, is the ambient light, 4 is the distance to the surface from the light source,
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F1G. 2. (a) Diffuse Reflection. Brightness depends on direction of incident light L. (b) Specular
Reflection. Brightness depends on the direction of incident light L and the direction of viewing V.

and D is the distance at which the illumination falls to zero (D may be considered
to be the diameter of a sphere which encloses the object).

Specular reflection can be accounted for by modifying Eq. (3) to include a term
S(6, a) which depends both on the direction of incident light and on the viewing
direction (Fig. 2b). We have not used specular reflection in the images presented
here; however, our shading technique could be modified to include this facility.
More sophisticated shading models are discussed in [3 and 4]. Such state-of-the-art
techniques result in greater realism than Eq. (3), but at the expense of considerably
increased computation.

Once a shading model has been chosen, it may be implemented in one of the
following ways, leading to two classes of algorithms:

(1) object space algorithms, where extra data are stored along with the voxel (or
polygon) to provide information about neighboring voxels (or polygons);

(2) image space algorithms, which attempt to assign the shading using informa-
tion available after a pre-image has been assembled.

In this paper we present an image space shading algorithm which can be applied
to a pre-image such as a distance-only shaded image. The original representation of
the 3D object, as well as the algorithm by which hidden surfaces are removed and
the pre-image is produced, are immaterial; the only requirement is that the distance
to the closest part of the object corresponding to each pixel of the image be
available. On the other hand, much of the motivation for our work has been the
desire to generate images of medical objects rapidly from data collected by an
imaging device such as a CT scanner. In such an application, it is frequently
desirable to modify the object interactively to obtain an unobstructed view or to
simulate surgical procedures [5]; such a modification can be expensive when object
space shading methods are employed. To demonstrate why this is so we give an
account of previous shading methods before proceeding to a discussion of the new
technique.

2. OBJECT SPACE SHADING METHODS

When surfaces are approximated by planar polygons, several shading methods are
available. Most of these have to do with the manner in which the surface normal is
estimated. Distance-only shading ignores the surface orientation and uses only the
distance from the light source. Constant shading uses the true normal to the polygon
to obtain an intensity which is then applied to all points on the polygon. Gouraud
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shading [6] attempts to create the impression of a curved surface by finding the
resultant normal at each vertex where polygons meet, using this normal to assign an
intensity to the vertex, and then interpolating this intensity across the polygon
surface. Gouraud shading produces an intensity which varies continuously from
polygon to polygon; however, the first derivative of the intensity is discontinuous
and a Mach band effect [3] may be produced. Phong shading [7] avoids this by
interpolating the normal vector itself to obtain an effective normal at each point on
the polygon surface. The Mach band is still present but is less pronounced.

Voxels may be considered to be small cubes or rectangular parallelepipeds, with at
most three faces visible, whose normals lie in one of 6 possible directions (along the
positive or negative coordinate axes). Each face may be considered as a polygon to
be shaded by one of the above techniques. We have experimented [8] with each of
the above object space shading methods (except Gouraud shading), for objects
composed of voxels. Distance-only shading gives a smooth appearance that is
lacking in fine detail and curvature information. Constant shading gives more
structural information and is easily implemented since no knowledge of neighboring
faces is required; however, since the number of face directions is limited, we find
that constant shading gives a displeasing, checkerboard appearance. Gouraud and
Phong shading both require examining neighboring faces to establish vertex normals.
While this one-time procedure may be absorbed into the cost of synthesizing a
computer model with polygons, it is expensive in both computer time and storage for
real objects composed of voxels where the procedure must be repeated each time a
new object is examined. Moreover, a very large number of voxels is usually required
to represent an object to an acceptable precision (e.g., the skull shown in Fig. 6
consists of 500,000 voxels; its surface is represented by 270,000 voxel faces. Further
examples are given in Table 1). Finally, the normals must be recalculated frequently
if the object is to be modified interactively.

Our experiments indicate that although Phong shading gives very satisfactory
results, it is computationally expensive with objects composed of voxels. A less
expensive method which gives similar image quality, Contextual shading, was intro-
duced by Herman and Udupa [9] and later revised by Chen ez al. [8]. In this method,
the orientations of four neighboring faces are taken into account when the intensity
of a given face is calculated. These orientations are stored with the voxel description
in the form of “neighbor codes.” Although contextual shading is an overall improve-
ment over the other object space shading methods we have tried, it shares with them
the disadvantage that the normals or neighbor codes must be recalculated if the

TABLE 1
Number of Minimum
Number of voxel faces viewport
voxels in in object enclosing
Object object surface the image
Digital sphere 1092727 76902 127 x 127
Skull 501957 272182 184 x 87

Ankle-bone 607663 142684 186 x 122
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object is modified. This is a serious problem for the interactive real-time display
systems which have recently been proposed [10].

3. AN IMAGE SPACE APPROACH TO THE SHADING PROBLEM

Object space methods (where normals are stored as part of the object description)
have the disadvantage that the normals must be recalculated if the object is
modified. For systems allowing rapid interaction with the object, this problem is of
great importance.

Except for the simplest models, shading is by nature a nonlocal operation,
requiring knowledge of neighboring voxels. One time at which this information is
accessible is at image display time, after coordinates have been transformed, hidden
surfaces removed, and visible surfaces have been rendered. An ‘“image space”
shading algorithm can be formulated as follows:

Assume that at the end of the hidden surface removal process we have a
Z-buffer containing, for each pixel, the distance from the light source to
the closest point on the object which projects onto that pixel. The Z-buffer
then contains a complete representation of the visible surface of the object
of the form z = z(x, y). We can compute the normal N at any point by
finding the gradient vector ¥z at that point. Assuming the direction of
light L is known and the other parameters can be estimated, the
appropriate intensity can be computed by applying Egs. (2) and (3).

There are, however, some problems with the algorithm as stated above. For
example, it is necessary to ensure that the gradient operator performs correctly at
discontinuities (Fig. 3). These problems and their solutions are addressed in the
remaining sections.

OBJECT

(VIEW
FROM ABOVE)

|
|
|
|
|
|
|
|

| — T I I I I T | I I I I I ] SCREEN

FiG. 3. Discontinuities in distance due to hidden surfaces.
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Note that the distances for each pixel, from the light source to the closest point of
the object are the only data needed as input to this algorithm. This does not imply,
however, that a “Z-buffer algorithm” must be used for hidden surface removal: any
algorithm may be used, provided the distances to the object surface are obtained. We
have successfully used the Z-buffer algorithm as described in [2], various “back-to-
front” voxel readout schemes [10, 11], and a ray-tracing algorithm [3, 4, 12] as the
input to this shading method. In fact, the technique can be used with any program
which produces distance-only shaded images (provided the intensities are directly
related to the distances to the object surface), and could thus be made a hardware
option of an intelligent image display system. The quality of the shaded image will,
of course, depend on the precision to which the distances are known. Our experience
has shown 16 bits of precision to be adequate, and 8 bits to be sufficient for many
practical applications.

4. THE GRADIENT SHADING METHOD

Given the surface z = z(x, y), the normal at any point may be obtained from the
gradient vector

dz 0dz
Vzﬁ(a,ﬁ,l)- (4)

This necessitates obtaining the derivatives dz/dx, 9z/dy numerically. For an N X
N Z-buffer, given the distances

z,‘j=z(x=i,y=j) (I1<i<N,1<j<N) (5)

from the observer to the object at each pixel (i, j), dz/dx may be approximated by
the backward difference

8y=z,,—2,, (2<i<N/1<j<N), (6)
by the forward difference
§=2z41,—2, (@<i<N-11<j<N), (7)
or by the average of the two,
8. =321 ;= 2,01 ;) 2<i<N-1,1<j<N). (8)

The last is termed the central difference and is, in general, a better approximation
than either the backward or the forward difference alone. The forward or backward
difference, as appropriate, may be used at edge pixels where the central difference
does not apply.

The central difference would be a good approximation to the derivative dz/dx if
z were a continuous, smooth function of x. However, this is not necessarily the case.
Suppose, for example, that z, | ; and z; ; are distances to one object surface but
Z;41,, 1s the distance to another, then the backward difference is a better approxima-
tion to the derivative dz/dx. (A similar argument, of course, applies to dz/dy. For
simplicity we are considering the x-derivative only.) Fig. 3 is an example.
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What is required is a method of distinguishing gradual changes along a single
surface from abrupt changes from one surface to another. One possible method is to
threshold the differences §, and §,: if both differences are less (in absolute value)
than the threshold, use the central difference §,; otherwise, ignore the difference that
is greater than the threshold. There are two problems with this approach. One is that
a flat surface viewed at a very steep slope may project onto adjacent pixels with
z-values differing by more than the threshold. The second problem is that adjacent
pixels may differ by less than the threshold but may still be the projections of
different surfaces.

The solution we have adopted is to take a weighted average of the forward and
backward differences

9z W, + W8, 9)
Ix W+ W,

where W, and W, are positive weights which depend on |§,| and |§,|, respectively. (A
similar expression is used for dz/dy.) Small differences are given large weights and
vice versa. If W, = W, then we obtain the central difference; this will be the case
regardless of whether W, and W, are both large or both small. However, if §, is
small and &, is large, then more weight is given to the backward difference, which is
more likely to represent the true slope at that point. It follows that any portion of
the surface which has constant slope and projects onto at least 3 X 3 pixels will be
assigned the correct normal vector by this method. It is only in places of rapidly
changing slope that an incorrect value for the normal may result.

We describe now some weighting functions which we have used successfully. Let
A be the maximum possible difference between values of z (e.g., the maximum extent
of the object). For 0 < 6 < A, we define a weighting function W(§) having two
parameters a, b (0 < a < b < A) as follows:

1 ifé <a
€ ifé > b
W)= Lte + 1= ec 5(8 _— ) otherwise (1)
5 5 co Pa— wise.

The weighting function is used to define the two weights W, = W(|§,]) and W, =
W(|8;]), from which dz/dx is obtained using (9); dz/dy is obtained similarly. € is a
small number large enough so that division by 2¢ maintains sufficient precision. In
our implementation we used € = 10 .

The parameters a and b control the points at which distances change their
weights: a is the maximal distance at which the large weight (W = 1) is given, and b
is the minimal distance at which the small weight (W = ¢) is given. For distances
between a and b the weight varies continuously and smoothly due to the cosine
function. This minimizes discontinuities in the image when the object orientation is
changed slightly. For the objects that we have examined, we found that a = 2, b = 5
produce good images. Since there are only a small number of possible values for 6, a
table lookup can be used to compute W(§) efficiently.
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Other weighting functions we have tried include a threshold function (Eq. (10)
with a = b), a linear function

W(8)=1-268/b (11)
and the reciprocal function

1

w(s) “Woro (12)

where W), is an additional parameter. However, none of these has been found to be
superior to the weighting function given in (10).

An explanation for the choice of the cosine function and the parameters a = 2,
b =5 can be given as follows: Suppose our unit of distance in image space is the
distance between two adjacent pixels. Then the smallest differences encountered are
in the range 0 < 8 < 2, corresponding to an angle # in the range 0 < § < 63°. In
order to obtain an accurate estimate of the gradient of such surfaces, it is important
to give these small differences equal weight. A difference of 5 or more on the other
hand means an angle § > 78°, so no harm results in giving such differences equal
weight—they all represent very steep slopes. The cosine function ensures a continu-
ous and smooth transition from W =1 to W = .

A difficult problem associated with the display of objects represented by
voxels—such as medical objects produced by CT scans—is that there are two
conflicting objectives: one is the requirement of displaying the object with as much
detail as possible, preferably by some form of shading that will accentuate the
curvature of the surface. The second objective is to eliminate or deemphasize
artifacts due to the discretization of the object. When slopes are emphasized
strongly, artifact patterns stand out too sharply. By smoothing the image one could
reduce the artifact patterns, but at the danger of smoothing away important details.
Our approach has been to use the parameter p in Eq. (3) to balance the curvature
against the artifact patterns: for most objects we have examined, p = 0.2 has been
found to be appropriate. In a hardware implementation, parameter p could be left
as a “knob” similar to brightness and contrast, to be fine-tuned to suit individual
requirements. The effect of varying p is shown in Fig. 5.

One other problem results from a straightforward implementation of the above
ideas. Consider three distant relatively flat surfaces such that the middle surface
projects onto exactly one pixel (or line of pixels) between one pixel from the near
surface and one pixel from the far surface (Fig. 4). The method will assume that such
a combination represents a very steep slope and will shade the middle pixel very
dark. This results in very dark patches or stripes one pixel wide. Some of the medical
objects that were tested were of sufficient complexity for this to occur.

A simple solution is to check for such dark pixels using a threshold function, and
to replace such dark pixels by the average of their neighbors. Note however, that the
object may contain true “holes” which may also appear after shading as very dark
pixels. It is therefore necessary to check the pixel values for true holes before
shading, and ensure that true holes are left unchanged.

Theoretically, the above situation can occur with more than three surfaces, and
our method really has no solution for that problem. In practice, however, this would
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F1G. 4. Slope artifact caused by hidden surfaces.
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probably occur only very rarely, and would simply result in what appears to be a
very steep slope rather than a discontinuous edge.

5. EXPERIMENTAL RESULTS

A number of objects were displayed using (a) distance-only shading and (b)
gradient shading, with different values of a, b, and p. These included both artificial
objects (Fig. 5) and real objects obtained from CT scans of live patients (Figs. 6-8).
From our experiments we concluded that a =2, b =5, and p = 0.2 give good
results, and these are the values used with the gradient shaded images presented
here. We include one image (Fig. 5c) with p = 1.0 for comparison. All the images
were produced using the back-to-front voxel readout method of hidden surface
removal [10, 11] and were rendered on a frame-buffer display with a resolution of
256 X 256 pixels and a gray-scale of 256 levels. In Eq. (3) we used I, = 255 and
I, = 30. No anti-aliasing or smoothing was used. For each object the distance-only
image (a) was the pre-image from which the gradient shaded images (b) and (c) were
derived.

Figure 5 shows three images of a computer generated digital sphere with a
diameter of 127 voxels. Figure 5a is a distance-only shaded image ( p = 0), Fig. 5b is
gradient shaded with p = 0.2, and Fig. 5c is gradient shaded with p = 1.0. On the
one hand, there is a definite improvement in conveying depth and curvature in Fig.
5c as compared to Fig. 5a; on the other hand, the artifact patterns due to the
discrete voxel representation are more pronounced. We feel that Fig. 5b, with
p = 0.2, strikes the appropriate balance between the conflicting objective of repre-
senting the underlying object (the sphere) and the details of its structure (the voxel
representation).

Figure 6 shows a skull of a live patient, obtained from CT data. These images
show the improvement in detail and perception of depth that can be obtained by
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Fi1G. 5. (a) Digital sphere with distance-only shading. (b) Digital sphere with gradient shading,
p = 0.2. (c) Digital sphere with gradient shading, p = 1.0.
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F1G. 5— Continued.

using gradient shading as a post processing technique on distance-only shaded
images.

Figures 7 and 8 show two views of the same object, an ankle-joint of a live patient.
In Fig. 7, as in Figs. 5 and 6, there is no object rotation; that is, the voxels by which
the object is represented are arranged in planes orthogonal to the direction of
viewing. In Fig. 8, the object has been rotated by 80° about a horizontal axis. We
include this image to demonstrate that good results can be obtained with gradient
shading irrespective of the object orientation.

6. DISCUSSION

We have presented a simple shading method which requires only information
available in image space. The method uses both the distance from the light source
and the orientation of the object to calculate the intensity assigned to each pixel.

There are three grounds on which our technique can be compared to existing
methods: applicability, image quality, and computational effort.

We turn to applicability first, because gradient shading can be used in some
situations where other shading methods simply do not apply. For example, gradient
shading can be used with existing 3D display algorithms which produce distance-only
shaded images [11-13]. Such algorithms are attractive because of their simplicity and
speed, but the images are lacking in detailed structural information. The gradient
shading algorithm could be microcoded into a sophisticated frame-buffer display
system which could process any distance-only shaded image, without any knowledge
of vertex normals or how the image was produced.

As regards image quality, our images are certainly not as good as state-of-the-art
object space methods applied to, for example, ray tracing [4]. However, in a direct
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F1G. 6. (a) Skull with distance-only shading. (b) Skull with gradient shading.
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F1G. 7. (a) Ankle-bone with distance-only shading, no rotation. (b) Ankle-bone with gradient shading,
no rotation.

comparison [8] we have judged gradient shaded images to be only slightly inferior to
Phong shaded images of the same objects using the same 3D display algorithm.

As to the computational effort, one must distinguish between different viewing
requirements.

In many computer graphics applications, an unchanging object is viewed many
times from different directions. In such a case, the one-time cost of computing object
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a) Ankle-bone with distance-only shading, rotated 80° about horizontal axis. (b) Ankle-bone

about horizontal axis.
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normals may be neglected, and object space shading methods are certainly ap-
propriate. In other applications (e.g., medical applications), the object may change
frequently, perhaps because a new patient is imaged, or because the user has the
facility to modify an existing patient database interactively. In these cases, the cost
of computing new normals must be taken into account. In object space, this effort is
typically proportional to the number of polygons (or voxel faces) required to
represent the surface of the object. The work done by gradient shading, on the other
hand, is independent of the object and depends only on the number of nonzero
pixels in the image. As objects become more complex, the number of polygons will
eventually become greater than the number of pixels (figures for the objects used to
illustrate this article are presented in Table 1). Thus image space shading is bounded
by the number of pixels in the display frame-buffer and, in principle, a gradient
shading processor can be constructed which will shade any image presented on such
a device in constant time, regardless of the object complexity.

Going a step further, by noting the minimum and maximum x and y pixel
coordinates of the image, one can avoid processing the entire screen. The work done
in shading would then be proportional to the area of the smallest viewport contain-
ing the image. The following theoretical observation about the time complexity
of the different shading methods can then be stated: due to their dependence on
object surface area, object space algorithms—however efficiently they are imple-
mented—will take longer than image space methods for objects whose surface is
represented by a sufficiently large number of polygons.

In conclusion, we find the advantages of our method to be the following: First, it
does not require any normal vector data to be stored with or computed from the
object representation, and therefore is appropriate for data obtained experimentally
or for interactive systems where the object is modified frequently. Second, it can be
used with any object representation or appended to any visible surface rendering
algorithm which produces the distance to the object associated with each pixel of the
image. Third, it can be integrated into the hardware of sophisticated display units to
perform gradient shading directly on distance-only shaded images in a time indepen-
dent of the object complexity. The disadvantage is slightly inferior image quality,
when compared with sophisticated object space shading methods.
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