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Abst ract

Blinn and Newell introduced reflection maps for conputer sinmulated
mrror highlights. This paper extends their method to cover a
wi der class of reflectance nodels. Panoram c images of real,
pai nted and sinulated environnents are used as illum nation nmaps
that are convolved (blurred) and transformed to create reflection
maps. These tables of reflected light values are wused to
efficiently shade objects in an animation sequence. Shaders based
on point illumnation may be inproved in a straightforward manner
to use reflection maps. Shading is by table-Iookup, and the
nunber of calculations per pixel is constant regardless of the
complexity of the reflected scene. Anti al i ased mapping further
i nproves imge quality. The resulting pictures have many of the
reality cues associated with ray-tracing but at greatly reduced
conput ati onal cost. The geonetry of highlights is |ess exact than
in ray-tracing, and nmultiple surface reflections are not
explicitly handl ed. The color of diffuse reflections can be
rendered nore accurately than in ray-tracing.

CR Categories and Subject Descriptors:

[.3.7 [Conputer G aphics]: Three-dinensional Gaphics and
Real i sm - Col or, shadi ng, shadow ng and texture;

1.3.3 [ Comput er G aphi cs]: Pi cture/l mage Cener ati on:
digitizing and scanning, display algorithns;

|.1 [Data]: Data Structures: tables

Ceneral Terns: Algorithns, Design

Additi onal key words and phrases: conputer graphics, conputer
ani mati on, shading, reflectance, illumnation.
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1. | NTRCDUCTI ON

The conventional point source lighting nodel [7] is used for
efficient shading of sinulated scenes, but it limts the kinds of

scenes that can be rendered realistically by conputer. This is
because it does not adequately nodel the effects of area I|ight
sources (e.g. fl uorescent | anps) and of objects in the

environnent, (i.e. the sky) that act as secondary |ight sources
[16,19]. This is particularly noticeable on shiny surfaces.

A nore realistic lighting nodel is also necessary when
conputer sinulated objects are optically [17] or digitally matted
[15] into photographs of real scenes. The lighting on a sinmulated
obj ect must be consistent with the real environment to create the
illusion that it is actually in the scene.

A conplete lighting nodel must account for all of the |ight
that arrives at a surface which is directed towards the viewer.
Blinn [2,5] obtained realistic mrror highlights by mapping the

detailed reflection of conplex environnents. VWitted [25]
provided a nore accurate but slower solution for mrror
hi ghl i ght s.

This paper presents an efficient and uniform framework for
nodeling light for realistic scene simulation. The idea of the
illumnation map is introduced -- a panoramic imge of the
environnent that describes all the light incident at a point.
Since the illumnation map is an inage, it can be created,

mani pul ated and stored by conventional optical and digital inmage
processi ng net hods. Speci fic photographic and digital techniques
are descri bed.

The concept of reflection map is introduced. The shader
| ooks up reflected light values in tables to nodel the appearance
of specific materials under specific lighting conditions. These
maps are obtained by blurring the illum nation maps.

The resulting pictures have many of the reality cues
associated with ray-tracing but at considerably |ess conputational

cost. The geonmetry of highlights is less exact than in ray-
tracing, and nultiple surface reflections are not explicitly
handl ed. The color of diffuse reflections can be rendered nore

accurately than in ray-tracing.

2. H STORI CAL OVERVI EW

This section discusses three major illumnation nodels. It
concludes with a description of a real-tine shader based on table-
| ookup.

2.1 Poi nt Sources Il lum nation
The intensity calculation in Phong's shader [8] enploys a
finite nunmber of point light sources at infinite distance.

Intensity at a point on a surface is:

I's I's
| =la+kd S(N. Lj) +S WN. Lj)(E. M)**n
j = j =

wher e
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reflected intensity for the surface

la = reflection due to anbient |ight

kd = diffuse reflection constant

I's = the nunber of point |ight sources

N = unit surface nornal

Lj = the vector in the direction of the
jth light source

W = a function which gives the specul ar refl ectance
as a function of the angle of incidence

E = the direction of the viewer

M = the direction of the mrror reflection fromthe
jth light source = 2(N . Lj)N - Lj

n = an exponent that depends on the

gl ossi ness of the surface.

The nunber of cal culations per point is proportional to the numnber

of light sources. Phong shading is nost realistic when the
simul ated environment is nostly one color (e.g. the black of outer
space) or when surfaces are not too glossy. It does not deal wth

i ndirect lighting.

2.2 Ray Tracing

VWitted [25] presents a sinple and general nethod that
realistically sinmulates mrror highlights as well as shadows,
transparency and multiple reflections. The intensity of reflected
light is:

nj
| =la+kd S(N. Lj) + ks S
j=l
wher e

t he specul ar reflection coefficient
the intensity of light incident
fromthe reflected direction

The cost of calculating S increase with the conplexity of
the environnent, and ray-traced pictures are usually nore costly
t han Phong shaded ones.

Since this method vyields geonetrically exact mrror
highlights, the reflected environnent for an object can be
arbitrarily close to the object wthout introducing errors
encountered with the illumnation nmap nethod. Ray tracing is
accurate for nost kinds of scenes, and the results often |ook
phot ogr aphi c. It does not deal, however with diffuse reflection
of indirect |ight sources.

2.3 Mrror Highlights by Tabl e Look-up

Blinn [2,5] sinulates the mirror highlights on an object by
using polar angles of the reflection direction as indices to a
panoramc map of the environment. The intensity of reflected
light at a point is given by a fornula simlar to the one used for
ray tracing.
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This map represents the light intensity for all indirect and
direct area light sources as seen from a single point. For this
reason, the results are approximte; features of the environment
that are very close to the object are not correctly distorted at
all points in the object. 1In addition, the object can not reflect
parts of itself. However, for curved surfaces and restricted
nmotion, these errors are not usually noticed, and the effect is
realistic. The method is relatively fast but nenory intensive.

Max [18] successfully applied a variation of this method
that allows for self-reflection.

2.4 Video Lookup of Reflected Light Val ues

Blinn [6] and Sloan [23] present a nethod for real-tine
shadi ng by using video |ookup tables. Phong nodel intensity is
conmputed for 256 different normal directions and the results are
stored in the video |ookup table. An inmage of the object is
stored in a frame buffer as encoded nornals, and the shaded
picture is displayed on a video nonitor. Lighting and
reflectivity parameters can be changed quickly by editing the
| ookup table, however the resulting inmages are of |low color
resol uti on.

3. SHADI NG BY REFLECTI ON MAPS

The following algorithm illustrates shading from reflection
t abl es. It creates a notion picture sequence of a simnulated
object in a real or sinulated environnent. For sinmplicity, the

object is of a single surface type and the object is assumed not
to nove far through the environment, but may rotate about itself.
The canera is free to nove.

(1) establish the environnment illum nation table I.
(2) conpute diffuse reflection table D

(3) conput e specul ar reflection table S.

(4) FOR every frame

(5) FOR every pixel that is of the specified object:

(6) determ ne unit vector N normal to surface.

(7) determ ne unit vector E fromsurface to eye.

(8) determne reflected direction R=2(E NN - E

(9) output intensity =

WI(E.N) Dlpolar N] + W6(E. N) S[polar R

In this algorithm lines 1 to 3 initialize the tables, and I|ines
4 to 9 | oop over animation franes.

At line 1, a panoramc inmage of the environment is created
(see section 5). The viewpoint should be chosen so that the
lighting at that location is representative of the object, e.g.,
the object's center. The image is transformed and stored in

illumination table I which is indexed by the polar coordi nates of
direction (see section 4).

In lines 2 and 3 table I is convolved to produce tables D
and S which are indexed by encoded directions. D, the diffuse
reflection map, is the convolution or blurring of the illum nation
table with a diffuse reflection function. S, the specular
reflection map, is the convolution of the illumnation table with
a specular reflection function (see section 6).
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Lines 6 to 9 are executed for every pixel that represents
the object of interest. Lines 6 to 8 are normally provided by
conventi onal Phong shadi ng.

In statement 9, vectors N and R are converted to polar
coordinates which index tables D and S respectively. (Square
brackets [] are used here to signify indexing.) Reflected Iight
values are obtained by table |ookup, wth optional bi-linear
i nterpol ation and antialiasing. Functions Wi and W are used to
scale the diffuse and specular reflectance as a function of
viewi ng angle. (See Sections 7 and 8.)

4, DATA REPRESENTATI ON AND SPHERI CAL MAPPI NGS

This section considers several ways  of representing
environnental and reflected Iight.

The environnmental |ight viewed froma point is characterized
as a mapping of all view directions that are points on the unit
sphere into color triplets that represent the red, green and bl ue
light intensity from each direction. The diffuse conponent of
reflected light is assunmed to be a function of surface normals,
and is a mapping of the unit sphere (normal directions) into color
triplets that represent reflected intensity. Li kewi se, for the
specul ar conponent of reflected light and the mrror reflection
direction.

These mappings can then be stored as tables of color
triplets that are indexed by discrete polar coordinates, each
representing a small area on the sphere.

For simplicity and accur acy in i nterpol ation and
integration, it is desirable to have adjacent points on the sphere
represented by adjacent indices: i.e. to have a continuous
transformati on. The higher derivatives should al so be continuous.
It is also desirable, though not possible, to have all indices
represent equal areas on the sphere. This is the classic

cartographic Problem mapping a sphere onto a plane [10].

Described below are three kinds of spherical projection
Data can be transforned from one projection to another by inmage
mappi ng [ 2,9, 13].

4.1 Per spective Projection onto Cube Faces

This projection is used in the preparation of illumnation
maps of simulated environnents and is the usual picture output of
nost scene-rendering systens. Place the eye at the center of the
sphere and project the sphere onto the six faces of the unit cube.
The front face is specified by z> x|, z>y|, and is mapped by

u
\'

yl Z
xl Z

The mapping is sinmlar for the other five faces.

For the front face, the area of the sphere represented by
each sanple point is proportional to 1/z**2 = 1 + u**2 + v**2
Thus, the resolution at the center of each face is effectively
one-third the resolution at the corners.

4.2 Ot hographi c Projection
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Each hem sphere is projected onto the xy plane. In this
mappi ng,

u = x

vV =y

and there are two map arrays: one for the z >= 0 hem sphere, one
for the z < 0 hem sphere.

This is how the normal conponent of mrror reflection is
projected onto a photographic image of a mrrored sphere (see
section 5.1).

The area on the sphere represented by each sanple point is
proportional to sqrt(1 - u**2 - v**2) = 1/z. Thus, the vicinity of
the equator is severely under-sanpled in the radial direction

4.3 Pol ar Coor di nat es

[I'lum nation data obtained in the two previous projections
is transforned into polar coordinates for Illumnation maps. This
sinmplifies the interpolation and integration of |ight values. The
north pole is identified with the y direction

u
\'

| ongi t ude arctan(x, z)
| atitude arccos y

The area on the sphere represented by each sanple point is
proportional to sin(v) = sqrt(l - z**2). Thus, the vicinity of
the poles is over-sanpled in the u direction

5. CREATI NG THE | LLUM NATI ON MAP

The first step in our nmethod is the creation of the
illumination map. The illumnation map may be of real, sinulated,
or painted environments.

About 24 bits of precision are required for the realistic
sinmulation of natural scenes. This is because the ratio of the
intensity of the sun to that of the darkest observable point is
above 1,000,000:1 on a sunny day. Although this dynamc range is
not re reducible for film and video output, is inportant that it
be avail able for accurate blurring and anti aliasing.

5.1 Real Environnents
VWen a sinulated object is to be matted into a rea

envi ronnent , a representative location is selected and a
conventional photograph made from that place. Two schemes are
possi bl e

1. Photograph the environment in six directions using a flat
field lens with a 90-degree field of view to simulate
projection onto a cube. The six pictures nust be npsaiced
i nto one seam ess i mage.

2. Photograph the environnent reflected in a mrrored sphere.
This is relatively sinple way to capture the whole
envi ronnent . A silvered glass Christnas tree ball is nearly
spherical and a good reflector. A noderately long focal |ength
lens should be used to nminimze the effects of perspective.
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There may be small perturbations on the globe, and there can

be much distortion near the edges. There is a blind spot,
i.e. the areas directly behind the globe, which are not
reflected in it. For these reasons, mrrored reflections

shoul d be confined to curved surfaces where these distortions
woul d be |l ess noticeable than for flat mrrored surfaces.

The photograph nust then be digitized, registered, and

col or-corrected. If the matting is done optically, the color
output of the filmrecorder should be consistent with the col or of
the film it is matted wth. Col or correction based on New on

iteration is described by Pratt [22].

The dynamic range of a real environnent can greatly exceed
the dynamic range of film and the film will saturate for high
intensity regions (e.g. the sun). It is critical that high
intensity regions are accurately recorded for conputing the
di ffuse conponent; for the specul ar conponent, the accuracy of the

Low intensity regions is simlarly crucial. Bracketing is the
solution: i.e. photograph several exposures for each scene
varying the f-stop of the canera. The different exposures wll

then need to be registered and digitally conbined into a single
i mage.

5.2 Si nul at ed Environnents
Area light sources should be nodeled as bright self-Ium nous
patches. E.g. a fluorescent |lanmp would be a very bright cylinder.

All, reflecting objects wll serve as indirect |ight sources.
Render the scene 6 times fromthe point of view of the object that
will be mapped, placing 6 viewing planes on the faces of a cube
centered on the view point (see section 4.1).

The illumnation table can also incorporate point |ight
sour ces. For each point source, determine its direction and add
the energy divided by distance squared into the illumnation
tabl e.

5.3 Pai nt ed Environnents
Environnents nmay be created by the digitization of
conventional paintings, or by digital painting.

6. CONVOLUTI ON - BUI LDI NG THE REFLECTED LI GHT MAPS

For modeling each type of reflectance property, we postul ate
two conponents of reflection: diffuse and specular. Each
conmponent is represented by a reflection map or table. The
diffuse map is indexed during shading by the direction of the
surface normal, and the specular is indexed by the reflected

direction. For mrror highlights, the specular reflection map is
identical to the illum nation map

6.1 Di ffuse Reflection Map

Map D contains the diffuse reflection conmponent for each
sample normal direction N. Map D is the convolution of the
illumnation map with a reflectance function fd.

DN = (SI[L] x Area[L] x fd(N. L))/ (4 pi)
L
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wher e
L ranges over all sanple directions
i ndexing the illumnation map
I is the average light energy in direction L
Area is the angul ar area re-presented by direction L
N. L is the cosine between N and L
Fd is the diffuse convolution function

Sonme exanpl es of the diffuse convolution function are:

1. Lanmbert reflection, k is the diffuse reflection constant:
fd(x) = kd * x for x >0
0 for x <=0

2. Self-lum nous materi al
fd(x) = kd for all x.

Tabl es of size 36x72 pixels are adequate to store the Lanbert
reflection nap. This is equivalent to a CGouraud shaded sphere
with facets at every five degrees.

6.2 Specul ar Reflection Map

Map S contains the specular reflection conponent for each
sample reflected direction R Map S is the convolution of the
illumnation map with a reflectance function fs.

SIR =(S|u]xAmﬂL]xfﬂR.LnM4pU
L
wher e
fs = the specular convolution function of R. L
Exampl es of the specul ar convol ution function are:
1. Perfect mrror:

fs(x) = for x

1 =1
0 for x <1
2. Conventional Phong specul ar nodel ,
n is the glossines paraneter,
and ks is the specul ar reflection constant:

fs(x) = ks * x**n for x >0
0 for x <=0

3. Conventional Phong specular with a clear varnish coat:
fs(x) = ks * x**n+ .5 for x =1
ks * x**n for 0 <x <1

0 for x <=1

7. I NTENSI TY CALCULATI ON



Page 9

For every pixel in the scene occupied by the object, the
rendering al gorithm shoul d provide:

1. Material type
2. Surface normal N
3. Direction E fromthe point to the eye

The intensity at that point is then given by line 9 of the
algorithm in section 3. This expression has no separate anbient
light term since the environment itself is the anbience. The Wi
and W weighting functions are used to scale the reflected |ight
as a function of viewing angle because many surfaces are nore
specul ar at | ow viewi ng angles [3,11].

7.1 I nterpol ati on between Tabul at ed Val ues

Line 9 quantizes direction. For surfaces of |ow curvature
this can be quite noticeable, especially if the table is of |ow
resol ution. This can be alleviated with bilinear interpolation

[13] of the table val ues.

8. ANTI ALl ASI NG

If a surface has high curvature, then adjacent pixels in the
i mages will index non-adjacent pixels in the reflection maps. For
gl ossy surfaces, small bright light sources (e.g. the sun) wll

get lost between the pixels, leading to highlights that break up
and scintillate.

H gh curvature occurs with sinmulated winkles [4], at the
edges of polyhedra, and when objects nove far away from the eye
A pixel of a highly curved glossy surface can reflect a sizeable
portion of the environment and in a nunber of different ways
depending on its curvature [23]. For these reasons, antialiasing
for reflectance maps is nore critical than it is for ordinary
mapped i mages.

8.1 Recur si ve Subdi vi si on
This method is inspired by Wiitted [25] and is effectively
antialiasing with a box filter

1. Conpute the reflected direction at each corner of the pixel

2. If they index into the sane or adjacent table entries, then
use the average of the four intensities.

3. If not, subdivide horizontally or vertically.

4. Linearly interpolate the reflected direction and renormalize
Repeat wuntil condition 2 is met or wuntil the regions are
i nconsequentially small

8.2 Integrate the Area Spanned by Refl ected Corners of Pixe

Here we integrate the area within the quadrilateral defined
by the reflected corners of the pixel. W divide by the area to
obtain an average value. This nmethod is faster but |ess accurate
than recursive subdivision. FErrors however, will average out over
nei ghboring pixels: i.e. highlights may be shifted a fraction of a
pi xel
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This and the previous method can be extrenely costly for
very curved shiny surfaces. This is because each pixel maps into
many pixels in the reflection map.

8.3 Pre-Integrating the Reflection Map

A significant speedup can be obtained by pre-integrating the
reflection map, whereby the nunmber of conputations per pixel is
constant. This was suggested to us by a fast filtering technique
devised by K Perlin [21]. The quadril ateral spanned by a pixel
is approximated by a rectangle in the integrated reflection table.
Val ues are | ooked-up at the four corners and the integrated val ue
within the rectangle is obtained by differencing. The pre-
integrated table nust have enough precision to accurately store
t he highest value times the nunber of pixels in the map.

VWen the quadrilateral is not well approximated by the
rectangle, then a blurring of the highlight may occur. Thi s
blurring is less than the blur produced by pre-filtering the
reflection map [ 12, 26].

9. GENERALI ZI NG THE REFLECTI ON TABLE

The Bidirectional Reflectance-Distribution Fuction [11,14]
specifies non-isotropic reflectance as a function of four
dimensions and isotropic reflectance can be described a by
function of three dinmensions. Convolution with the 2-dinmensional
illumnation map results in a 3-dinensional reflectance map that
conpletely describes isotropically reflected light as a function
of eye point and surface nornmal. The reflection map algorithm
described in section 1.4 is deficient since it gives intensity as
a weighted sum of two 2-di nensional reflection maps. Addi ti onal
reflection tables may prove valuable in extending the class of
materials that can be accurately simul ated.

For exanple, certain materials reflect nore light back in
the viewing direction: e.g. lunar dust, reflective signs, cat's
eyes. Use the viewing direction to index a specular reflection
table to sinmulate these materials.

Anot her example is that the refraction of light at a single
surf ace. This is easily simulated by conputing the refraction
direction as a function of surface normal and direction to the
eye. Use this direction to index a mrror reflection table.

10. CONCLUSI ONS

Vast ampunts of conputer resources are used to accurately
simulate light's interaction with mtter. Illumnation and
reflection maps provide an efficient nmeans for realistically,
simulating many types of reflections. The illumnation map works
because it reduces a 3-D data structure (lumi nance at all points
in space) to a 2-D one (lum nance as seen from a point). Thi s
sinmplification reduces the calculation time with a small sacrifice
i n accuracy.

O her interactions -- scattering, translucency, and diffuse
shadows - - are now prohibitively expensive. Perhaps the
illum nation map can be applied to these areas al so.
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