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ARSTRACT

Ray tracing is one technigue that has been used to
synthesizre realistic images with a computer.
Unforturmately, this techngiuve, when implemented in
sottware, is slow and expensive. The ftrend in computer
graphics has been toward the use of special purpoze
hardware, to speed up the calculations, and, hence, the
generation of the synthesized image. This paper describes
the design and the operation of a svstolic based
architecture, tailored to speed up the intersection
calculations, that must be performed as a part of the ray

tracing algorithm,
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that are reflected, absorbed, and/or

m\ R1

1@07\
w c

(S1de View)

Rl — does not intersect any obiect in the scene:
corresponding pixel is intensified to the
background color.

RZ - intersects the back and front plares of block
El; the closest plane is visible and 1ts color
1= used to intensify the corrspanding plane.

RZ — intersecls blocks Bl and B2; since B is cioser
to the viewer, the color of its front plane is
uszed to intensify the corrsponding pixel.

FIGURE 1: RAY TRACING USED TO IMFLEMENT HIDDEN
SURFACE REMOVAL
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refracted by the object. The path of each of the spawned
rayes 1s calculated and followed by the ray tracing

algor ithm, to delermine whethe theve raovo also intersect



a surface. Ray tracing may be further augmented by the
inclusion of other visuwal features such as shadows,
texture ard transparency [ROGEBS1. In addition, ray
tracing may be used in conjunction with structural
analysis packages as a part of a CAL/CAM zystem in order
to determine the physical properties of a discrete part,
such as, weight and center of gravity [FPLUNBS, WYVILES,

ROTHEZT.

The problem with ray tracing is that it is
computationally intensive. Traditional ray tracing is a
brute force technigue that must calculate the
intersection of each ray, starting from the eye of the
viewer through each pisel involved with image svnthesis

wikth surface of each object [ROGEBSI. Up to 99% or more

+
fasd

he time of the algorithm may be spent calculating the
intersections [WHITEBCI. With the addition of a global
illumination model and any other visual features, not
only the computational time but also the computational
complexity increases., Different technigques in terms of
hardware and software have beern devised to reduce the
computational time and cost of the algorithm: bounding

bo-wes and sphere gxtended to hierarchially related

groups: of objects in a scene L[WHITEO, WEGHEA ]y efficient

means of determining the point of 1ntersection with



speciftfic types of suwfaces [SEDES4T; use ot VLSI special
purpose chips to calculate the points of intersection
[ROGEBS1: vector and parallel computer architectures

[FLUNBS Ty extending the ray to a beam swept over

polygonal [THECKS41; ewpanding the ray to a cone
aver arn area of spatial coherence [AMANB41; implementing

ray tracing in microcode [HODKB841; using a thres

dimensional digital differential analyeoer [FUJIB&T.

The large number of pixels used and the indepandence
ot each pixel intensity calculation, makes ray tracing
amenable to the expertise and technigues used 1n image

processing in order to reduce the computational time and

Image processing is concerned with the manipulation
arnd extraction of information from existing pictorial
data [FAVIBZI. Ray tracing, on the other hand, i1s an
erample of imege synthecis or picture generation under
computer control. Although the two ar=az may appear
"opposite” each other, theze two areas have much in
common. Eoth have the problem of representing the picture
internally, and storirg and retrieving those

representakions. If raster devices aire veed, then both

image processing (IF) and computer graphics (CE) view the

-

srzne as a two dimensional array ot prxel intensities,



and both would benefit from efficient manipulation of
those values to generate/extract useful information. One
of the hardware architectures that image processing has
adopted and used successfully are systolic artrays.
Syztolic arrays are an efficient means for parforming
repeated pixel calculations of an image. This same
architecture can be incorporated in the implementation of
traditional ray tracing, to perform the repeated

calculations for certain representations of the scene.

1.2 LITERATURE REVIEW

The technigue of ray tracing was first sugguested by
Appal [AFFESBI and successfully implemented in MAGI, a
solid modelser [GOLDT1I. Ray tracing with a global
illumination model was first implemented by Whitted
[WHITEOT and Fay [EAY721. A ray of light reaching the eye
of the obuserver, and the continuation of the ray, is
followed 1n rever se direction te determine which ob jects
the ray intersects. I+ the ray intersecis the objects at
mor = than oie surface point or inter sects more tharn one
object, the intersection points are sorted by their
distance from bthe wviswsae, in order to find the object
that iz clossct to Lhe wvaieswesr., The closout interwection

point iw that portion of the visible swtace that ie



closest to the viewer. The properties of the o
surface are used to intensify the corresponding pixel. If

1
!

a global illumination model is incorporated, the
corresponding pixel is intensified by the amount of
reflected light reaching the user from the intersection
point. The intensity of the pixel is dependent on the
illumination model, the position of the viewer, the
surface orientation and what other paramemters the model
simul ates. When a global illumination model is
implemented with a ray tracing algorithm, the surface and
material properties of the intersected surface are taken
into consideration. For example, transparent and
translucent surfaces refract thes light rays and allow
1lity of any posterior objiectz. A

varving degresszs of visit

<

1]
s

smlid opague object with a matt surface is a perfoect

diffuser, reflecting the same amount of light in all

[

directions. A smooth metallic surface reflecls light
differently in each direction and produces specular

Mighlights, Reflected and refracted rays spawned from the

point are calculated and followed by the ray

intersection p

tracing algorithm to determine which surfaces these ravs
intersect and to determine their contribution towards the
intensity of the corrgsponding pixel. These spawned rays,
calcul ated and feollowed by the ray Ltracing aigorithm,

continue wuntil no mors obiects are Intersected. The ravs



that reach the observer and pass through a pixel of the

L

display are tho raye initially 4ollowed. Traditional ay
trracing implemented the ray path and the spawned rays
with a tree structure [WHITBO, HAY791. The tree is
traversed by the shader, implemented in software, to
determine the contribution of light at each intersection
point using the attributes of the surface as well as the

lighting model.

Ray tracing has generated some o+ the most realistic
synthesized images to date [FLUNS1. The realism depends
on the sophistication of the illumination madel and on
the resulting spectral distribution of light spread over
the scene. Earlier implemesntations of ray tracing used
global illumination modeis based on extensions of the
Eui-tuong model for intensity calculations [BUI7LD,
FAY72R1. Bui-tuong s madel simulated diftuse surfaces of

an ambient light souwrice, & single light source located at

infinity, specular highlights and reflection. Extensions
to the global illumination model incloade simulating

transparenl and translucent surfaces and light within thoe
s eng LEAY79A, HAY79RI. Further improvements include

timitine the area illuninated by o concentrated 1ight

=

source froom a particular direction [BUL731. Laler,

improvenents were made Lo depict specular highlights of

~4



rough surfaces, model multiple light scources and
multi-colored light more accuratelyviWARNSBTZ, TORR6T,
BLIN78A, COOKE2AI. Other illumination models increased
realism by imitating a lens camera and scattered light
ECOOKS2A, FOTM8ZA, FOTMEZE, HALLBZAT. These illumination
model s yielded different visual atlributes such as
retraction and transparency [KAY79A, EAY79E, HALLBZI,
shadows [AFFESOE, KAYTRA, HAY79E, COOKBZ, NEWETZ, MEYETS,
CROW77, VERBB4, BOUC70O, KELL70, WILL78, ALEBE781 ancd
specular highlights [ATHETBE, GOURT1, BUI7TI, WARNEZ,

TORR&7, BLIN77, ROTHBZI.

Different surfacves and classes of objscts have been
synthesiced wsing tay tracing such az: planar polygonal
and analvtical surfaces [GOLD71, AFFESE, FAY79H, KEAYTSER,
WILL78, FUSSEZ2]; bipolynomial parametric surfacesn
[CWILLEBZ, CATM74]: general algebraic swfaces [HANRETSI;
surfaces with superimposed densi1ty distributione
CELINBZ21; Fractel swfaces [EAYZD, FOUREBC, CARFTBI;
surfaces of simple swept objects [BEYEBRZ1; swepl spherwes
[WIJFE4RT: swept planar cubic splines [WIJKB4EI; fr e
form surfaces described as Steiner patches [SEDES4]: free
form b-spline surfaces [SWESLT; biguLadratic surfaces
CETEIG4T; etochastic eurfeces [FOUREZI; volume denzitiegs

CEAJIBAT: and superguadeic surfaces [EDWEBZI; generalizced

I



cylinders [BRONB3II. Other features or effects rendered
with ray tracing are terrain [CORUS4I, testure [WILLEBE,

ELIN7&, CARFTB1, and rough suwrfaces [DUFF79, BLIN7BI.

Since ray tracing is a point sampling technique, a
scen2 rendered using this technique is subject to
aliasing [WHITBO1. The visual effects of aliazing are
Jagged lines that are especially noticeable with diagonal
lines and with the boundaries between adjacent solid
areas of different colors. One melthod of alleviating this
problem is by recursively taking the average of four
neighboring pisels of closely valued intensities or by
zubdividing until four such pixels are found or until the
resolution of the display has been reached [WHITBOT.
Another approach i1a to put the entire picture through a
low-pass frlter [WHITBOI1. Other solutions to the aliasing
problem include ectending the ray to a beam (BUNDLE 0OF
FAYS) intersecting polygonal surfeces by e.ploiting
spatial coheren.e, and ertending the ray to a cone

[W1LL78, COOKBZI. Sulving the aliasing problem has lead

-

to the implensniation of blured motion with rays tr

¥
-

acineg
[CASABST. In addition, ray tracing has been used to
render terrain data, oand has been incorporated into sold
modelers, especially for constructive solid modelers

(CSG)Y [GOLDY7L, DUFF79, MAXWAZ, CLAR7&, DAVIEE, ROTHBZ,



WYVIg&l. Az part of a CAD system ray tracing in the solid
modeler is used to calculate the phyiscal properties of
objects, such as mass, volume and center of gravity in

order to facilitate finite element analysis.

Ray tracing itself, and especially with the
incorporation ouf shaders for realistc rendering, is
coinputationally intensive and expensive. The cost being
due to calculating the intersectionz between rays and
surftaces. Different solutions 1n terms of software,
hardware and firmware have been devised to reduce the
conputational cost of executing some form of the ray
tracing algorithm. Software solutions have lookesd for
ways of reducing the number of intersection calculations.
One selution is to encompass the object by a bounding bowx
or sphere. If the ray does nobt intersect the bouwnding
volume then the object is ignored tor this rays

otherwisz, the intersection calculation wiih bounding

volume is performed [WHITEC1. This idea has been extended
to groups of obljecte and Lo hierarchies of bounding

volumss for an entire scene [RUISG, WEGHED, GLASE4L].
Other techrnigues include subdividing the obldects space as
a hierarchy of cubes or octants, called an octree,

extending the ray Lo a beam, extending the ray to a cone,

weing cellolar decompusition, using Aan adaptive tree with

10



depth control [JONE71, KAJIBZ, COOKSZ, HALLBI, ULLNSTI,
and using a directed acyclic graph (DAG) to represent the
solid LWYVIB&L. A ray tracing system that uses a thrae
dimensional digital differentail analyzer (ZDDDA) has
been implemented [FUJIBAI. Hardware sulutions that reduce
the computational time by increased processor power and
speed have been proposed and/or implemented. For example,
a muliti-processor architecture that can be reconfigured
to handle subwets of the objscts, or subsets of the rays,
hae been sugguested [DIFFB41. Another proposed solution
is to decompose the image into subregions that map onto a
three dimensional array of independent processors
[NISHBZ1. Special purpose hardware for ray traced
animation has been implemented [CLEABZI. Other
mitltiprocessor architectures have been proposzed [WEINSI,
FUCHB13. A number of VLEI based architectures have been
discussed in order to reduce compubation time [ROGERD,
FLUNES, FUCHE:1. The implementation of the ray tracing
algorithm on a parallel array architecture reqguired a

reanalysis of the algorithm [FLUNBSI.

1.7 RAY TRACIANG IMFPLEMENATION TECHNIGUES

A more detailed description of tie basio reay tracing
algorithm is glvern in delail in the maan body of this

tevt. After that, a hardware implementation technique

11



used by image processing (IF) to redure computational
cost and time, is discussed. This technigue comes from
VLSI technology, and is applied to the basic ray tracing
algorithm. An analysis to determine the effzctiveness of
thie technigue is followsd by a discusszion describing the
limitations of applying the IF technigue to the ray

tracing algorithm.

-y
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CHAFTER 2
IMFLEMENTING RAY TRACING WITH TECHNIQUES FROM

IMAGE FPROCESSING

2.1 DETAILED DESCRIFTION OF OFERATION OF RAY

TRACING ALGORITHM

Ray tracing is the only hidden surface removal
algorithm that allows the use of a global illumination
model for realistic synthesis of images [WHITBO, ROGESS].
The appropriateness of ray tracing with the use of a
global illumination model can be demonstrated by an
example of a situat:on that can be encountered during
image synthesis. A scene includes a solid object that
partialily obscures a metallic surface from the viewer. In
order +or this scene to be rendered realistically, &
portion of the hidden surface of the solid object must be
pattially reflected on the motallic surface behind the
the solid obiect. Rays deflecting fram the hidden surface
of the solid nust be followaed to sce where, and if, they
intersect the metallic surtace. This is shown 1n Figuwre

-
< n



/

R3 N

81

it ,/”_-RD~

‘39\ AL

!

Ry
SP1 Ry

(Top View)

angle of inicidence is 90 degrees; if the
surface was metallic or shiny, specular
highlights could be modeled for the
correspnding pixel

a visible point on the front plane of block,
2, 1s intersected by a RZino other objectl
produces a reflected component of light that

reaches the intersected visible point. The
reflection ray leaves the scerne and need not
be traced any further.

this ray intersects the visible point on the
front plene ot block,Bl. The single source of
light(S), contributes directly to the
intersity of the visible surface point.

the intersected surface point rec2ives
intensity contributions from a nonvisible
plane from block, B2. If the surface of the
sphere(8F1l) is metallic and/or shiny, lhe
nonvisible sur+tace of BD will be seen
reflected on & portion of the viwible
surface of the spher o,

FIGURE 2: RAY TRACING WITH A GLOBHAL
ILLIMINATION MODEL

14



The global illumination model, using the
intersection information from the ray tracing algorithm,
determines the intensity of the corresponding pixels. Ray
tracing can support a variety of shading models and a
variety of geomebtricasl descriptions of the objects in the

SEeNne2.,

In traditional ray tracing, for each ray reaching
the viewer and intersectirg a pixel on the scresn
(SCANNING LEFT TO RIGHT AND TOF TO BOTTOM) , a tree is
built. The nodes of the tree represent the ray—surface
intersections,and the branches represent any spawned,
reflected and/or refracted rays that might be modeled 1n
the shader. The intensity of a pixel is dependent on the
intensity of light transmitfed from the corresponding
point on the visible surface of an object to the viewer.
Amorg the contributing components that are modeled by the
ililuminalion model, are the reflected and resracted light
rays thalt reach that peoint. Contributions of these light
ravs are based on the laws of optics [WHITBG, ROBGEBIZI.
The refraction and reflection rays are traced Lo thelr

sources. Thess sources can be other surfacoes,

or the lighlt source (8), and are assumed Lo be point
sources. 1+ these sources are obher surfaces then the

contributions from okbher reflection and refraction raye

1%



to those point surtaces are aleo traced. This tracing of
the two light ray types continues until the light source
i reached,; or until the rays follow paths oul of the
scene. These rays are traced backwards to the light
source (85) from the viewer. The shader then traverses the
tree from the leaves to the root using the contributions
from the reflected and refracted surtaces, to detsrmine
the intensity of the pixel. The calculations performed,
and the information maintained in the data structures
depend on the illumination model being implemsnted.
Regardless of the illumination model used, the ray
tracing algorithm musl be able to extract the geometrical
information from the internal representation of the
obhiects, and determine the points of intersection.
Different internal representations include approximalion
by polygons. The polygon is represented by an implicit
form of a planar equation. In many implementations the
Fay is represented az a parametric equation. The two
points on the ray are the position of the viewer (F1) and
the pixel of current interest (F2). The ray can be

defined as thusa:

R = F1 + (F2 - FIOT
Fx = FiXx + AT b o= - F1X
RY = PLY + BT E = - FLY
RZ = F1Z + OT C o= ~- Fi1z

o



The values for t are non-negative. Tihis anchors tihe
ray at the viewer. Values less than zero are behind the
viewer and indicate intersection with objecte not in the
scene. The parametric equations for w,y,z (RX,RY,RZ) are
substituted into the implicit form of the planar
equation, and then sovlved fo- t. The value for t iz
substituted into the parametric egquations for RX,RY,RZ to
determine the actual intersection point. To make sure
that the intersection is within the bounded plane, a
bounds test is performed. This same technigque can be
applied to surfaces defined by guadric eguations. Here,
the quadratic formula is used to solve for t. A comple:

&

root indicates no intersection. Reduction in time to do
intersection calculations with traditional ray tracing
may be achieved by: 1- reducing the number of
intersection calculations—— a software solutiony or Z-

using special-purpose hardware to shorten the time in

performing the intersesction caloulations [GLASE4].
2.7 INTRODUCTION TG SYSTOLIC ARRAYES

Ray tracing, like many image processing operations
performed on pictuwres, is computationally intensive.
Caloculations must be performed for each pixel. Spwecial
purpose architectures have been built Lo expedite the IF

caloulations, such as convolution, filtering, and image



enhancement techniguss [FU--BZ21. Some of these special
purpaose architectures are described briefly here. The
ClLIFY is 96 « 96 array of parallel processors that
pertorm local neighborhood calculations, such as shrink
and expand. The processors can be reconfigured by
different types of neighbor connections (I.E. &6-CONNECTEL
OR B-CONNECTED). The mpp (MASSIVELY FARALLEL FROCESSOR),
built by Boodyear Asrospace Co. for NASA ,consists of 256
processing elements, which may contain up to I2
processing units. The MFF was designed to perform IF
functions, such as feature extraction, pattern
recognition, and relaxation. The ILLIAC IV is a SIMD
architecture with one central control unit, and &4
processing unitse, and was designed to handle a range of
problems. The IF applications include clustering, pattern
classification and textwwre analysis. Ficap 11 1= a MIMD
architecture that allows up Lo &4 % &4 neighborhoods in
performing pattern recognition calculations on multiple
images. Measuwrements are avtomatically performed on a
field of data that is 12 % &40 to reduce the input. The
measuremsants include histogram collection, gray scale
range determination, and -y extont determination. In
addition, thore arce dedicated processore for performing
filtering, gensrating graphical overlays, and for

labeling and template matching [FU--821. Also, extensions



to existing programming languages have been implemented
to reflect these new architectures, and to faciiitate the
development of algorithmz to take acvantage of the new
architectures. For the CLIFP4 array processor, an
prtension of Fascal, i. =. Pascalpl, has bean implemented
CUHRBZ]. Applications that have been implemented wusing
this language include pertorming calculations tn IF,
pattern recognition and scerne description. Consitructs ot
the language include parallel assignment, condition, and
i/0 statements as well as parallel proceedures, allowing
for the simulitaneous processing of array elemants, as
well as selbs of arrays. The data types of these arrays
are bimary, gray scale, or nonnumetric. Also, the
capability erists Lo access relative locations 1n a two
dimensional array in order Lo perform opsrations, such
as, windowing and masking [DUFFB¥1, UHRB41. FFPL (FICTURE
FROCESSING LANGAUGE) developed for the Picap I and Ficap
IT is also an extension of Fascal. Fealtures of the

computation:

lariguage to facilitate the image process
include binary picture, picture, and lemplate element as
data types. Picture operators include parallel arithmetic
operalions on In73 neighborhoode [DUFFBI1I. e ot the
larguages includes Pixal (PIXEL MANTFULATION ALGORITHMIC
LANGUABE) , alzo targeted for the CLIFP4A, is an extension

Loy

of Algoléd. Data types spesific to IF incluade grey,



binary, mask and frame. Control slbructuresz tailored for
IF include parallel assignment statements, pat allel
comparisons beltween masks, and submatricies of a two
dimensional array, and parallel arithmetic operations.

Fixal has bien used to implemsnt pzrallel thinning and

object extraction algorithms [DUFF&1, FUB21.

IF has recently found help for ils calculations from
the VILEI (VERY LARGE SCALE INTEGRATION) technology in the
form of systolic based architectures [EUNGEZ]. Currently,
VST on a single chip i= a two dimensional technology.
that ie, architectures are designed and laid out in a two
dimensional grid. Froblems arise when there is too much
crossover of communications paths between the cells
[JALABE]I. To reducs croesstalk it is neccessary to have
short and regular paths on the chip, in order to reduce

the initial design cost and delays during execution.

Thiese two dimensional architectures are =sasier and
cheaper to manufacture when the cells/components ot the

chip are of regular shapes with regular interconnestions,
The arravs may bDe one dimensional ar two domeosionad,

depsnding o the algorithm to be implemented.

Syztolic a chrbe.io es exploit theze foanstratnts Lo

A)gor ivhngs thot can aiso esploli bnese constraints

by o mwecule more effioienliyv. The syabol.o architectuwrs 1s



& spedialized architectuwre that emhe

% mueh of the
algorithm in the hardwars. Applications for systolic
architectures have included IF operations, matris
arithmetic operations, data base maripulations, speech

recognition wsystems, vision, and

Vi1S10n

T. The

CEUNGRE, MEADBOC, FRIEBD, GLUERSS,

principles of systolic architecturcs are s il beld oe

A single cell is replaced oy an

the throuahput to be increased wichout

increazing the memory bandwidih, UOne of the gosls of

]
t
-
i
[
1
B
n
0
e
i

to dezompose conplex problems

into simpls and regular pileces that can wmap onto regular

simple, and relatively fz
the specralized celoalalions, and hawoe Lhe Ssmoe des:go.
The throughput of the sysiem 1s Lren improaved Ly Al s

implensnting concurrency fTo the o-ftenl permitled by thoe

aiagoritihm. In a

coomplished by

i

Once an ioput value has bees aseod Looa caloulation, the
L o B bhae e b ocell, The nexb cell is

pevdens . This circalating of data imposes o

g ofF dats throoghout the system, and enables

e simultaneous evecution of many cells. The regular
cwmmunicetion pathz for the data redure the overbhead

incurred in interprocessor communications. Another goal



of the systolic architecture iz to balance the
computational bandwidih with the I./0 bandwidth. Once a
data item haz entered the array, the dalae is reused. The
data are input to the boundary cells of the array
CEUNGBET. Theretore, the criteria used to determine
whether amn algorithm is amenabie toe execution on a

asystolic based architecture appear to be the following:

1- the algorithm is compute bound rather than
I/0 bound {(.I.E,THE NUMBER OF OFERATIONS EXCEED THE
NUMEER OF I/0 DATA ELEMENTS) ;

22— the algorithm must execute in real-time
(I.E. ,WHILE THE USER VIEWS THE IMAGE ON THE SCREEN)

I— the calculation are regular and can be
defined with simple recurrence relationsy

4~ the design of the components on the chip to implement

the algorithm are regular
(I.E. ,MINIMIZE CROSSTALK AND DESIGN COSTS) [JALABII.

T AFPLICATION OF SYSTOLIC ARCHITECTURES FOR RAY TRACING

2.3%3.1 RAY TRACING AS A HIDDEN SURFACE REMOVAL TECHNIQUE

2.3.1.1 FOLYGON AFFROXIMATION

The ray tracing algorithm can be adapted to tale
advantage of the VLS1 systeolic technology. Siarting with
ray tracing az: a visible surface algorithm, and wilth the
enlid ohijerts in a scone approsimated with polygons, the

following analysis will show that the eraculion time of



the traditional ray tracing algoritihm can be reduced by
adapting the algorithm to, and by, running the algorithm,
on, a systolic based architecture. The ray tracing
algorithm neets the criteria stated in the previous
section (SECTION 1.2). The ray tracing algor:thm is
certainly campute bound with each pivel ray being
compared to each polygon in the scene. Back plang culling
could be used to remove those polygons that are obviously
hidden from the viewer. The picture must be generated in
real-time, especially when ray tracing is a part of a
solids modeler of a CADL/CAM workstation. Although there
are no recurrence relations, the same calculations are
done repeatedly for each pixel in the screen, for =sach

ane in the scene. For ray—-plane intersections, the

fomt

p
calculations are straightbforward. Since the cells must
perform the same calculations, and fthe pirxels are scanned
in an incremental aorder, the design of the cells should
be the same. The interconnections between the cells
should be linear rather than diagonal, vertical, or
Morizontal as in IP. This type of commection is certainly
regular. The number of pixels thalt need to be intensified
or shaded 18 proportional Lo an area on the suwface of
the graphical display device. The arcea is normally
Frectangular. The complesity of the scene and of the

objects would determine the number of polygons needed to

=

al



approximate the objects. The systolic architecture to
implement the ray tracing algorithm is based on the
calculations that must be performed. e calculations
that muet be performed are the intersocctions of a
directed line segment with planes. The general form of a

planar eqguation is:

AX + BRY + CZ + D = O
The patrametric furm of the x,y,z conponents of the ravy
are: (VIEWER POSITION DENOTED BY XO,YO,Z0)

X(Ty = XOo + ET

YT YO + FT
Z(T) ZQ + BT

The right side of the equations are substituted into the

plane esguation:

AXD + ET) + BIYO + FT) + C{ZO + BT) + D = O

Then the equation is solved for t:

t = —(AX0O + BYO + CIZIO + D / AE + BF + CG

WHERE: AE + BF + C0 is NOT EQUAL TO ZEROD

The valus of t can be checked to make sw e that ix
is positive, and that the point of intersection 1s 1in
front of the viewer. If positive, the vaius of L is
substituted back into the paremetric eguations tor the

Xyyex Ccompunents of the ray. @& rectangular bounds test is

24



pertormed for each bounding plane to make sure thal th

intersection point 1e within the bounded planes that are

(=

part of the object. The following zet of eguations must

y satistied,

be simul taneous

XMIM = X <= XMAX
YMIN Yoo= YMAX
IMIN 2 = IMAX

For visibility calculations, the pixel oan be
intensified to the color of the polygon, or to the
background, if there are no valid intersections. The
colors available are dependent on the capabilities of
graphics procescor in the display terminal. Normally,
some method 1s provided to specify the varying
intensities of red, green and blue to generate the
desired color for the pixel. The dala for calculating
the coefficients of the plane, the position of the

viewer, and the current pixel to be intensified, are

[
-

T,

T

Feadily available. A systolic array of linearly connectedd

celis that can suapport the calculations is shown in

Figure T. The number of cells (M) iz egual to the number

0f polygons in the scene. The 1npuls and the outputs of

the colls are the pixel coordinstes, the line paramet=rs

0f the ray, < t parampter value, and & pol ygon

identifier . At the

=
Vi

the first pixel coordinate and 1ts associated input are

s
e N

tart of the interzection calculation,



used to calculate the t for the cell. If the calculated t
value is negative, the value is ignored, and the input t
value, the input polvgon identifier, the pixel
coordinate, and the ray line parameters are sent to the
next cell. I+ the calculated ¢ value 1s the same as the
input t value, the calculated t value is ignoresd, and the
input t value and polygon identifier is sent to the next
cell. If the calculated t value is positive and less than
the input t value, the calculated t© value and the polygon
identifier associated with the cell is semt to the next
cell. The passing and the comparing of the t value at
each cell has the effect of sorting the t values, and of

selecting the smallest positive parameter value, if ons

e isls. When the first pixel valoue is output from the

it

last ceil in the array, the output from that cell will be
the t value,; the associated polygon identifier, the pirel
coordinate, and the ray line parametsars —— all the
information needed to calculate the actuwal point on tne
plygon suwrface, except for the perspective point. The
polygon identifier can be used to inden a lookup table tu
retriave the corresponding x,y,2 extants. The coordinatws

of the calculated point can be compared with the

ropriate e.tent to determine whethsr the point 1w

N
[nd

within the polygon in the scene. All these calculationsz,

the peoint determination, and the compariszon of the

2



coordinates with the extents, can be performed by a

separate, eingle cell. Depicted as 8 in Figurwe Z. The

H

autput of this cell is the intersection point and the

pulygon identifier, or a not valid intersection
indicator. This information iz cireulated theough the
systolic array, or sent directly fto the interface buffer.
Figuwe I depicts a high level repressentation of the
supporting architecture. The operalions performed

indicate a need for local memory to store intermediate

resul ts.

The architecturs of a cell is based on the assembly
language level-like calculations found in Appendix D,
Figure 4 shows the architecture desigrned to support the

above caloulations.

Sor
ac /
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FIGURE 5: SYSTOLIC RASED ARCHITECTURE FOR
IMPLEMENTING RAY TRACING AS A HIDDEN
SURFACE REMOVAL ALGORITHM

COEFFICIENTS

|
T — | T
Poly. T | | .
'o:o —) CELL — Poly. Id.
Pixel COOt‘cL—ﬁ — Pixel Coord

qu Pchm. —? —9 RQS ?Ov‘m.

PERSPECTI VE PorwT

FIGURE 4: HIGH LLVEL DESCRIFPTION OF SINGLE
EYSTOLIC CELL
Trhe architeclw e of the separate single celliS) is used

te support the aszembly larguage level-li1khe calculations



=

tound in Appendix D. Figure 5 shows the archieciure ofi

the single separate cell.

T ﬂ :
Pdlg Id. ﬁS}nsk— Sgpqm-b: Cell | ) XI 9/2. ‘PO m é

;}:;Ip?::.ﬁ; — Po lj Id
Pe"’-f‘f’ed-il/e

FIGURE S: HIGH LEVEL DESCRIFTION OF A
SEFARATE CELL FROCESSOR

Onhe consequence of using the systoulic based architecture
15 the necessary mapping of the algorithm onto thics
hardware. A high level description of the algorithm is
given here:
FICK A FERSFECTIVE POINT
FOR EACH FIXEL IN THE VERTCAL DIRECTION
FOR EACH FIXEL IN THE HORIZONTAL DIRECTION
FOR EACH FOLYGON IN THE SCENE
DETERMINE RAY FARAMETERS
CALCULATE INTERSECTION FOINWT
END FOR
ENDE FOR
ENL FOR
The language in which this algoriihm 1s 1mplemented

imust be enhanced, or designed, to atcummodale the new

constructs nesded to 1ndicete to the compiler the type of



code that must be generated. This implies that the
compiler designer must be knowledgeable about the
underlying auxiliary systolic architecturs. The scanning
of the display leflb-to-right, top-to-bottom, suggests a
data type in the language that 1s automatically accessed
in the same mann=r, and is rectangularly shaped. As this
dala structure is scann=sd, the pixel coordinates can be
generated with the ray parameters, and sent to the
systolic array. Normally, a special purpose archiltecture,
like the gsystolic arrays, is connected to a traditional,
general purpose, hoslt computer. Based on the above
algorithm, and on the calculations that must be
performed, the paramelters that must be made available at
the time the systolioc array is ready Lo perform the
intersection calculations are shown here:

. STARTING FIXEL LOCATION

. NUMBER OF PIXELS IN THE HORIZONTAL AND VERTICAL

DIRECTIONS

. FDINT OF VIEW

. FOLYGON IDENTIFIER

. COEFFICIENTS OF FLANE EQUATION

The last item in the lish will depernd on the

internal descripiion of the obiects in the scens. The
internal description is dependent on the mathematical
o depict the scene objects. Far tha

+unitions used

polygon planes, preprocessing includes the edtraction o



the planar cosfficients, the x,y,z extents, and the
polygon identifiers quickly from the internal data
structure. The interface between the host and the
systolic array i1s a memory buffer with separate input and
output ports, between the host and the buffer, and the
array and the buffer. Before the calculations begin, tne
planar coefficients must be preioaded into the cells, as
well as, the x,y,z extents, and the perspective point
into the lookup table, and the single separate cell,
respectively. An entry of the lookup table is as shown

here:

Poly.
;d? X j 2 EXTENTS




Perspective Point

Reayi X |y |2 Fixed Location

The format of the date stream coming from the buffer

would be:s

AIBICIDIX1IY1ZIFOLYi. ... . AMEMCMDMXMYMZMEOLY M=
Where the "%’ is an end-of-datastream indicator. The
instructions to be executed should also be preloaded

LUMEOBZI. The format of the date stream should be:

T1+I2+12+. 00+ 1K
Where:
ko — number of instructions
+ — an interinstruction i1ndicator
¥ — end-of-instruction stream indicator
These instructions could be sent through the vells
like the deta, or be broadcazt by the hosl directly to
the cells. The microcode should be extremely tast. The
instructions need only be losded once. The idea of
loading 1netructions suggests how systolic arrays can be
tailored to accommodate different surface-ray
calculations. This would alwo require Lhe preivading and
circulating o+ different dala values. Once Lthe necessary

intormation has been preloaded, the pixel vealues and the



corresponding ray paramenters must be generated, and sent
through the systolic array. For Midden sur-face removal
the pixel parameters need only be sent through the
systolic array once. There will be an initial delay until
the first © value is output From the last cell. Thearn, thes

array should output t values at regular intervals.

2.7:1.1.1 ANALYSIS OF THE USE OF SYSTOLIC ARRAYS

The basic unit of time (B) is the time reeded for
the cell to compute the t value and to compare the
compulted t value with the input t value. If there are M
cells, the time that must elapse before the Ffirst L valus
is available for further calcoulaltions is M¥E time units.
Every =subsequent E unit of time for the remaining number
of pivels (N - 1), should yield another t value. The
total time required to compute all the t values is BExM <+

B+ {(N-1). This is shown schematically in Figurs é.

IF Lhe algorithm ie executed on a single processor
computer , the time needed to caluwlale the intersections
is BEN#M. Additional time i1s needed Lo determine the

point, andg make the estent comparions before the poink is

available to the remainder of Lhe algorithm. Id

thie additional timse is B oenits in duration, otherwise

the outpul of the separate single processzor s delayed to




the next multiple of E. The delay requires the gquedlnyg of
the pixel coordinates, the ray parameters, the t value,
and the polygon identitier. The number of entries in the
queue iIs proportional to the number of B units the

separate single cell usesn,

TIME |
o [ [ T B (=
i

S

B

1 U] X BT Iy Im] |
Pa PL

2 ] R Bl 3 =

MmiN4 | 1 ) |7 3] |ma] |[mY |m

wn (=] 3 3 | [me] my ] W

Flo o — INFLT ASSOCIGTED WITH FIMEL FR
TL - OUTHUT T VALUE AT TI1ME i#*B

FIGURE &: EXAMFLE OF THE TIMING OF THE INTERSELTION
COLCULATIONS WITH A SYSTOLID ARKRSY

*



2.301.2 0 QUADRIC SURFACES

Guadr 1o surfaces are esemplificd by the conic
sechlions (L.E.,CIRCLE, ELLIFSE, FARAEDOLA, AND HYFEREOLA?
extended to three dimensionz. A gquadric swface is of the

Forms

Dx%%2 + RBY®%2 + FIxx2 + GXY + HXZI + IY¥YZ + YX +
EY + LZ + M = O (1)
This expression 1s also an implicit sgualion, in
which the parametric components of the ray can be

substituted for w,y,z. Recalling the parametric form of

the ray @

XAT) = X + AT

o

I
i
+
0
*1

(7T)

Substituting into equation {13z

D(5O o+ A%T)#*%3 + Ex (YD + E¥T)wesZ + Fa(Z0 + C*T)*#2 o+

G (n0 + AxTI* (YO + B#T) + He (X0 + A*TI* (IO + CxTh +

ca g

ol



I* (YO + A®T)YH(ZO + Cx*T) +
J¥(XO + A%T) + E#(YO + B#T) + L¥{70 + C&*T) + M = O

Expanding:

D#(YO%%2 + Ax*27T%x2 + 2%X0A%7T) +

E¥ (YO*%2 4+ Br¥2T*el2 4+ 2%YO*E#T) -

FH*R (ZO¥%2 + CH*ZTHRED + 2HRZO¥CxT) +

GR CXOXYD + TR (XO#FE 4 YO*D) + A#*RT#*%2) +

Ha (XO®#YOD + T (XOXC 4 ZO*D) + A#CTT%2) +

I (YORZO + TH(YOXD + ZOxE) + E*Cx*Tx=2) +

J¥ (X0 + A*T) + E*x (YO + B#T) + L#(Z0O + C*¥T) + M = 0

And collecting like powers of t vields:

TE#Z(D*A##2 4+ ExB¥%xT 4 F#( 242 + O#*A*E + H=A¥D + I#ExC 3 +
T {(2%D*AQHXT + DREXBAYO + THFHCHZO + O (XOxB + YO=%4H) 4+
HeE(XO®D + ZO%*&) + I (YO*T +Z20u=Ry +

Jafy + ¥R O+ L¥0 )+

(D#XuE*T + E#YO#R¥D + F#Z70%22 + G#XO¥YO + H¥RO*Z0 + Ix*YOaZlo
JxX0 + FExY0O + LxZ0 + M)

= 0 )

Equation (Z) is in the torm:

4 Tl + B T + = (O3
The valuss of b cen be solved for by using the gquadratic

foarmal &

[

3



T = =B +/— ( B #%2 — 4%3 %C Yxx1,2 3 / 2xA

The coefficients are based on the perspective point,
and the ray parameters and coefficients of the quadiric
surface. Complex values of t indicate no intersection
with the surface, and can be ignored. Ggain, negative t
values can also be ignored, because the intersection
point is not within the scene. Since there are twa t
values generated, the smaller positive t value is chasen.
The t value is put back into the ray componsnt eguation
to determine the point on the surface. A bounds test is
made to ensure that the point is within the sight of the

Viewst .

The archilecture suppurting the i1ntersection
calculations is a one dimensional array of connected
cells, one cell for each swface in the siene. The
systolic array conmunicates with the hool via an
interface buffer. Freprocessing prior to the interzection
calculations include generating the pivel coordinates,
and computing the ray parametetr and sw face coefficients.
The pixel coordinates are generatied a asacond btime whaen
the coordinates are sent through the array. The inputs

ard wuipubs to each cell include only a pixel coordinate,

-



its ray parameters, a t value, and a swface identifier
The two t values are generated through the guadratic
formula. Each cell performs the assembly langauge

level-like operations found in Appendix D.

The supporting architecture is shown in Figure
The determination of which t value is sent to the next

cell is shown in the high level algorithm herss

Ti,TZ —— CALCULATED T VALUES
TIN —— INFUT T VALUE

IF T1 AWND T2 ARE COMFLEX OR T1 AND Tz ARE BOTH == O
THEN
ODUTFUT (T INY

IF TIN IS VALID

THEN
IF 71 = 0 OR T2 > ©
THEN
CUTFUT (MINIMUMIT,TIN))
IF T1 AND T2 ARE BOTH = ©
THEN
DUTFUT (MINIMUM(TL, T2, TIRD?
-SE

TIN IS INVALID
IF TL » ¢ OR T2 » O
THEN
OUTFUT (T)
IF T1 AND T2 ARE BOTH = O
THEN
OUTFUT (MINIMUM(T1,T2)
END IF

The oubtpot from the laz=t cel: includes tne smallest
positive t value-i1f there is one—-the corresponding

identifier, the pixel coordinates, 2nd the ray

m



parameters. The separate single cell performs the same
basic calculations as for polygon approdimation. The L
value ig substituted into the parametric ray equations to
determine the point on the surface. the surface
identifier iz used to index a lookup table to retrieve
the x,y,z estents. The w,y,z coordinates are compared
with the extents. The output of the separate single cell
1s an inter section peint and a surface 1dentifier, ot an
intersection point and an invalid surface indicator.
Again,the output can be circulated through the cell, or
sent directly to the interface buffer. The algorithm that

must be mapped onlto the systolic array is shown below:

FICK A FERSFECTIVE FOINT
FOR THE NUMBER OF FIXZELS IN THE VERTICAL
DIRECTION
FOR THE NUMRER OF FIXELS IN THE HORIZONTAL
BIRECTICN
DETERMINE THE RAY FARAMETERS
FOR EACH SURFACE IN THE SCENE
FERFORM RAY-SURFACE INTERSECTION
CALCULATION
END FOR
DETERMINE SURFACE FOINT
COMFARE WITH SURFACE EXTENTS
END FOR
END FOR

s Lhat is,

The algorithm assunes a NOMDUENE0OLS SCEaE
all the aobiects 1n the socens aw represented as quadric

surfares. The information thal must be available at the



start of the intersection calculations is similar to the
intarmation that must bhe available for polygon

approximation of a scene. The list of information is:

« STARTING PIXEL COORDINATE

« NUMBER OF FIXELS IN THE HORIZONTAL AND VERTICAL
DIRECTIONE

- FERSFECTIVE FOINT

« INITIAL SURFACE IDENTIFIER AND T VALUE

. COEFFICIENTS OF THE RQUADRIC SURFACE

The initial swface identitier is an invalid one,
and the t value is negative. These initial valuss are
implementation dependent, and indicate that the ray does
not intersect any object 1n the scene. Once the ray has
circul ated through the systolic array, the surface
identifier and t value will either =till indicate that
the ray does not intersect any oblject in the scene, or
the closest intersecting surface and the paramstric
intersecting t value. The instructions to perform the
intersection calculations are loadsd during the
preprocessing of the surface coefficients, using the same
formal as described for polyvgon approximation of a scene.
-

D os

The cosfsficients are broadoast to the appropriate cell
fAgein, there will be an initial delay until the firet &

value is avallable.

Do 1.2.1 ANALYSIS OF USE OF THE SYSTOLIC ARRAYS

L



The basic unit of time (B) is based on the computing
of the t values with the gquadratric formula, and the
comparing of the t valuese +or the smallest positive
value. The quadric swfaces are more complar than the
planar polygons, and require more time to determine the t
value to output to the next cell. The variability in time
comes from the square rool calculation and the comparison
of the t values. The sguare roob can be calculated by
using an iterative algorithm, or retrieved from a lookup

table. The number of iterations can nolt be predetermined,

[IH

and iz based on the desired number of digits of accuracy.
The lookup table removes this variability, but requires
he generation of a globally accessible data structure.
The obher souwce of variabiliky with rezpect to time is
the comparison of the © values. Upon the selection of the

t value to be input to the next cell, the cell may be

idle until the B unit of timoe has elapsed.

The intial demlay until the firczt © value is

iz = before: MxFE, where M is the number of

by
<
Y
=
ot
o
ot
1T

"5y . The

celis (I.E., THE NUMEER OF QUADRIC QURFAT

available eovory B units for thoe

m

zubsequent L ovalues ar

(h—1). Tre tetal time that mush elapse

remnalning piss

beofore all the L valuess are avellalile is:



MxB 4+ (N —~1)%*B = B + N - 1),
The time needed to perform the actual peoint calculations,
and the extent comparisons, iz the same lengih as for the
polygons. I the time to malke these calcvulations is L,
the time that must elapse before the surface point is
available to the remainder- of the algorithm is FI*E + L.

The total time that must elapse before all the points are

available to the aligorithm in the host 1s:

M¥E + L+ (N=-1) (B + L} = B*(M + N - 1:

For execution on a single processor computer the
analyzis is as follows. The total time that must elapse
before the firzt t parameter is available 1is M*E + L. The
total time that must 2lapse beiore all the interscection
pouints are available isgi* {MxE + L = Na¥tMxE + Nx*L.

Calculations are based on the following high level

algorithm:

FOR ALL THE FIXEL3(N)
FOR ALL THE OBJECTS (M)
CALCULATE THE INTERSECTION FOINT(E)
END FOR
DETERMINE ACTUAL SURFACE FOINT (L)
END FOR

Since the time to determine the actual surface point

4z



is the same az for polygon approximation of the scenea,
and the basic unit of time to perform the t calculetions
ig longer, the number of input t values to the separate
single cell that must be gueued should be emaller tharn

for polygon approximation, or non-existent.

230103 COMFOSITE SOLIDS

2. 2w 10301 CONSTRUCTIVE SOLID GEOMETRY SOLIDS

Ray tracing has been used to synthesize objects
built by solid modelers, in particular, by constructive
solid geometry (056) modelers [ROTHBZ, WYVIB4&, CASARS,
FLUNBST. A constructive solid modeler (CSE) modeler
builds up an obliect from a set of primitive solids that
are combined hierarchially in & binary tree with boolean
operators. The primitive obijects typicaelly are: block,
sphere, cylinder, torus, and cone. The regulariced

boolean operators are union, intersection, and

difference.

[’

The birnary tres consists of the primitive solide a:
the leaves, and the interior nodesz are the boolean
operators. The root node represents the final obisct.
Each 1nterior node represents a boolean operation, or a
Figid body motion such as translation and rotation, thatl

is applied to the correspaonding subtree. When a object is



rendered with ray tracing, each ray must traverse the
bimary tree, representing the object, starting at the
roct. The intersections of the straight line ray with ths
primitive objects, making up the composite object, are
calculated, and the ray is subdivided into regions thatb
are cutside, on, or inside the boundaries of the solids.
The ray i1s a parametric equation of a line anchoresd at
the viewer, antd directed toward the scene. When the
intersection calculations with a solid primitive have
been performed, the results are combined with the results
of the other branch from the same parent node, according
to the boole=zan opsrator in the parent node. This
information along with an indentitication of the
intersected suwface i maintained in a olobal data
structuwre. The results of one level are combined and
returned to the next higher level in the tree until the

root is reached.

The sides of a block are usually represented as six
hal+ planes. The sphare, cylinder, and cones are sxamples
of guadric surfaces; the torus is represented by a
gquartic polynomnial. The different repressntations imply
that different caloculations are nesded to accommodate the
different surface types, and thess calculations require a

diffaerent amount of time. Aleo, the hizrarchical

+



relationships among the primitive solids must be
maintained. Both of these features of CSG solids preclude
the beneficial use of a one dimensional systolic array to
perform the intersection caleulations. The uniformity
criteria for gualification for execution on a systolic

artay can not be mast.

2.2.1.70.8 HETEROGENEQUS SCENE

I

scene consisting of surfaces of different
mathematical (ANALYTICAL) representations can be rendered
with a systolic based architecture to facilitate the
intersection calculations. The systolic based
architecture consists of a number of one dimensional
arrays. kEach cell of the gsyztolic array calculates the
interszection for a particular surface type. The length of
each array ie equal to the number of objects in the scenc
with the same mathematical representation. Each cell of
the array is preloaded with the carresponding
instructions to perform the intersection calculations,
and with the coefficients of one object in the scens with
the reprezentation corresponding bteo the array. The basic
unit of time, the time Lo perform one cnterssciion
ralculation, is different for each array. This ditferesnce
in time for the interssction caloulations must be

architecture can be

resolved before the systolic base

4 &
ol



used.

The systolic arrays should be arranged in decreasing
or increasing time to perfarm the intersect:on
caloulations. If the arrays are sorted in increasing time
to perform the intersection caloulations, the circulated
t valuess, and ray parameters generated from one array
will gueus up walting to circulate through the nest
slower array. The length of the queue depends on the
relative slowness of one array with respect to a previous
array. This arrangement of the arrays ensures thet sach
array isg in continuous operation, once the the values
entar the array, but also reqguires mors memnory to hold
the queuved inputs. The alternative arrangement is to
order the arrays in decreasing time of the intersection
caloculations. The subsequent arravs require a shorter
time interval to calculate the ray-surface intarsections.
Az a consequence, the subsequent arravs will not be
continuously active. The previous arrayz= will generate t
valuss at a rate slower than the nest array, and,
therefore, no memory is needed to hold intermediate
Fecsults, The time imterval beltween consacuitive inputse to
an array should become shorter, as subsegquent arrayvs
hecome achive, and consegquently each array must have 1ts

owr clock. A hioh level description of a supporting



architectwe is given 1n Figure 7.

The systolic arrays can be tailored to the specific
guadrics 1n the scene (I.E. ,SPHERE,ELLIFSDID) . The
calculation of the total time 1s based an the following
timing diagram in Figuwe 8. The timing lines +or each

yetolic array are labled O - L. The timing calculations

I

aszume that the time through each systolic array is

i

multiplied by the respective unit of time E, that 1z, the
time spent 1n each systolic cell. The merkings on the
time line represent the number of systolic cells (M) and
the mnumber of pixels(N) for each systolic array. The
times selected are those that indicate the time for
different number of pisxels Lo circulate through the
svstonlic arrays, one for each suface in the scene. The
starting time of one ar-ay 1s relative Lo the starting
Lime of a previous arrday. Thus, the starting time of the
ith arvray is the sum of the starting times of the
previous (I-1) arrays. For shample, the starting time of
array (2) 1s determined as follows. The first array hat

starting time is zoro. The

i

Mo previous array, and it
starting time of the second erray relative Lo the first
array is M. The ztarting time oi the third array relat)ve

o the secand array s M. The

~
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starting time of the third ar ity 1w G+ M o+ M7,

Therefore, the starting time of “he laot aray 1s ¢

The total time for the pivel deta stiream to ci-culats

through all the arvrays is:

When a t value is gelerated, the surface identidior

must alse rFetrlees from thoe Lookup tabie the surfecos

type, or the surface type muci be circulated through ihe

arravs. The surface type is wsed Lo load the progeam

it

counter (FC) with the starting address of the appropriate

f

instruction seqguence, shown i Faigure 9. Thuz the

starting address must be stored in pradefined locations.

o
i
i
o
I
i
iz
3

The difdiorent instruction seguences rmor@ase U

ME2MEET Y w
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polynomials of degres okt leschl faive, mumeracal wolioods

and /o comDinAaliares 9F Plbel ool ol .oy ibroal melhoos

need to e =1 (I R N s TIP trons wilh the

baays LHANRLIT. el oend depend on the

cuted

ST Ay . (0w rtamladery oF inter ations en

T

depend on the doziced precision. These interative methods
ar oo = table for hardware execution, but mot by the
vuahollic arrays. There exists no numerical method that
carn find the roots of a general algebraic surface within
a predetermined number of iterations. The interzection
calculations are not a straight forward application of an
arithmetic formuala. Hence, the cvalculations are not

» made up of different algebraic surfac

1
m

regular. A scen

ot the

weld either reguire different numerical melhoc
same method to find a different number of roots. the Lins
to perform the intersection calculations 1s variable

poesibly for sach object in the scene.

The ray tracing of parametrically defined patches

50 involve numericeol methods [EAJIBI,

]
P}

and surtaces
TOTHSIZ, SWEESSI. Again, the intersection calculations are

not regular for the same reasons given 1n the previous

paragiraphi

2.2.2  RAY TRACING W1TH GLOBAL ILLUMINATION



Ray tracing, when used wilh & global illumination
model , yields more realistic looking oh,ecisz. The

2

increaze in complexity, due to the inclusion of

simulated, raflected and refracted light rays is mirrored

by an ingresso in the conplerity of the suppoarting
systolic based archiecture. The type and degr=e of
sophistication in the hardwarz to support the algorithm
is dependent on the sophistication of the illumination
model , the type of surface detail, and the internal
description of the objects in the scene. In traditiconal
ray tracing, the reflection and refraction rays

ated with the initial ray are used to build a

ALS500

binary tres.

The roeot of the tree is the initkial pixel

intersection. This initial intersection

—+

2c

i

ay "o

1ndicates thalt the correwponding swuwface point is viosible

to the observer, and the lighlbt ray reaching the obsevsr

from that wisible point is either a revlected or a

and tho

=

cefracied ray. The aszociation betwsen the pix
s Face must be stored in the root node of each binary
tree, The vreflaction ray forme the lTett branch ot the
Bimet v lrae, 2nd the refraction ray forms the right

branch of the binary tres. he contribotions of aother

g and refracted lighi ra,wn reaching the viwible



surface point, are caelcoculated based orn a modgel of light
requiring the calculalion of the suwface normal at the
intersection point. The contributing reflected and
refracted light rays are traced Ly the global
illumination model to their immediate surfave or point
light sources=. The reflected and refracted light sources,
that contribute to the intensity of the immediate
ray-saource-surtace intersection points, are aisn btraced
by the globai i1llumination model. Az the illumination
model traces the contributing reflected and refracted
ravs, a binary tres is built. When all of the rays have

@ither reached their point light sowrce, oF continue ouk
g 1

-
ey

the scene, or have been traced a predetermined number
of 1terationsg; the ray btracing stops. The binary Lree 1u
traversed in postorder by the shazder to detsrmine the
intenwzity of the correzsponding pisel. The intensity of
the light reaching an intersection point, stored in the
binary tree; is reduced by the distaence bebtween that
intersection point, and the intersection points of the
immediate left and right children nodes. The inocoming
light rays to the inlorssction point are stored in the
parent node. The nuamber of trees gener ated depend on the

ationships betwoen

17
e
5

pusition of the viewsr ; and on the

the obiects in bhe socene.



The revursive application of the global illumination
model 1ndicates that the ray coordinales and ray
parameters must be zent through the syestolic based
architecture more than once. Also, the calculations for
determining the normal and the coefficients of the
reftlected and retracted rays, based on the i1llumination

model , reguire a more sophisticated single separate cell.

A high level description of the ray tracing algorithm
with & global illumination model, that must be mapped

ohto a systolic based architecture, is given here:

FICK A FERSFECTIVE FOINT
FOF THE NLMEBER OF FIXELS IN THE VERTICAL
DIRECTICN
FOR THE NUMBER OF FIXELS IN THE HORIZONTAL
DIRECTION
DETERMINE THE INITIAL RAY
FOLLOW RAY (INITIAL_RAY, TREE_FTR)
TRAVERSE TREE (TREE_FTR,F1XEL_VALUE)
END FOR
END FOR
FOLLOW_RAY (RAY , TREE_FTR)
FOR EACH SURFACE IN THE SCENE
DETERMINE THE FOINTS OF INTERSECTION(FOI)
SORT THE FOL'S AND ELIMINATE THOSE OUT OF RANGE
If THERE I5 A CLOSEST, VALID INTERSECTION FOINT
THEN
ADD NODE TO TREE INCLUDING THE FOI AND
ANY NECESSARY SURFACE INFORMATION
DETERMINE REFLECTION_RAY
DETERMINE REFFRADTION_RAY
FOLLOW RAY (REFLECTION_RAY ,LEFT_ERANCH)
FOLLOW RAY (REFRACTION_RAY , RIGHT _BRANIZH)
ELSE
HO PO
LEFT AND RIGHT BRANCH ARE NULL
END i

Tr aver se tree is a shater that performs the shading



caloculations which implement tihe global 1llumination
model . The systolic architecture onto which the above
mentioned algoriihm must be mapped 15 described in this

saction at a high levsl.

The major components, as shown in Figure 10, of the

systolic based architecture are:

—interface buffer betweern the host and
sysztolic array

~one dimensional array of linearly connected
cells{systolic array)

=control wunit
—array of separate c2ll processors

—manory shared by the separate well processors
anad the systolic array

=ty
I
+
4
-

The interface buffer 1s a data communication b
betwzen the host computer and the systolic arrray. The
host sends the pikxel covordinates to the systolic arvray
via the interface buffer. The intersection

point/indicatur aswociated with each pizel is sent Lo the

hosl via the same buffer, when hidden surface removal 1o
Doing implemented wibth ray tracing. The bilinary Lroo o7 oa

no o valid indicator, azsociated with gach pivel sent
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cells is the systolic array. Each cell is capable of
performing the same calculations. The instruction
sequence to implemant the calculations are preloaded
prior to the esecution of the calculations. Data
imitially enters the systolic array from the interface

bt fer,

When implementing the ray tracing algorithm for
hidden surface removal, once =zach pisel has circulated
through the systolic array, the corresponding &t parameter

value and the surface identifier are put onto a data bus

53]

cannected to the interface buffer. These resulls are then
available to the host computer. When implementing the ray
tracing algorithm as a part of a gloubal illumination

model , the output generated by the systolic array is sent

. Each

Lo the first avalilable separate cell procsa

o build a branch of

separate cell uses the output values
a binary ltree, which iz later usesd by the shader softw.re

to calculate the corresponding pixel intensities.

Once a t valueg enters a gseparate cell, the

carresponding incomplete btres and the data structur:
wges by the tree building algorithm, including the stach,
are retrieved from a predofinesd location of commorn

memory.. The reflsction and refraction rayvse are calculaled

and stored in the binary tree. The refraction ray 1s

U



pushaed onto the stack and the reflection ray is sent to
another predefined location in memory. From that lecation
the reflection ray is loaded onto & bus connected to the
interface buffer. Once the cosfficients of the rays are
in the interface buffer, the coefficients are sent
through the systolic array. The intersection valuss,
denetrated from the stream of inpuh ray coefficients, are
also sent to the separate cell processors to continue the
building of the binary trees. Hence, this architecture
supparts the repesated circulation of the data, and the
repeated caloculation of the reflection and refraction

rays as raqgulired by the ray tracing algorithm.

it

The memory accesible to all of the separate cells,
stores the incomplete binary tree, and other information
pErtinent to the building of the bhinary trees,; in

particulary a predefined memory location containing the

current binary tree which, which indicetes the next

available separate cell processor. This global variable

a

i incremented (modualo RO+ 1.

The number of rays passing through the display and
intersecting surfaces in the scene is the number of

that must be simultoneouwsly buili. Thoso

Fays that do intersect with objeclts in the scene form the

< of the separale, distinct binary trees. Therefore,



hardware is included to count the number of initial
intersections. This number aleo indicates the length of
subseyuent data streams that circulate bthrough the
systolic array, as wall as. the number of separate cell
processors. The algorithm to build the binary tree, and
to determine what values are sent through the systolic

array, is listed as an algorithin.

LEVEL _N@Q <— ©
CREATE ROOT NODE
STORE FOI,LEVEL NO,RAY_TYFE
(ROOT GIVEN REFLECTION RAY TYFE)
FUSH FOI,LEVEL NO AND RAY_TYFE ONTO STACE
WHILE STACH NOT EMFTY
FOF FOIL,LEVEL NO,RAY_TYFE,RAY FARAMETERS
IF RAY_TYFE = REFLECTION
THEN
CURRENT LEVEL «<— LEVEL_NQ
CALCULATE REFLECTIOM AND REFRACTION RAY
FARAMEMTERS AND FOI
FUSH REFRACTION RAY
IF REFLECTION RAY HAS CLOSEST INTERSECTION FOINT
THEN
CREATE LEFT NODE
STORE FOi
INCREMENT LEVEL_ND
STORKL LEVEL _NO AND RAY_TYFE
FUSH FOT,CURRENT_LEVEL AND RAY_TYFE , RAY
FAFAMI TERD
END IF
END IF
IF RAY_TYFE = REFRACTION
THEN
CURRENT LEVEL <~ LEVEL_NO
IF REFRACTION Ré&yY HAS CLOSEST INTERSECTION Fi
THEN
CREATE RIGHT NODE
STORE FDT

INCREMENT CURRENT _LFUVEL

—

INT

¥




STORE CURRENT _LE
CALCULATE REFLECTION

FUSH FOT,CURRENT _LEVEL ,RAY FARAMETE

FUSH FOL, CURRENT _LEVEL ,RAY FARA

END
END IF
END WHILE

I

This
separate call
information
containing the
level number
inm tir

a depth

linsar array
comparison of
intersection o
caloulate
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Included in the pertinent

building the tree are the stack,

branchus to bhe added, and the current

the binary tree. The binary tree is built

=t {(preorder) order that can be sent az a

the host via the interface buffer. A

the length of time to perform the
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binary tree is less than or equal to the fime to per £ orm
the reguired intersection caloulation, then only one
geparate cell processor s needed Lo build one branch of
a binary tree. If the length of time +o build one branch
of & binary tree is longer than the time to perform the
inter section calculation, then more than one separate
cell processor 1o needod to prevent the gueuing of the t
values. The length of time to build a branch of the
bimary tree should be rounded up to the next integer
moltiple of the length of time to perform one
intersection calculation (B). This inlteger is the number
of separate cell processors needed to build the branches

of the binary trees, and to prevent the output © values

[0}

from gueuing on input o the separate cell processor

u
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stores the binary trees. Should the number of the number
0f binary treese that muet be simultanscuzly generatesd

exoeed the number of separate cell processors, the above
mentionead scheme causes the t values to gueue up oubsidae

thie separate cell processor

The first dala stream sent through the syzstolic
array consists of the pixel coordinates, the ray

parameaters, t ovaluswe, and swface identiftiers. The

subsequent data streams consist of the suwrface points,



tho ray parameters, L values, and swface identifiers.
For each subsaqguent data stream sent through the systolic
array, a different selt of rave will intersect with
surfaces in the scene. The membars of each set can not be
predetermined. The nonintersecting rayvs indicaie the
terminationsz of branchos in the binary trees, For those
Fays that do not intersect, a placeholder is needed to
indicate the termination of a branch for the branch
caleulativng, and to maintain the constant length of the

data stream.

A= indicated by the algorithm, the left branch
(REFLECTION RAY) is generated first, until either, the
tree has reached a predetermined langth, or the ray
intersects with no object in the scens. In terms of
execution on the systolic array, this means thet a data
stream will be sent through the array a predeterminsd
number of times, o until all the rays in tho data stresn
evit the =cene. For each reflection ray a refraction ray
is caxloulated and traced (RIGRHRT BRANCH OF THE EINARY

TREEY . The refractod ray dale stresm erecutos on the
svatolic array similiarly to the reflected ray data
abraam. Once all the binary traes have beon generatod,
Lhe linear arrays representing tho Dingry irese, are sent

t the shader an Lhe ho A treo depicted as shown in

.c,«



Figure 11.
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FIGURED 11l: LINEAR REFRESENTATION OF A EINARY
TROE FRODUCED EY AN ALGORITHM
INFLEMENTED ON A SYSTOLIC ARFAY

Is =enlt as an ariray of nodes:

ROOT ,6,C,6,H,D,1,J,B,E,k,L,F,MN

Each node conlbaine:

. RAY FOTNT

. SURFACE 1DENTIFIER
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When a light ray reaches the suface of arn object, the
portion uf light that is reflected and transmitted
(REFRACTED) determines the visibilily of the object. The
angle of an incident light ray striking the surface at a
peint is measured with respect to the normal at the

sur face point, and is called the angle of incidence. The
angle of a reflected light ray 1s also measured with
respect to the normal, and 1s called the angle of
reflection. If the light ray strikes a smooth suwtace,
the angle of incidence equals the angle of reflection.
This phencmana is called regular reflection. The angle of
reflection and the angle of refraction are in the same

plane.

SUrfoce

6 = E
O diffuee surface thab reslectsz light equally in all
directions protuces diffuse retleaction and is called &
petrfect diffuser. The intensily of the reflected light

from a perfect diffuser 1g based on Lambart s Cosine Law:

i~
o



I = IL*ED*COS (A
WHERE

I = INTENSITY OF THE REFLECTED LIGHT RAY
IL = INTENSITY OF THE INCIDENT LIGHT RAY FROM A FOINI
LIGHT EDURCE

KD = A DIFFUSE REFLECTION CONSTANT (O <= kKD <= 1) THAT
DEFENDENT ON THE SURFACE MATERIAL

A = DIRECTION OF THE REFLECTED LIGHT RAY WITH RESFECT
TO THE NORMAL

(0= A L= Q0) ( A » 90 MEANS THE LIGHT E0URCE IS5 BEHIND

THE DEJECT)

This calculation is included in the shader as a part of
the illumination model if reflection is being implemented

for a smoolh surface.

The transmitted light (REFRACTED: is shown

schematically here:

N1t
V)

Ancl follows Snell 's Law:

Ni+3INAY = NI*SINE?
WHE R«

a,B - ARE IN THE RAMNGE (L, FC)

&b



N1,N2 - ARE THE INDICIES OF REFRACTION OF THE
RESFECTIVE MEDIA

(I.E., THE DEGREE OF TRANSFARENCY OF THE SURFACES!
When the angle of incidence equals or exceeds 90 degrees,
B, the angle of refraction is the critical angle. The
incident angle obeys the laws of regular reflection, and
the light rays are reflected toltally within the first
medium. The calculations of the ref{lection and refraction
components indicate intersection calculations that must
be performed by the separate cell procezsors. The
calculation of the direction of the retlection and
refraction light rays i1s i1ncluded 1in traditional ray
tracing as a part of the global illumination model as

shown here:

Ll 13 I
M 1¥unmm+hnalncmedqng Surface
VoL
KE(N+V)
Ir
WHERE ;
N1,N2 - THE INDICES OF REFRACTIOM
(R FOINT OF INTERSECTION

IS - INTENSITY OF LIGHT DUE TO SFECULAR HIGHLIGHTS

&7



FROM OTHER ORJECTS/SURFACES IN THE SAME SCENE
IT - INCOMING INTENSITY OF REFRACTED LIGHT

-R - DIRECTION OF INCIDENT LIGHT FROM A& FOINT LISHT SOURCE

-~V — DIRECTION OF LINE OF SIGHT OF THE VIEWER

o= DIRECTION OF THE REFRACTED LIGHT RAY

LI - JTH FOQINT LIGHT SOURCE

The reflection and refraction raye are defined as
follows:

R = V' + 2N

Fos EFIN + V') — N

Vo= V/MAGNITUDE (VN

FF = (FN#xZ % MAGNV ) #=x2 — MAGN (V' + NIY#*x2) %%~1 /2

FEN = NZ/NL

A complex value for kt indicates total internal
reflection. The inde: of refraction is needed to
delermine the direction of the refracted light ray. This
information must be avalilable for each surface through
which refracted rays pass. The surface identifier could
then be used az an pointer into the lookup iLable that
shonld also contain the pointer of revfraction for that
surface, An entry in the lookup table would contain the
following information i= shown in Figure 12, The
tllumination dependent information is loeded into the
separ ate cells at the same time the instructions to
perform the reflection and refraction ray [Bar ameter

caleuletione are loaded. The indes of refraction of air

is 1 for calculalions.

A8



Index of
ReFraction

’
FIGURE 1Z2¢« EXAMFLE OF AN ERNTRY IN THE
LOOKUF TABLE USED BY THE SINGLE
SEFARATE CELL TO CALCULATE THE
REFLECTION AND REFFRACTION RAYS.
The illumination dependent informatior is loaded into the
separate cells at the same time the instructions to
perform the reflection and refraction ray parameter

calculations are loaded. The index of refraction of air

1s 1 for calculations.

200201 FOLYEON AFFROXIMATION

For a scene approvimeted with polvgons, the
archilecture is as depicted in the previows scection. The
intersection calculations are as described 1n an earligr
section. The calculation of the retleclion and refraction
Fays depend on the mathematical representalion of the
surfaca2. The initial ray travels along the line of sight
tihrough a pirel coordinale to a point an tho sourtace.,
Hence, threo pointe on the line sagment (RAYD) are known.
Lzing the position of the vicws (Bl and the point of

interssction on Ehe polygon surface (A), the directed

o>
2



line segment BY ise

Vo= (AX ~ BY)T + (AY = BY)J + (A7 — BI)E

Given that the form of the planar eguation iss

DX + EY + FZ + 5 = O

The vector normal to the plane is:

DI + EJ + FK

The unit normal iss

No= (DALYI + (E/L)J + (F/Lik

WHERE &
L= (D¥¥2 + E*#Z + F##*7)#%1,/2

The caloulation of the reflection ray is a

straightforward substitution of the ray equation:

R o= V' + 2N
V' = ( (AX — BX)I + (AY - BY)J + (AZ — BDIE )/ MABNIV, N
WHERE «
VLN = (AX — BX) (/LI + (AY - BY) (E/L)J + (AZ - BZ) (F/LL)¥
M = MABN(V.N) = (  ((AX — BX)(D/L))#%2 =
CCAY — BY) (E/L) ) %% +

(A2 — By oFAL) ) #%2 :

=N o= 20D

Ro= (CAX — BXY + 2T 4+ ({AY — BY) + ZEXJ -

M L M I



({AZ - BZ)Y + ZF)k

The calculation of the reflection ray is based on
the two peoints, and on the coefficiente of the plane. The
intormation that must be stored in a node of the binary
tree for the reflectien rave includes: the intersect:on
point, the surface identifier of the surface containing
the point of intersection, and the coefficients wf the
reflection ray (L.E., THE DIRECTION OF THE REFLECTED
LIGHT). These are the same values that musi be stored on
the stack to implement the algorithm. The refraction ray
u=ms the same information, sxcepl for the index of
Fefraction., The calceulations are a straightforwzrd

substitution of the eguabtion:

Fo=KEKFMN+ V') - N

-

The assembly language like instructions needsd to

detarmine the reflection and refraction rays 1s given in

Apperdix D. The high level description of a separate cell

[
1"

given in Figuwre 172,

Therwe must e a global data structuwr=, 1n a fixed
location, uscd to indicate the nent binary tree to be
updated: the current binary tree. This number 1s a

pointer into a table that containe a pointer to an ar2a
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ot memory, which contains an incomplete binary tree, and
the local data strucutres (I.E., STACH AND FOINTER). As
each t value enters a separate cell, for the second and
subsequent data streams, the current binary number is
incremented (MODULD F) + 1. The first data stream

determines the value of F.

T -

TInitial Point Se quqte. —r
Suvface Td Cell —
|

Surface Coef, inarunTree

FIGURE 12: SEFARATE CELL FOR DETERMING
THE REFLECTION AND
REFRACTION RAYS.
There should be no contention by the separate cellas for
access to the current binary number. When the t values
are input to the separate celle, the incremented current
binary tree number will initiate access to memory for the

correspanding binary tree, and data structures newded to

build the ne: t branch.
2.7.2.101 ANALYSIS OF USE OF SYLTOoLICT ARRAY

The time that must elapze before the first t value

17 avallable ias M*E units. The time to build one branch



of a binary tree is E#E units. The situation depictad
pictorially is the data stream of pirels going through
the systolic array in Figure 14. Additional time is
needed to retrieve and store the incomplele binary trees
as well as to send the data stream to the interface

buffer to be recirculated Lhrough the systolic array.

At time, t=N, the firest reflection/refraction ray
can be circulated through the systolic array. Assuming
also that the data is to be circulated through the array
a predetermined number of times (I.E.,2%%(L+1)-2, where L
is the length of the tree), at time, t=N, the situation

is az depicted in Figure 15,

The length of the data streams for the
reflection/refraction rays can range from z2ero to N
(IL.E.y, M = F = O ), Assuning that F=N the situation

continues as depicted in Figuwe 1&6.

For the initial pixel coordinates going through the
svaelonlic array, at time t, the (T-M+1)th parameter t
valug is generated. For the subseguent data streams will

englth eqgual to the number of pixels (N}, with kE =1, and

-

with Z%% (L+1) -3 egqual to the number of reflection
and/or refraction data streams to be sent through the

array, at time t, the (T-M+1iith paraneter t

systoliic

~j



value is gener ated.

The situation for which N > M, N » F, and K > 1

hold, is depicted in the foldout of Appendix E.
TIME P4

fo) b/ P 3 st M-a M -1 M
1
ML u Pu-g Py 5] Pa
M 1 a 3 |---ma | [m-2| Twm
Ty 1
| Pmeg, P Ps Py Pz
M4 1 3 3 |- [mal [m-a] T
Ll1 T
u Py-2 Pu-a Womss Pu-mio  Pu-mrs
N-1 a Q 3 |- M3 (M-

Two-m | 2 [Tw-m-t

) PA) PN-& 4P/u-M p -M¢3 ?N'Ma\
N 1 a 3 |- (M-a m-1 M

TN-meL] 2 [nv-M
ASSUME: N = M oo 1 1K, — FTH T VALUE GENERATED

NOTE: INCREMENTS IN UNITS OF B
FIGURE 14: FPLCTORIAL DEMICTION OF THE TIMING

OF A& DATA STREAM UIRIUL.ATING
THRIUGH A SYESTOLIC ARRAY.
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TIME ppy P -2 WMty Pu-mes  Py-pia
VN [2 ey |3, M2l M-1] M

Tvmer | 1 [ Tw-m

LY RO Py W-Mes
Vet : X 4 N;;:' 'ﬂ;M_;y P,«/zww.s.?
T/U‘M'a 2 i TA/’M)‘J.
- Ram) Ram-1) R omM-3) RCL3)  RpLa)
NeM-1 1 ] [3 3 | [M-a] [m-1 /v;
™ |1 Tw-1

NOTATION R(X,Y) IS A3 FOLLOWE: XTH DATA STREAM
YTH FOSTION WITHIN
THE XTH DATA STREAM

FIGURE 1%: FPICTORIAL DEFICTION OF THE TIMING OF
A DATA STREAM RECIRCULATING THROUGH A
SYSRTO.LIT ARRNY.
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ANt

aN+M

M) RO M) Eﬁ:ﬁ) )  RQ,3)
3 2 3 |- [ma] [n-1] [m
Twer L2 | W
R(9,2) i(l'm RLA-1)  ROw-me) papmrd) Re,w-sm)
1 e 3 | (M| (M- (M|
Twmrs | 1 | Tan-m
B(2.5) RGD RO () ?ﬁ”-ﬂf}) Ry wm3)
1 a 3 < IMA M-1 /\4
—B.MM l. TM‘M+L
M) RAmM-) PEMD K23 RlaE)  faa
1 x| |3 - M- [m-a] Im
Tov [ | Ton-g
FIGURE 16: FICTORIAL DEFICTION OF THE TIMING

0F THE DATA STREAM RECIRCULATING
THROUGH 4 SySTAL 1T ARKAY WITH
THE REFLECTION/REFRACTION
BINARY TREES.
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The total time to build each binary tree is determined

with the aid o+ the following timimg diagrams.

fo) M N N*M Nf-M R+l

L L 1 |

TIME ACTION
O FIRST FIXEL ENTERS THE SYSTOLIC ARRAY
M FIRST FIXEL ENTERS A SEFARATE CELL
N—1 LAST FIXEL OF THE FIRST DATA STREAM ENTERS

THE SYSTOLIC ARRAY

N FIRST RAY OF THE SECOND DATA STREAM ENTERE
THE SYSTOLIC ARRAY
N-FM LAST FIXEL OF THE FIREYT DATA STREAM ENTERS
A SEFARATE CELL

(NESL R FIRST RAY OF THE SECOND DATA STREAM ENTERE
A SEFARATE CELL

N+ LanT FLAEL OF THE FIRST DATA STRESM EXITE
A SEFARATE CELL FROCESSOR

N+ w4 FIRST RAY OF THE SECOME DATA STRaM EXITS A
SEFARATE CELL



The time to establish the binary tres=sz is depicted heote.

o M Mtk N NiM NiMtk+d

|| I l

— . 4

First Data Stream

Y

K-1(g11-- - ~--8TP

ESTARLISHING THE RBIMARY TREES

TIME ACTION

M+ FIRST FIXEL ENTERS A SEFARATE CELL

There is a delay of (I-1) units before the ront of the
nest binary tree (BT) 1s established. This delay time is
needed to compute the reflection/ retraction rays, and to
determnine the point of intersection., Every B unit of ftimw
thereaftet , either the root o a binary tree will be
eztablizhed, or & no-valid inlersecltion indicaetor will be
isaued. The number of binary trees eaztablishad 13 F. The
currenl binary trec number is o incremented esch time a
tres 15 entablished, BFased on the ftiming Jdiagram the

total time to build one branch/establish P binary tiree 1=

(N + K dunals. The timing for the second and subsequent
daba sirwams 15 2> shakin her o
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]
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TIME ACTION
N+M FIRST RAY OF THE SECOND DATA STREAM
ENTERS THE SYSTOLIC ARfAY

N+F--1 LAST RAY OF THE SECONL DATA STREAM
ENTERS THE SYSTOLIC ARRAY

N+F FIRST RAY OF THE THIRD DATA STREAM
ENTERS THE SY¥STOLIC ARRAY
ARRAY
N+F+M LAST RAY OF THE SECOND DATA STREAM EXITS

THE SYETOLIC ARRAY AND ENTERS A
SEFARATE CELL FROCESEOR

N+F+M+ 1 FIRET RAY OF THE THIRD DATA STREAM ENTERS
A SEFARATE CELL FROCESSOR

N-+F+M+t LAST RAY OF THE SECDND DATA STREAM EXITE
A SEFARATE CELL FROCESSOR

N+F M+t 4+ 1 FIRST RAY OF THE THIRD DATA STREAM EXITS
A SEFARATE CELL FRLCESSUOR

N2 LAST VECTOR OF THE THIRD LDATA STREAM
ENTERE A SEFARATE CELL FROCESSOR

Az the First element of a data stream enters a senarate
celly the current birmary tree number stiowld be
reinistialized to zero. When the lawi doabla stream enterc

the architectire the situatiocn is thoos

MTAKP ) aubtM  wrAtPEMIR  pyae) P puheifes NHAN)EP EMER

Last Data Stream

NOTE: A I8 Z2#¥ (.+1) -4
Al IS Z2#%(L+1) -3



M-+ £ 2 2 M i

TIiME ACTION

N R % F -+ FIRET RAY OF THE LAST DATA STREAM ENTERS
THE SYSTOLIL ARRAY

N+A#*F+2M  FIRET RAY OF THE LAST DATA STREAM ENTERS
A SEFARATE CELL FROCESSOR

IRET RAY OF THE LAST DATA STREAM EXITS
F

E ARAGTE CELL FROCESS0R

ff} 21

DT

W+ (A1 P -1 LAET RAY OF THE LABT DATA STREAM ENTERS

THE SYSTOLIC ARRAY

N+ (A-+1 3 *F+M LAST RAY OF THE LAST DATA STREAM ENTER

M4 (A+1) #F -+ LAST RAY OF THE LAST DATA STREAM

A SEFARATE CELL FROCESSOR

-4
(i}

m
>
—

A SEFARATE CELL PROCESSOR
Based on the above diagram, the total time to buila F
bimary trees of length L is: N + (Z#%(l+i) - Zy#F o+ o+
K. Not every ray of the second and subseqguent data
NOT ALL THE TREES WILL BE BALANCED) . Therefors, the
separate cell processor must be delaved and remain idle
for o units. The current binary tres number still newds
to be incremented, but nothing will bwe added to the
bimary tree. Also, whan the binary tress are beinyg
established, thosea nond il ersecting plael rays, pas:ing

throogh a pixal, are Awtarmined by swepar ale special

+ M . - 4o - T [ - . S ooy
ATHE aENTIRES 2 CLAl Chieerr 2, AN Benh immedrately o tos host Fod
PV ST EE AL D
Siveacdd g

2.7.205 DUALRIC SuURFACED

f
el

streams will intersect with an object in the scene CILE.



The design and the analysis of the operation of a

systolic hesed architecture for implementing ray tracin

with a global illumination model y for objects in a8 sce

defined by gquadrice is wimilar to the syetolic based

architectures for supporting a scene approsimatad b

polygons. The differences are doe to the longsr Lime

necdod to perform the intersoo

the different mebthod o ol

surface at Lhe

ot oo ara the same. The ceil is preloasde

witihr & arfferapnt inuhr o caloulate L

ditderent inzbtruction seguence to determine e

ter dleliomimalia one o b

raflection and refraction rays.

oA par lawr b oo,

Tre caloculabtiorn of the norasl 1o Dasod o e

Ful lungiong @malyolne Sovern poinl 508, Yo w1,

e L o vt oveotor gy arend 4wV PleaT o A A poall

Loy 5L n sl vid Dl owirdoce at that
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GRAD O I8 DEC INED A8 a FoI -FéFfJ + éF’fi

Qx qv -
The normalized vector is obtained by dividing the i,j4k
components by the length of the vector. Given the genar al

form of & gquadric:

Fro= AX**2 + BYx%2 + CI%%2 + DXY + EYZ + FXZ +
GX + HY + IZ + J = 0O

QF = ZAX + DY + FZ + G
qF = ZBY + DX + EZ + H

2CZ + EY + FX + I

QU
R
{]

-

Each partial of £ is evaluatea at the intersection point.
Then the length of the vector is calculated as shown
ear'lier. Once, the normal has been +ound, the
caloculations proceed as before in determining the
reflection and refraction rays. The corresponding

assembly like language program to compute Lhe rnormal

vector using the gradient is geven in Appendix D.

[ial

D.3.2.0.01 ANALYELS OF THE USE OF THE SYSTOLIC ARRAY

The determination of the time needed for performing

the intersection calculation, and for building the binary

&3]
ft|



shading trees is identical to polygon approrimetion of 2
scene. Again, the differences are due to the time, to

perform the necessary intersection calculation, and to

the different method of vector normal caleulation.

Z.3.2.5F COMPOEITE SURFACES

Z2.73.2.3.1  HETEROGENEDUS SCENE

At the time the firzt t values is generated, the
corresponding partially built tree is brought into the
memory of the next available separate cell processor. The
tree 1s updated according to the t value, and the
calculations of the reflection and refraction rays ig an
integer multiple of the time to perform the corresponding
intersaction calculation. The time of the intersection
calculation varies according to the type of the
intersected surface. The heterogenecus scene does not
appear to be amenable to execution on systolic based
architectures. Each surface type would reguire a
different clock and a different basic unit of time for
the intersection calculation. There would have Lo be 2

Fate sories of cell procossors for each surface type.

sepa
The reflection/refraclion rays woald appear o be

generated at random time intaorvalo. The time bottle neck

woldld be Lhe swface regquiring the longest time to

alculationzs., The regular caloulations are




giving way to asynchronpus calculations. The complex
timing scheme makes 1t difficult to detsrmine when the
next date stream would be ready to ciroculate through the
gystolic arrays. The architecture, to support the
intersection calocuwlations, is no longer systolic or
Fegular. Rather, ths asynchronous criented calculations
require a more sophisticated architeclure and timing
scheme,. This architecture includes the uss of interrupts
to indicate when the nexl data stream is to be circulated
through the systolic array. The components and
calculations are nct regular.
Z.4  ANALYSIE OF THE AFFLICATION OF EYSTOLIC ARRAYS

TG RAY TRACING

The use of systolic arrays for the intersection
calculations in ray tracing hes limited applicability.
The successful application of the systolic architecture
Fo the intersection calculations thet are performed as a
part of ray tracing, depend on certain characteristics of

tlhe erore. These characteristics ares

i—- the degree of object homogenslty
2 the mathematical representation of the objects

CEllo

i

Te the internal representation of the entire

Mave Dewn used to perform image

When systolic arrays

prucesning caleulations s b oan convolution, the

T



calculations are a straighlforward applications of

arithmetic formulae on each pixel and its neighborhood.
Minimal decision making is involved, and ro exceptions
need to be taken into account when the calculations are

made. Once the value:s enter the array the computations

fout -

proceed without interruption until completed. The
regularity comes from the repeated erecution of the samo

instruction sequence. This regulariiy can sometimes be

achieved with ray tracing.

For hidden surface removal, the application o4
systolic arrays is feasible. A homogensous scene, that
is, a scene consisting of objects with the same
mathematical description, is exemplified by a scene
approximated by planar polygonz. ALl the swfaces reguire
that the same ray/surface intersection calculations be
performed. The polygon surface coefficients should be
sent to the cells of Lhe array without regard to the
hisrarchy of the objects and surfaces in the scene. While
the polygon aproximation of a scene makes the scena
amenable to enecution o systolic array, the polygon
appro<imation precludes the derivation of the accurate
surface properties for a more realistic rendering of the
whe Fay tracing is combined with a global

BT,

illumination model.

Bé



Regularity of calculations alone does not guarantees
suitability for execution on systolic arravs. The
representation of the objects in a erene by

parallelpipeds certainly simplifies and standardizes the

L{x

rav/surface o

lculations, but the parallelpipeds ars
maintained in a hierarchy to reduce the number of
parallelpiped-ray intersection calculations that must be
performed for a given ray. The hierarchy representation
iz a software technique Lo speed up the display of the
scene. This technigue obviates the need for systolic
arrays. This i1z not to say that the parallelpiped
representation would not benefit from execution on a
different supporting architecture. The hierarchial
representation does rot reguire that all of the
parallelpiped-ray inlersection calculations be performed,

which can be done efficiently with a systolic arravy.

A scens consisting of all guadrics could have the
planar objects as degenerate or special cases. The same
caloulatione will have Lo be perforned with no
optimization for the planar objects, in order to maintain
the tegularity of calculation. The same amounlt of time i
vsed to debtermine the plans/ray intersection calculation,
as well as, the gquadric/ray intsrsection caloculation,

even though the plane/ray intersection calculations are



simpler and shorter. Therefoure, some of the cwells in the
array will perform unneccesary calcdalations, but the
regularity in the calowlations will permiit the uzse of a
systolic array +or & heterogeneous scens. A scene
consisting solely of polygons and guadrics may nob always

be interesting or realistic.

Scenes depichting objects represented as polynomials
aof deqgree greater than two, 2 as parametric patches and
surfaces, regquire npumerical methods to perform the
suwrtface ray intersection calculations. Numerzcal methods
are iterative, rather than straioht forward, ons time
applications of formulae. Hence, nunerical methods are
not regular calculations for implementation on systolic

A AY S

Whern ray tracing is incorporated wilh e global
iliumination model, the criterra faor e.ecution on the
syetolic arrays are harder to meet. Scenes that are ray
traced for hidden surface removal may nobt be ray traced
with a global illumination model when the =ystollc ari-ays
are used to perform bthe intersection calculations. This

iz Lhe case +or a heterogeneous scens, as dewcribed in an

@arlier sectlona.

The svetoliec based archileciure can dewsigned to



achieve different optimeal times for the interwecition
calculations performeac in the ray tracing algorithms. In
general , the redoured time for the intersection
calculations 1g obtained by duplicating the systolic

<

architecture, as wzll as the datz streans.

The ececution time can be reduced to M*E, that i

propo-tionael to the number of surtaces in the sc=2ni: by

the following architecture.

—_— 7 —

WHERLE ¢

THE LENGTH OF EACH ARRAY IS M CELLS
MOIS THE NUMBIDR OF FLXELE INVOLVED IN THE DISTLAY

Theo snput to eoch array 1s one ot Lhe N pivel-treay
par amzter s, The arrays execule smimullLarnsousiy yeact
=Lt Ling at the same time. Each pirel-ray circulalen
through a zyololic arimay 1n Mak fone ung e Foor
tnpienentat ton with a gleobal illumnation modely all thoe
bimary trews will be generalted aimuitaneodusiy.

neodad

B



Henoco, there will be no need for the currenl binary tiree
number. The number of separate cell processors matches
the number of systolic arrays. Atter Lhe first date
stream has circulated through the eyvustolic arrays, F of
the N systolic arrays will generate valid t values.
Therefore, only thoswe F systolic arrays will be aclive on
subsequent intersection calculations. The execution time
can be reduced to E¥B. The supporting architecture is as

follows:

m-{
There is one systolic array with M input and output
linues. The input to the systolic array is the first i
pinel-rays, at time L = 0. AL time, t = 1, the next m
pixel-ray= are input to the systolic array. Each input cof
m pisel-rays reyguires b unite of time to perform the

inter cection calculatione., The value of |t 15(iN/M) + 1.

There is a need to dabe an associaltion be=lween the group

of m and the position within thal grodp. and tho
corresponding cur rent binary L ee pamber o« Agein, nut
acLive o subseguent

every inout l1ins will be .

inLersoction caleulations. I4 the time tow buaild one



branch of the binary tree is greater than the time to
perform the intersection calculation tnen, the generated
t values will queus up outside the separate cells unless,

thete are N separate cell processore.

The execution time for the intersection calculations
carn be reduced to B units of time with the following

architecture.

y i vl

v ¥ LV

WHERE :
b e I_( Nl

. . e e e s input to =ach of the
There are K sysiolic arrays. The input to ea h of the



systolic arrays is a diferent

gr oup of the M pixel-rays.
The systolic arrays are guoven input at the same time. The

time for sach

[
~
i
v
~
ns
ot
=
s

array tao perfrom the intersection

calculations is B time wunitse.
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CHAFTER

SUMMARY AND CONCLUSION

Many different representations of objects have beon
realistically synthesized on a computer using a variation
of the ray tracing aigorithm. Thomno representations, that
make the intersection calculations of ray tracing
amenable to esecution on systolic arrays, are those
representations that use analytical methods to fing the
intersection points. The analytical methods vield &
sclution in a predetermined amount of time, and are
regular calculations. This situation is evemplified by a
scene appro<imated by planar polygonz. The value of t is

found through an analyvtical method that can be execubed

T

by a cell as a seguence of instructions.

For a homogeneous scene, the time to perform the
intersection calculations is linearly dependent on the

ength of Lhe date stream, thal is, on the number of

-

pixels involved with the display, and on the number of
suwrfaces o the scene. When a global illumination modsl
18 implemonted with the ray tracing algorithm to
synthosice a honogeneous sceno, the length of Lims to
perform the intersection calculations 1is linearly
cdepandent an the number and depth of the binary trees, az

wall asz, o the number of surfaces in thoe scene and tho



length of the date stream. The length of time to perform
the intersection caloculations can be reduced by
duplicating the inpult data stream and the systolic

AT AY E .



CHAFTER 4

SUBBESTIONS FOR FURTHER RESEARDH

Once the systolic based architectur e Ras been

ated 1in software

designed, the architecturs could be esimul
to uncover any unforeseen flaws and problems. The
simulation of the operation of the architecture could
alsgo be used to more accurately calculate the time neeoded
for the intersection calculations. At this time, the
microcode used to implement the intersection calculotions
could be more finely tuned. After the design of the
systolic architecture has been verified, the architecturwe
could be implenented, used and tested. The optimized

archrteclures presented Iin an sarlier section could aloso

be designed, verified and implemented in a similar

fashion.

The area of computer graphlics, including ray tracing
has been using special purpose architecturs to facilitate
the accompanying extensive calculations. The visbility of
incorporation of the syslolic architecture into a more

R -
[}

gricompassing special purposs archiboctures could be a

I
L
—
s
S
n

warthwhile endsovor. Thies ancorporalion could

simplificalion of the overall archi For instango,

svatonlic architectures have beon implemna2nted with

i
P



reconfigurable architectur ve [JALAEST. This archsite.ture

couled be used to build a special purpose environment to

facilitate the entive ray Lracing algoritim,. Included 10
such an architeciure would be the systolic arrays to

implement the intersection calculatioons.
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GLOSSARY

ALTASING — WHEN AN IMAGE IS NOT SaMFLEDR FINMELY OR
FREGUENTLY ENOUGH, aAND IT BECOMES
IMFOSSIBLE TO COMFILETELY RECONSTRUCT

THE ORIGINAL IMAGE.

BAND—FASSE FILTER - A FILTER THAT SUFFRESSES

FREQUENCIES OQUTSIDE A GIVEN RANGE.

COLOR — PHYSIOLDGICAL FHENOMENON RELATED TO
HUMAN RESFONSE TO DIFFERENT WAVELENGTHS
IM THE VISIELE ELECTROMAGHNETIC

SFECTRUMIEALLEZ]

DIFFUSELY REFLECTED LIGHT - LIGHT THAT HAS
FENEFTRATED BELDW THE SURFACE AND
THEN HAS RE-EMITTED, SCATTERED
EQUALLY IN ALL DIRECTIONSG;
INTEMSITY 18 IMDEFENDEMNT QF THE

VIEWER FOSITION.,

P13



GLOEAL ILLUMINATION MODEL - THE INTENSTITY OF
LIGHT  REACHING AN OBSERVER WHICH IS
DEFCNDENT ON REFLECTED AND REFFACTED
LIGHT RAYS, AND RAYS FROM LIGHT

SOURCES.

HALF—-FLANE (CLOSED) ~ ALL THE FOINTS IN & FLANE
ON ONE SIDE OF A LINE IN A FLANE

AND THE FOINTS ON THE LINE.

HIGH-FASS FILTER — A FILTER THAT SUFFRESSES LOW

FREQUENCIES.

LOW-FASE FILTER — A FILTER THAT SUFPRESSES HIGH

FREQUENCIES.

MIMD(MULTIFLE INSTRUCTION STREAM, MULTIFLE DAT& STREAM) -
CLASSIFICATION OF A~ COMFUTER ARCHITECTURE
THAT CONSIETS OF MULTIFLE FROCESSORS, EACH
EXECUTING A DIFFERENT INSTRUCTION SECGUENCE

WITH & DIFFERENT  DA&TA STREAM.

OCTREE — AN OBJECT SFACE SUEDIVIGION TECHNIDUE

~0
3O



THAT RECURSIVELY SURBDIVIDES SFACE INTO
OLTANTS UNTIL THE OCTANT 18 EMFTY, OR
CONTAING A FREDEFINED FORTION OF THE

OBJECT.

REGULARTZED BOOLEAN OFERATORS- IN S0LLIDS MODELING
THE BOOLEAN OFERATORS ARE DEFINED S0
THAT ONLY OTHER ES0LIDS ARE FRODUCED,

RATHER THAN DANGLING LINES OR FLANES.

RENDERING ~ FROCESS OF GENERATING A REALISTIC

IMAGE 0OR FICTURE.

SHADER — SOFTWARE THAT FERFORMS THE SHADING
CALCULATIONSG TO DETERMINE THE
INTENSITY OF a FIXEL ACCORDING

TO @ GLOBAL. ILLUMINATION MODEL.

SIFD (GINGLE INGTRUCTION STREAM, MULTIFLE DATA STREAM)
CLASSIFICATION OF A COMFUTER ARCHITECTURE
THAT I6 EXEMPLIFIED BY A SINGLE GLOBAL
COMTEOLLER THAT DRIVES FULTIFLE
PROCESSING FLEMENTS WHICH EXECUTES THE

SAME INSTRUCTION SEGUENDE ON

100



DIFFERENT DATAH STREAMS.

SFECULRRLY REFLECTED LIBHT - LIGBHT REFLECTED FROM
THE OUTER SURFACZE OF AN OBJECT:; SEEN AS
HIGHLIGHTS ON A SHINY ORBJECT AND ARE
CONCENTRATED ALONG THE DIRECTION OF

REFLECTION; MOVES WITH THE VIEWER.

TRADITIONGL RAY TRACING - ALGORITHM THAT SYNTHERSIZES
IMAGES BY TRACING A SINGLE RAY THROUGH
EACH FIXEL INVOLVED IN THE DIBFLAY AND
COMPUTES THE INTERSECTION OF EACH RAY
WITH EVERY SURFACE IN THE DISFL_AY;
NO SOFTWARE OR HARDWARE TECHNIRUES
ARE UWUSED TO REDUCE THE COMFUTATION

TIME.

Lol



AFFENDIX B

Qo



REFERENCEL

M.J.B. DUFF AND S. LEVIALDI(EDITORS:), LANGUAGES

AND ARCH

FRESS, IN
Each
makl e
imag

deac

LFU--821

F.5. FU

ITECTURES FOR IMAGE FROCESSING, ACADEMIC

C., 1981,

chapter describes a high level language that
e use of the architectuwre +or particul ar

2 processing applications. Some chapters
ribe only languages or architectures.

AND TARAD ICHIEAWA, (EDS.), SFECIAL

FURFOSE COMFUTERARCHITECTURES FOR  FATTERN FROCESSING,

CRC FRESS, INC. , 1?8Z.

Each
with
anrl
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Ak IRA FU

chapter degcribes a different architecture
applications pertaining Lo image processiing
pattern recognition.

JIMOTO, TakAYUIrI, AND EANSET IWATA,

“aRT: ACCELERATED RAY TRACING SYSTEM", IEEE CGuA,

741, AF

Thi s

RIL 1984, FF. 16 - Z7.

article presents a software solution to reducing
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the number of intersection calculations for a scene
synthesized with tracing. The software solution includesn
& SEADS (Spatially Enumerated Auxiliary Data Structures!,
that models the scerne as a I-D raster grid, which is
ercoded as a hybrid octrese. The SEADS is traversed

by a ZDDDA (Three Dimensional Differential Analyszer),
which incrementally generates the coordinetes of Z-D
pinaels that ares pisrced by the ray.

[BLASE4]
ANDREW GLASHNER, "SFACE SUBDIVISION FOR FAST RAY TRACING',
TEEE CG%A, 4(10), OCTORER 1984, FFP. 15 - 22.

A software technique is presented in this article
ag one means to reduce the number of intersoction
calculations. The solution is bassd on repressnting
the syntnesiced scens as an octren, Laking
advantags of the spatial coherency in the scens.

{GOLDT L
R.A. GOLDSTEIN AND K. MAGEL, "Z-D VISUAL SIMULATION',
SIMULATION, JANUARY 12971, FF. 25 - L.

This early article presents ray tracing as the modeling
of the photogr aphic process. Light from a single

point source s traced to the surfac2 of an

object. The reflected component ie caluculated

and traced, hopefully, to the surface of the film in
the camera. The film is the displey of fthe graphics
terminael. To reduce the number of rays that must be

st foliowing the rays in

traced, the article sugoe

rioserso of der from the displayw.

EHERM

F. HANFAHAN, "RAY TRACIMG ALGEERAIC SURFACES",

COMFUTER GRAFHICE, 1703, JULY 1933, FF. 8% - 0.
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Surfaces described by polynomiale of any positive,
integer degree can be synthesized using the ray
tracing technigue. The interseclion, bestwesen a

ray and a nontrivial swface, is calcuiated

using a hybrid technigue (numerical and anelylical)
to +ind the roots of a polynomnial within a certain
tolerance.

SUDEAR JALAMANCHIL AND J.k. AGBARKWAL, "RECONFIGURATION
STRATEGIES FOR FARALLEL ARCHITECTURES!, COMRPUTER, 182},

DECEMEER 198%, FF. 44 - &1,

The article explains the mapping of tasks to parallel VLEBI
configurations including the gualifications of a task +or
mapping onto s systolic based architecture.

CHINGS -

H.T. FUNG, "WHY SYSTOLIC ARCHITECTURES", COMPUTER, 1501),

JULLY 1982 Fr. 7 - 46,

This article gives detailed descriptions of different
syshtolic architectures to implemsnlt the convolabion

caloculation.
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[MEADYG]

CARVER MEAD AND LYNN CONWAY, INTRODUCTION TO VLSI SYSTEMS,

ARDISON-WESLEY FURLISHING COMFANY, 1280, FP. 271 - 292,

A szction in this book describes systolic architectures
for implementing matrisx mamipulation oparations.

CFLUNBE]

DAVID FLUNKETT AND MICHEAL BAILEY,"THE VECTORIZATION OF A
RAY- TRACING ALBORITHM FOR IMFROVED EXECUTION SFEED",

TEEE CG&A T8}, AUBUST 1980, FF. 52 — &40.

The implemantation of the ray tracing algorithm on a
SIMD architecture is the topic of this article.

i
[u8]
b
et

CinG

DAVID ROGERS, FROCEDURAL ELEMENTS FOR COMFUTER GRAFHICS,

-

MOGRAW-HILL, 1925,

Ore: section of Lhe book describes may ltracing as a
Ridden surface removal algoritihm: another sechion has
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a detailed implementatiaon of vay tracing with a global
illumination model.

5.D. ROTH, "RAY CASTING FOR MODELING SOLIDE", COMFUTER
GRAFHICS % IMAGE FROCESSING, 18(2), FERRUARY 1982,

Fir. 10% - 144,

This article explains the use of ray tracing of CSG~11ike
solids for rendering, and for finding the volume and
center of these solids.

CRUBIZGT

S.M. RUEIN AND T. WHITTED, "A THREE DIMENSIONGL
REFRESENTATION FOR FAST RENDERIMNG OF COMFILEX SCHEMES",

COMFUTER GRAFHICZ, 1% (Z2), JULY L1980, FF. 110 - §ié&.

This arbicle detarls a methouw for prezenting obiechts wilh
with parallepipeds of varying size, down to a point,

Thi: represenlation simplifiles the roy intergootion
calowlatbion, but reqgquires the maintonance of a

hierarchy of the parallelpipeds.
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[EYMABDD

DAVID A, SYMANDW, DONALD J. SVETEDFF AND FATRICE F. LEOMARD,
"SYETOLIC ARCHITECTURES FOR MACHINE VISION",

LTl

ELECTRONIC IMAGING, FEBRUARY 1985, FF. 44 — 53

This article describes the architecture of a machine
vision system thalt incorporales VLSI systloic technology.

CUHRR—84]

LEONARD uUHR, ALGORITHM STRUCTURED COMFUTER ARRAYS

AND NETWORKE: ARCHITECTURES FOR IMABING, FPERCEFTS,

e

!

MODELS AND INFORMATION, ACADEMIC FRESS, INC., 1934.

The book desrcibes: the trend toward parallsl
evoalviing as a ameans to solviing

ar chiteclores
the

intensive problems that exoeed

Ty (TN
computers,

capabil:ty of single processor

CUMETGE3E ]
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HIRDEHI UMED," A CLASS OF SIMD MACHINES SIMULATED BY SYSTOLIOC

SYSTOLIL VLEI ARRAYS",IN VLEI:ALGORITHMS aND ARCHITECTURES,

F. BERTOLAZZI AND F. LUCCIOEDITORS), MORTH HOLLAND,

1985, FF. 39 - 48,

Theorems explaining the mappirng from SIMD architectures
to systolic array technology. and detsiling the
corresponding amount of time neede to perform the

SIMD operations on a sy=tolic array, are discussed

in this article.

CWHITEBG]

TURNER WHITTED, "AN IMPROVED ILLUMINATION MODEL FOR
SHADED DISFLAYY,

CaltM, 2% (6) JUNE 1980, FF. Zdn -~ 349,
Y k]

The use of a global illumination model in conjunction with
wilth the ray tracing of polygon and bicubic surfeces
is the topic of this articie.

LWYVIBa]

GEOFF WYVILL, TEIVASL L. HKUNITL AND YasuUTo SHIRAT,

CBRFACE DIVIGSION FOR RAY TRACING IN CSG", IEEE CGRA,

7(4), AFRIL 1938&, FF. Z8 - 331
Thi=s article depicts the wae of cay Lracing in
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canjunction with a solide modeling system,

based on Constructive Bolid Gsometry (CS86).

Each =oiid is represenied as a Directed Aoyclic
Graph (DAG) wilth the botltom nodes as the primitive
solids, and the interior nodes representing bhe
Boolean operations, used to build the final object.
The DAG is modified Lo remove vosels below certaln
resolution, and to contarn the final orientalbion
and po=ition of each primtive, yvielding a tre
Through the uwse of spatial coher ency the number of
intersection calculations is reduced.
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AFFENDIX D



The assembly-like
implemented by a systolic

intersection caloculastions

LOAD.REG R1,A
MULT.REG K1, X
STORE.MEM Ri,MEMI

LOAD.REG R1,EB
MULT.REG Ri,YO
STORE.MEM R1,MEMZ

LOAD.REG R1,C
MULT.REG R1,Z0
STORE . MEM F1,MEM3

LOAD. REG R1,A
MULT.REG R1,E
STORE.MEM R1,MEM4

LOAD.REG R14E
MW T.REG RL,F
STORE.MEM RL,MEMD

LOAD.REE R1,C
Ml REG R1,G

ADD R1,MEME
ADD R1,MEMA

LOAD.REG RE,D
ALD R, MEMT
ADD RT, MEMZ
ADD RI,MEM!?

DIVIDE RI,F1

CHF K1, 0
BHEG %k

LOAD. REG R2, T_IN
CMF R1,R2

BEG *t |-

instructiong that

ol l

must e
to perdorm the
sur fane.

for & planar

AXO

By

BF

Ce

AE + BF + C#

HYy O o+ BYQ + CZO

.
i

MNESATIVE CALCULATED T VALUE

+ b



“an

waw

L

BED #+k -7 COALCULATED T VALUE SAME AS INFUT T
EGT #a-4  CALCULATED T GREATER THAN INFUT T
EIR #+k~5  CALCULATED T VALUE ZERD

ASSUME CALCULATED T VALUE IS FOSITIVE AND LESS
THAN THE INFUT T VALUE

MOVE.REG i, T_OUT
MOVE.REG ID_IN,ID_OUT
B * 4 3

BRANCH HERE IF THE INFUT T VYALUE I5 TO EBE UEED

MOVE.REG  T_IN,T_OUT
MOVE.REG ID_IN,ID OUT

The following assembly- lilike instructions are
parformed by the sepaarte single cell 1n order Lo
determineg the point of interzection with a planar surtace

irn the scene. Then, a check iz made by the separate

b <

single to make sure Lhe point is within the exterts

defined for the surface.

CMFP 1D IW, CINVALIDLS

BED  #-h MON-INTERBSECTING FaY

LOAD . REG R1,T
MULT. REG Rl E
AL, REG R, X0

STORE. MEM R, il PRI

LOAD. REG RL,T
MULT . REG i, i

AL, REG Ri, Yo

STORE.MEM  R1,MEMZ YO+ FT



‘me mp cEx ewm

8w

1

LOAD.
MULT.

REG Ri,T
REL Ri,G

ADD. REG R1,Z0
STORE.MEM  R1,MEMT 20 + GT

ASGLIME R7 CONTAINS THE BASE ADDRESS OF THE THABELE

LOAD.
SUBT.
LOAD.
MULT .

Re& CONTAIME L, THE SIZE OF EACH ENTRY IN THE

REG  R1,R7
REG  R1,Ré&
REG  RZ,ID_IN
REG  FR2,.Ré

ADD. REG RZ,RL,RE FOINT TO THE ENTRY FOR THE ID

LOAD.
LOAD.
LOAD.

ChF
BLT
crmf
BET

REG  FR4.,0(R3I)  GET XMIN

REG  R&S,1(RT) GET XMAX

REG  RE,MEM1  BGET X COORDINATE
FE, R4
For ks LESS THON XMIN
RE, RS
P GREATER THAN XMAX

X COGORDINATE WITHIMN RANGE

LiJAD.

REG Ra,20REZ) GET YMIN

LOAD. REG RE,ZIRZ) GET YWMAX

LOAD.

Crif
BLT
CHF
EGT

REG  RB,MEMZ  GET Y COORDINATE
RE, K4
*+F—D LESS THAN YMIN
RE, RS
#+H~D-2  GREATER THAN YMAX

Y COORDINATE WITHIN Y EXTENT

LODAD.
LOAD. REG  RS,S(RT)  GET ZMAX

LOADL.

CHF
BLT
CHF
EGT

Z Coo

LOAD.

BR

REG R4, 4R2)  BET ZMIN

REG  RE,MEMZ  GET Z COORDINATE
Re, R4
#b - LESS THAN ZMIN
RE, FE
st By BREATER THAN ZMAX

RDINATE WITHIN Z EXTENT

REG  ID_OUT,ID_INM

s
kg

A



am cme

'Er aa caw

INVALLID COORDINATE OR INVALID INFUT ID

LOAD.REf  ID_OUT, " INVALID®
LOAL.REG  X_OUT,MEMIL
LOAD.REG  Y_OUT ,MEMZ
LOAD.REG  Z_0UT,MEMZ

The following assembly-like instructions are
pertormad by & sysotolic eell to find the paramettric
intersection valus of a ray and a surfece defined by a

palynomial of degrees two.

LOAD.REG RI1,B
MULT.REG RI1,E  Bxx*2

LOAD.REG RZ,A

MULT.REE RZ,C

SHFT,LEF RE,Z2 dAC
SUBT.REG R1,RZ2 E*%2 — 4AC

BRCH.MNEG =+ + K STORE A COMFLEX NUMBER IDENTIFIER

ALGORITHM NEEDED TO CALCULATE THE SGUARE ROOT
OR A LODKUF TABLE
TO RETRIEVE THE VALUE —— ASSUME THE VALUE IS IN Ri

LOAD.REG RZ,A
SHFT.LEF FR2,1  2A

LOADLREE RILB
NEG. RES RZE B

LOAD. REG R4 ,RE

ADD . REG R4, Rl ~-EBE + ( Bax»2d — 4AC)#*x1/17
DIV.REG R4, RE ( —B + ( Bw#>rl — 4AC®x#1/20/05
STOR.MEM  RIZ,MEML

LOAD. REG R4 ,RT .
SUET.RES R4,Ri ~E — ( Bssl — 40C)*¥1/2
DIV.REG  R&,RT (B -~ ( B#xD - AAC)Y#=i, [
STOR. MEM RZ,MEMZ
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Be caw

‘aw cme cmn

‘Mu ‘mz nw

-y

COMFARE THE CALCULATED AND THE INFUT

LOAD . REG
CHMF
ELE
LOAD. REG
CMF

Ri,MEM1
R1,0
|
REZ, MEM2

R, O

BLE b -
CME R2,0
BNE A~
STORE.MEM R1,MEMT
BER A

CMF R1,R2
BNEG * 47

T < T1

STORE.MEM T2,MEMT
BR *+1

Ti @ T2

STORE.MEM Ti,MEMT

CHMfF T_IN, 'VALID"
BhE 3

COrMFARE T_IN WITH MEMT

LOAD.REG RZ,MEMT
CHME RZ,T_IN
ELT ¥

T IN <= CALCULATED T

i1

LOAD.REG  T_0OUT,T_IN
LOAD.REG  ID_OUT,ID_IN
E 3

ER

4

CALCUILLATED T T_IN
LOaD.REG  T_0OUT,RZ
LOAD. REG ID_OUT,0WNH_ID
B *+

T IN INVALID

LOAD. REG  T_OUT,MEMT
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aw

rap cmn mw

e caw ap

LOAD.REG ID_OUT,0WN_ID
BR *t

TE <= O AND T1 > O

M T_IN, "VALID-
BENE -t

LOAD.REG K1 ,MEMT

CHMF R1,T_In

ELT W44

T _IN < MEMT

LOAD.REG T_0OUT,T_IN

LOAD.REG ID_QUT,ID IN
ER *

MEMT T IN

LOAD.REG 7T_0UT,R1
LOAD.REG ID_OUT,OWN_ID
BR *+

T_IN INVALID

LOAD. RES  T_0UT,MEMT
LOAD.REG ID_QUT,0WN ID
ER ¥+

T1 AND T2 ARE INVALID

LORE.RED
LOAD. REG

T OUT,T_IN
ID_QUT,ID_IN

The ftoilowing assemblv-like

instructions are

n c@m as

perforned by the single separate cells to compute the
reflection and refraction rayvs for a global illumination

mode] .

DETERMINE THE REFLECTION RAY R = V' + N



‘me ww caw

-me

CALCULATE

LOAD. REG
L.OAD. REG
LOAD. REG

SUE. REG
SUE. REG
SUE. REG

SAVE: (AX
TOR.MEM

STOR.MEM
STOR. MEM

CALCULATE

LOAD. REG
LOAD. REG
LOAD.RES

LOAD. REG
LOAD. REG
LOAD. REG

MULT.REG
MULT.REG
MLILT . REG

ADD. REG
ADD. REG
SORT

STOR, MEM

LOaD. REG
DIVIDE
STOR.. MEM

LOah. REDG
DIiviDE
STOR. ME

LOAD. REG
DIVIDE

-BX> 1

Ri,MEML
RZ, MEM?
RE, MEMT

Ri,FX
RZ,FY

R, P2
i (AY-BY)J

Ri,MEM4
RE , MEMS
R, MEM&

Ri,D
R, E
RS, F

RZ,R1
R4, R
R&, RS

R1,RZ D=2
RZ,R4 Ewx
RSy, R Fex

R1,RZ

R1,R3 D¥®7T + E#**32
R1,RE L.

RZ,L

Ri,MEM&G
Ri,RZ,RE
R, MEMDL

R, MEMS
Rt RE,R3
R, MEMEL

R1, MEMs
Ry, RS, R

(AZ-BI)E

+ Fxxl



'ZT cma am

e wE

STOR. MEM

CALCULATE

LOAD. REG
LOAD. REG
MULT.REG
STOR. MEM

LOAD. RED
LOAD. REG
MULT.REG
STOR. MEM

LOAD.REG
LOAD.R1

MUTL. REG
STOR.MEM

R, MEMFL
VN

R1,MEM4
Ry MEMDL
(1,R2

K1, MEM7

Ri,MEMS
R2 MEMEL
R1,R2
Ri,MEME

R1,MEM&
K2, MEMFL
R1,R2

Ri,MEMS

CALCULATE ABS (V. N)

LOAD. REG
LOAD.REG
MLILT. REG
LOAL. REG

LOAD. REG
LOAD. REG
MULT.RED
L.OAL. REC

LOAD.REG
LOAD. RER
MULT. REG
LOMAD. REG

ADD. REG
ADD . REG
SERT

STOR. FEM

CALTULATE
LOAD. REG
DIVIDE
STOR. MEM

LOAL. REG

R1,MEMY
el 3}
R1,R2
Rio, Rl

R1,MEMS
RI, R
Ri,Rz
R11,R1

Fi,MEMS
Rz, R
Rl1,RZ
R1Z,R1

R10,R11
1o, R12
Rio,Ri1
11, MEMYN

R, MEM4

Ri,R11,R1Z

RilD, MEMVX

Rl ,MEMD

14



ar -sn

DIVIDE Ri,R11,R12

STOR. MEM R12,MEMVY
LOAD. RER R, MEM&
DIIVIDE R1,R11,R1D
STOR.MEM R1Z,MEMYT

CALCULATE R = V* + 2N

LOAD. REG R1,D
LOAL. REG R, E
LOAD. REG R, F
LOAD. REG R4, VX
LOAD. REG RS, VY
LOAD. REG R&,VZ
SHET.LFT R4, 1
SHFET.LFT RS, 1
SHET.LFT Ré, 1
ADD. REG Rl,R4
ADD. REG RZ, RS
ADD. REG R, Ré

STOR. MEM R1,RX
STOR. MEM RZ,RY
STOR.MEM RZyRZ



an

A% con an cme

an

en

an

CALCULATE

CALCULATE

CALCULATE

LJAD.REG
LDOAD.REG
MULT.REG
STOR. MEM

CALCULATE

LOAD. REG
LOAD.REG
LOAD. REG

LOAD. REG
LOAD.REG
LOAD. REG

MULT.REG
MULLT . REDG
MULT. REG

ADL. REG
ADD. REG
STOR.MEM

THE REFRACTION R&Y

Ko s ASSUME N1 = 1.0 FOR

NS

Fi, N2
R2, R
Rl ,R2
Ri,KEN2

(& L0

MEM4
RT, MEMS
RE, MEM&

Rz, Rl
R4, RS
R&, RS

Fl, R
RT, R4
RS, FRé

R, RT
Rl,RS
R1,MEMYD

CALCULATE V7 + N

LOAD. REG
LOAD.REG
LOAD. REG

ADD. REG
ADD. RE:
ADLDL REG
LOAD.REG
L.OAD. REE
LOAD. RED

MULT. REG

R1,VX
R, VY
R,V E

R1,MEMDL
RZ,MEMEL
RO, MEMEL
R2,R1
R4, R=
Fé o, RS

R R4

[
oz

AlR



g

MULT. REG

ADD. REG
ADD. REG
STOR. MEM

L.OAD. REG
ADD. REG
SUR. REG
DIVIDE
SQRT
STOR.MEM

CALCULATE

LOAD. REG
LOAD.REG
LOAD. REG

ADD.REG
ADD. REG
ADD. REG

CALCULATE

-0AD. REG
MULT . REG
MULT.REG
MULT. REG

CALCULATE

SUB.REG

SUE. REG
SLUE.REG

The following assembly—like

CALCULATE THE

RS, Ré&

Ri, R
Rl,R5
R1, MEMNXT

Ri,HNE
Ri,MEMYVZ
R1,MEFMNXT
R1,1,0,RZ
REGR3E
R2,EF

N + V7

Ri,DL
R, EL
RS, FL

Rl, VX
R, VY
RO, V2

KF (N+V )

R2, EF
Rl,RE
RI,R2

RS, R
F =
Ri,DL

RT,EL
RS, FL

BF (NS )

~N

INTERSECTION

]
i v

calculate the normal at the point of

surtace described by a polynomial of

FOINT

instrucltions

trntersection

Jegree

PN
o

EEFORE

ar e

vsed

+or

=)

to



COMFUTE THE

FOINT OF

LDAD. REG
SHFT.LFT
LOAD. REG
MULT. REG
STOR. MEM

LLOAD. REG
LOAD. REG
MUL. T« REG
5TOR.REG

LOAD.REG
LOAD. REG
MULLT . REG
ADD. REG
ADD. REG
ADD. REG
ETOR.RED

LOAD. REG
SHFT. LT
LOAL. REG
MULT.REG
STOR. MEM
LOAD. RES
LOAD. REG
MULT . REG
STOR. REG

LOAD. REG
LOAD. REE
MUIL_T.REG
ADD.REG
AbD. REG

STOR.RER

LOAD. RED
SHFT.LFT
LOAD. RELD
MULT. REG
STOR. MEM
LOAD. REG
LOMD. REG
MUl T. REG

VECTOR NORMAL. TO THE

INTERSECTION

R1,A  FROM MEMORY
Ri,1 24
RZ, X

F1,RZ 24X
Ri,MEM4

Ri,0

RZ2,Y
R1I,RE DY
Ri, MEM3

Ri,F
R2, 7

R1,R2  F2
1,6 G + FZ

Ri,MEME G + FZ + DY

X COORDINATE OF INTERSECTICN FOINT

R1,MEM3 G + FZ + DY + 2AX

R1,MEMX

R1,E
k1,1 2F

RZ,Y Y COORDINATE
R1,R2  ZEY

R1,MEM&

Ri,D

RZ, X

K1,R2 DX

Ri,MEM7

R1,E

2,2

Fl,RZ EZ

Ri,H

R1,MEM7 H + EZ + DX
R1,MEME H - EZ + DX +
Ri,MEMY

Rr1,C

Riy1 20

RZE,Z  Z CODRDINATE OF
R1,RO 2CZ

1, MEMES

R1L,E

R2,Y

Fl,RD EY

FOINTERSECTION FOINT

2B8Y

INTERSECTION FOINT



am car can

STOR.REG

LOAL.REG
LOAD. REG
MULT.REG
ALD. REG
ADD . RED
ADD. REG
STOR.REG

CALCULATE THE NORMALIZED

LOAD.REG
LOAD. REG

LOAD. REDG
LOAD. REG

LOAD. REG
LOAD. REG

MULT. REG
MULT. REG
MULT. REG

ADD. REG
ADD. RED
SORT

LOAD.REG
LOAL.RER
LOAD.REG

DIVIDE
DIVIDE
LIVIDE

R1,MEMS

Ri,F
R2, X
Ri,R2
Rl I
Ri,MEMS
R1,MEME
Ri, MEMZ

R1,MEMX
RZ,R1

RZ,MEMY
R4 R

RS, MEMZ
R&, RS

R1,R2
RT,R4

RS, R

FR1,R3
Ri RS

RL,RZ R2

R, MEMX
R4, MEMY
RS, MEMZ

RZ,R2
R4, RE

RS, R2

R, MEMAN
R4, MEMYN
RS, MEMZN

— = 1]

Fx
FX + EV

+ + 4+

NORMAL

CONTAING

THE

FX + EY + 2CZ

VECTOR

LEMGTH

CALCULATE THE REFELCTION ARD REFRACT ION

Revs

AS BEFORE

OF THE

VECTOR
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