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Realistic Image Generation
Techniques and Issues

Toby Berk

Mathematical Sciences Department
Florida International University
Miami, FL 33199 USA

[ntroduction

The synthesis and display of realistic looking images of three
dimensional objects and scenes is becoming an important application area for
microcomputers, Whereas, in the recent past, the computational magnitude of
these applications has restricted them to large—scale, high speed computer
systems, recent advances in microcomputer speed and address space has greatly

reduced this restriction. This paper will attempt to provide an overview of
the major algorithms and techniques which must be applied in order to generate
realistic images of three dimensional scenes and objects. In particular, the

topics  of  modeling and  transformation, anti-aliasing, illumination, and
surface texturing will be briefly presented, followed by a discussion of ray-
bracing as an integraled solution to problems of hidden surface elimination,
reflection, and transparency with refraction, [n the conference presentation
of this paper, the, lechniques and results will be illustrated via projection
transparencies  of computer—generaled images, Unfortunately, those color
graphic images cannot be reproduced in these proceedings.

Modeling

The simplest way of modeling objects to be displayed is by representing
bheir curfaces as a mesh of planar polygons, in an appropriate data structure
of  vertices  and  edges, Surfaces are also frequently modeled as  parametric
bicubic patches represented as

*(uy) = aguvdeapu®v®+ ., for v and v in [0,1]

(y and 2z represented similarly).



This is much more economical than a planar polygonal model, but may be
harder to construct. Bicubic palches can be specified in Hermite form
(given the coordinates and partial derivatives of each comer of the palch),
Bezier form (given 16 conkrol points, some on the surface and some off the
surface), B-spline form (given 16 control points off of the surface), and in
other similar ways. Objects modeled in bicubic patches are displayed either
by subdividing each patch until a sub—patch is nearly flat and can be
trealed as a polygon or else repeated solving high order equations to Ffind
intersections of patches and of lines and patches.  Quadric surfaces of the
form

X" 8y +a g7 +8,XY+85 YT +AGEX+AgK+Bg Y +AgT+20=0
are also used These are simpler and are particularly good for modeling
objects composed of spheres, cones, cylinders, and ellipsoids, For

simplicity, it will be assumed that the polygonal model is used in the
following discussions unless otherwise stated,

Transformation

Objects modeled using any of these techniques must be located in the

scene being generaled, In order to generate views, they must be projected
onto a viewing plane using an appropriate perspective Lransformation. All
of these coordinate transformations and projections are linear, if an
appropriate  representalion iz used, Thus, they can be applied by

multiplying the coordinates by an appropriate 4 by 4 homogeneous matrix. In
addition, the underlying polynomials and palches must often be clipped when
there is intersection or overlap. Special  VLSI pipeline processors  have
been developed to reduce the time required to perform this transformation
and clipping in complex scenes,

Anti-aliasing

Serious problems are encountered in rendering objects on a raster
graphics display because of the finite number of pixels thal constitute tLhe
final  representation, Since  the modeled object consists of lines, edges,
surfaces, elc. which are conlinuous in nature, the underlying image must be




sampled in  order to determine how to render each pixel. The most
straightforward way of doing this involves sampling the underlying image at
the center of each pixel, and then rendering the entire pixel with the color
and intensity of the sample,

This is equivalent to undersampling a two dimensional signal, with

aliasing  manifested in the  reconstructed signal, It is known from
signal theory that aliasing can result if g signal is sampled at a rate less
than twice the highest frequency in the signal. In graphic images, aliasing

manifests itsell ag straight lines which appear to be jagged, dotted lines
which should be solid, breakiﬁg up of highlights, and random disappearance
of small objects. If the sampling frequency interacts with frequencies in
the image, dramatic and distracting  moire patlerns  can appear, These
effects can be especially noliceable in animated images, where details can
appear and disappear from frame Lo frame,

There are basically two approaches to reducing the effects of aliasing.
The first, and most obvious, is to increase the sampling rate, This is
equivalent to increasing the resolution of the display. Although increased
resolution definitely increases image quality, it is costly both in hardware
and in computation, as the number of pixels grows with the square of the
resolution. 1L is also limited by current technology which limits resolution
o a8 maximum of roughly 4K by 4K. Increasing resolution is not as effective
in reducing the perceived effects of aliasing as might be anticipated.

The second approach is to filter high frequencies from the image,

either before or after sampling. Controlled  blurring of the oulput  image
(equivalent to applying a low pass filter to the reconstructed signal) reduces
the effects of aliasing, This can, of tourse, be done by def ocussing the

electron  beam in the display, bul that technique  will reduce sharpness
throughout, A more reasonable approach o achieving a low pass postiiltering
i1s o generate the image at higher resolulion than will be displayed, and then
average back to a lower resolulion before displaying. In this case, each
final pixel value is calculated as an average of the values of the pixels in
the  high  resolution image  which lie under it This is  still  high in
computalion cost, but does nol require excessive hardware cost.

The most effective lechnique for anti-aliasing, however, involves
petforming a  /ow pass  prefiltering  operalion on  the underlying  image.
Thi iz equivalenl Lo realing & pixel as a finite area rather than a




discrete  point. One then inl.egrai.es over the sample area corresponding to
the pixel and sets the pixel accordingly.

Formally, this is the same as the two dimensional convolution inlegral,
In the one dimensional case, this is

yi@) = f ha-x)y(x) dx

where y is the original signal, h(a-x) is the convolution kernel, or

filler, and y' is the filtered signal If the average color and inlensity
of the area under the pixel is used to render the pixel, thal is equivalent
lo convolving the picture with a box (Fourier) filter. In order to apply
such a filler when rendering a pixel, all edges intersecting the pixel
boundary must be identified, and the fraction of the pixel area covered by
each polygon must be determined. The color and intensity of each of the
contributing polygens can then be combined with a weight proportional to
their fractions of pixel coverage.

It is known from signal theory thal the best filtering is obtained by

convolution  with  sin(x)/]x| (the so—called AMezrcan hat  [ilter), This
can be approximated somewhal by using a simple discrete center weighted
pyramidal  [iltering, Often this is done only for particularly ecritical

areas in the image.
A comparison of images produced using these lechniques shows thal

prefiltering  produces the best looking image at the lowest compulational cost
in most instances. )

Illumination

Realistic rendition of an object depends to a great extenl on simulating
the mechanisms by which light is reflecled from it. The model used can have
significant.  effects on both Lhe qualilty of Lhe image produced and also on
the compulational cost of the image peneration, Let us bepin by considering
a simple  illumination  medel for polyponal objects, which model: some basic
components of illuminalion,




The first component is the amébient ilfumination 1a. This is the
uniform  illumination of an object from ambient light in the environment,
Although in  certain  very specialized applications, such as  spacecraft
docking simulators, ambient light may be unimportant, it is normally assumed
to be al some constant uniform level If it were not for this ambient

illumination, all shadows would be absolute black, Ambient illumination is

assumed to be nondirectional and constant throughout the environment being
modeled,

Diffuse reflection of light from a point source by a non-specular
object is governed by Lambert's Law, which specifies that diffuse reflection

is  proportional to the cosine of the angle & belween the surface

normal N and the unit vector L to the light  source, Combining
these two components gives reflected intensity

i=kN* L (kcos@)

If the light source is abt infinity, L is constant, otherwise it must be
recomputed for each polygon in the model.

Unfortunately, any polygonal surface so modeled clearly retains its
faceted appearance. Increasing the number of facets does not create an
appearance of a smooth object. The reason for this is that human vision
acls like a high pass filter and is extremely sensitive to discontinuities
of shading. The eye perceives dark and light bands wherever there is a
discontinuity in intensity. This Afach banding is an extremely powerful
optical illusion. In fact, Mach banding even occurs when the spatial
derivative of intensity changes rapidly although intensity is continuous.

[n order to eliminate the discontinuities at polygon boundaries,
Goreau  shading can be used, This technique involves first calculating
the intensity at each polygon vertex, The intensity is then interpolated
linearly between vertices along each edge and then along scan lines between
edges. (This must be modified somewhat for non-convex polygons.) Goreau
shading eliminates intensity discontinuities at polygon edges.
Unfortunately, second order mach banding is often still very apparent.
Furthermore, highlights may be inappropriately shaped, since they are based
on the orientation of the underlying polygons. If a Goreau shaded image is




animated, the shading  of obiaéta will appear to vary as the orientation of
Lhe underlying polygons change. .

More acceptable rendering is produced using Phong shading. This model
incorporates specular as well as diffuse shading. Specular  reflection is
directional refleclion from a surface and depends on the angle of incidence,
the wavelength of the incident light, and the material properties. For a

perfect reflector, the angle of reflection is equal to ¢, the angle of

incidence. For non-ideal reflectors, specular intensity is strongest in that
direction and falls off in all directions from it. The Phong model is
actually an empirical approximation to specular reflection, and approximates

that distribution by cos@. If V is a unit veclor from the surface to the
eyepoint, and H is the unit angle  bisector of V and I,

cos”(¢p) = (H * NJ*. The intensity at a point is then

I=la+ KdN*L+ Ks (N*H
If multiple sources are modeled, this becomes

I=Ia+Kd) (N*L)+Ksy(N*H

Rather than interpolating intensity, Phong shading interpolates the normal
veclor alt each point (which requires a linear interpolation for each
component). Phong shading produces a much better rendering, without the
problems of Mach banding and with the realism of specular reflection. It is
obviously computationally more complex, however.

Although Phong's heuristic provides good results, the objects so
rendered all appear to be made of plastic. This is because Phong's
empirical technique does nol take into account the wavelengths of the
incident  light and does not model important physical characteristics of
various malerials, A more accurale rendering (al considerable computational
cost) which incorporates these properties can be obtained by applying the
C'ook-Torrence model. This models a surface as a collection of mirror-




like facets, each with its own normal, with certain assumptions about facet
distribution, Each facet can intercept light reflected from other facets
andfor mask off incident light.  This model considers intensity and size of
light sources, spectral composition of light sources, reflectance spectra  of
the surface, the index of refraction. of the surface, and the solid angles of
light beams (which are not necessarily considered to be at infinity).
Without going into details of derivation, the basic expression for reflected
light is

I =R, + DIi(N"L)dw(sR,+dR,)

where I, is the incident ambient light intensity, R, is ambient

reflectance, L is incident  light  source  intensity, dw, is  the

solid angle of each beam of incident light, s is the specular reflection
fraction, R, is  specular bidirectional reflectance, d is  the  diffuse

reflection fraction, and Ry is diffuse bidirectional reflectance,
Rs depends on microfacet distribution, optical properties, and
direction.

This model implies that the color of reflected light changes with the
angle of incidence, as it does with real materials. The actual values of
red, green, and blue used are determined by considering the spectral energy
distribution of the light source, the reflectance curve for the material
(which depends on wavelength), and the characteristics of the monitor.
Although  the computational cost is normally  excessive, this technique
produces very realistic rendering of real materials,

Surface texturing

The term (lesture is used Lo refer to the surface detail of an
object, whether flat or not. Although it is possible to provide texture by
associating different colors directly with Lhe polygons or palches that are
used to model the objects, this generally produces somewhat constrained and
artificial surface details,

One technique, by Weiler and Afherton involves Lhe specification
of separate sur/ace delar/ polygons which d#re associated with the




planar polygons which make up the 'objects. These “are clipped along with the
base polygons and flagged to be drawn with the proper priority with respect
to the base polygons, This technique allows for shadows to be placed in a
scene by the mechanism of darkening the surface detail of shadowed polygons.
This technique works best for objects with a large number of flat surfaces,
such as architectural renderings of buildings.

Another similar technique is wused for objects modeled from parametric
bicubic patches. Since each patch is defined as x(uy), y(uv), and a(u,v)
for parameters u and v ip [01], a ‘lesture function T(uv) is defined
on the same (uv) space, In principle, then, when a pixel at x(uyv), ¥(u,v)
is rendered, the color values from  T(uv) are used The same texture
pattern is generally applied to each palch,

The straightforward application of either of these techniques, however,

causes severe aliasing. In order to avoid this, the texture must be
filtered  before appl ying it to the surface. This is basically done b ¥
associaling a convolution mask with each pixel, The bounding rectangle for

the pixel (or its convolution mask) is transformed lo appropriately match
the texture definition, and the mask (frequently a center weighted pyramid)
is applied to the texture, The  resulting weighted average of texlure
function samples is then used to render the pixel,

Even if the texture used is oblained by digitizing photographs of
actual rough surfaces, like brick walls, these techniques, and others like
them, give the visual impression of smooth surfaces with photographs of the
texture detail glued on. This is because there is no reason to expect thal
the lighting used when the lexture is photographed or created will  be
consistent  with the final rendering. In fact, if the surface is curved, the
angle between the normal and the light source is not even Lthe same at
different locations on the patch, Since it s obviously  prohibitive to
model each surface bump as a separate patch, various heuristics have been
used to provide acceptable appearance,

Blinn has obtained interesting simulations of wrinkled surfaces modeled
with  bicubic  patches by defining a  wrinkle Sfunctron  Fluy) This
funclion (actually, its first partial  derivalives  with respect to u and )
is then used o perturb the surface normal when performing the illumination
calculations, Although this is enly a heurigtic, the resulling  appearance
is  quite good This is  because diffuse and  specular reflection s




determined by surface normal. Of course, the surface bumps and wrinkles so
obtained are not really included in the object model and will not, for
example, appear in silhouette, The function or its derivatives can be
generaled algorithmically (such as a grid—line pattern), can be hand drawn,
or can even be derived from the associated texture function wvalues, Of
course, care must be Llaken to insure that the edges of the pattern match
up.

Natural objects (such as stones, trees, clouds, and terrain) are not
characterized by regular feabures. Consequently, it may require more
primitives (patches or polygons) to model a rock than to model an airplane,
Mapping patterns onto patches or polygons produces distracting regularity,
In addition, a change of scale (lo a close up view) reveals the underlying
flat  polygons, Natural terrain features (such as rocks, coastlines, and
such) often can be characterized by a degree of roughness thal appears
the same al any scale This property has been called se/f similarity.
Stochastic techniques based on Mandelbrot's studies of Brownian motion and
fraclals can be wused to model realistic terrain, This is particularly
important in applicalions involving aircraft flight simulators.

The basic technique can be explained by considering a two-dimensional
case (generation of a plane fractal curve). One begins with a straight line
and displaces the midpoint by a randomly generated amount in a direction
normal to the line, thus creating a curve constructed from two straight

line segments, This operation introduces a degree of roughness into the
previously straight line. The same procedure is then applied recursively to
each of Lhe resulting segments. Al each level of the recursion, the
standard devialion of the displacements is reduced by a factor of 270
(the displacements have mean of zero). The parameter h can be considered as
the roughness factor. The original endpoints are unchanged by this process.
Since  no derivatives exist, continuity across segments is maintained, (Of

course, Lhe random number generator used must somehow tie its values to some
identifier of the point of application, so that the resulling shape s
position  invariant.) A similar process can be applied to polygons by
displacing the midpoints of the sides in 8-space and reconnecting them to
create additional polygons, II' a smoother surface is desired, the resulting
vertices can be used as control points for a B-spline or similar surface,
Similar techniques can also be applied to bi—cubic patches.

Renderings of [ractal surfaces produce strikingly realistic images of



terrain, trees, and other natural features. Relatad techniques have been
used to model smoke, clouds, and similar natural phenomena.

Ray tracing

The rendering techniques described so far leave out some very important
elements of realistic scene representation, They provide no mechanism for
rendering  bransparent  or partially  transparent objects  with or without
refraction properties. The illumination models do nok handle shadowing or
true reflection. True reflection includes not on specular  highlights, but
also reflected images of other objects. It also includes illumination which
ig reflected from objects to illuminate other objects, Also, we have not
considered the problem of hidden surface removal when rendering scenes.
There are a variety of algorithms  that provide for the simulation of these
features of scenes, many of them heuristics which work in many, but not all
cases, and many of them providing an adequate illusion that does not match
physical reality very well (An example of the latter would be the
rendering of Lransparency without any handling of refraction.)

The best rendering technique for handling all of these phenomena ab
once, which is adaptable to almost all circumstances, is ray fracing.
As we shall see ray \racing is conceptually simple but is extremely
computationally intensive. Many of the most dramatic images that have been
produced have been rendered with ray tracing, and times of 14 hours per
scene on & VAX 11/750 are not unheard of.  Nevertheless, the technique is
amenable to parallel computation and costs are expected to come down very
soon.

Although the term ‘ray tracing" might seem to imply that light rays
from the light source(s) are traced, first to the objects in the scene, and
then to. their intersections with the viewing plane, in fact it is the
opposite  that is done. Let us first examine ray  tracing without
consideration of reflection or refraction, but as used simply to solve the
hidden surface problem. "Sight rays' are traced from the eyepoint of the
viewer through the each pixel in the viewing plane into the scene. The
intersections of the ray with all objects in the scene are calculated The
intersection closest to the eyepoint is  with the visible object at that
pixel. There are as many rays as pixels, and most of the work is done in
solving for intersections of the ray with the polygons or patches used ‘o




‘model the objects in the scene.  In order to reduce the number of
'Hiruotlons that must be calculated, each object usually has associated a
‘bounded volume (often a sphere) If the ray does not pierce the bounding
~ ¥olume, the object is not considered further for that ray.

When ray tracing is used not only to deal with the hidden surface
probhm but also to handle reflection, the process begins in the same way.
- After the visible surface is determined, a secondary ray is generated which
- is reflected off the visible surface, with its direction determined by the
laws of optics, If that ray inlersects other objects in the scene, the first
- such object is visible as a reflection. The ray continues until it
intersects no more objects in the scene The final rendering of the pixel is
then determined by following the ray backwards and applying the illumination
model recursively at each reflection point.  The intensity and color at each
point is . atlenuated as a function of the distance belween intersection
points and then used as input at the next reflection point,  When the ray
has been completely traced back, the resulling color and intensity are used
to render the pixel,

f If objects in the scene are not opaque, then abt each inlersection
b there are two rays generated, one reflected and the other transmitted
' through the object. The direction of the transmitted ray is determined by
Snell's law, and the attenuation of its contribution to the final rendering
of the pixel is determined by distance and the transparency of the object.
If shadows are included, then al each ray—surface inlersection, a ‘"shadow
feeler" ray is generated in the direction of each light source. If  the
shadow feeler inlersects an object before reaching the light source, then
the origin point of the shadow feeler is in shadow with respect to the light
source. ' The effect of non-opaque intervening objects can be handled as
well,

Il reflection, refraction, and shadowing are handled by a ray tracing
algorithm, then for each pixel a tree of rays is generated, At each
interseclion point of a ray with a surface, reflection and refraction
sublrees are added, along with a shadow feeler for each light source.
Generally, branches are terminated when  either their contribution to the
final rendering falls below a set threshold or when memory is exhausted
The final rendering of the pixel then involves traversing the ray tree and
applying the illumination model recursively at each node,

11




Since ray tbracing algorithms must be applied for each pixel of the
screen, they can be extremely computationally expensive for complex scenes
and high resolution displays, Numerous refinements of the basic technique
have been developed to reduce the number of intersection tests that must be
made, for controlling the depth of the tree that must be created, and for
improving computation time in obher ways.  Because the tracing of rays from
each pixel is basically independent of the others, there is considerable
interest in the wuse of special purpose VLSI parallel processors for ray
tracing,

Although costly, ray tracing generales superior images in many
applications, As special purpose hardware is developed and computalion cost
dec ezses, ray tbracing  will probably become the standard technique for
realistic image generation,

Hardware implications

Although the amount of computing necessary to render scenes of any
degree of complexity tends to favor high-speed large computers over
microcomputers, the nature of the computations points clearly to the need
for specialized co-processors to allow for parallel execution andfor for

pipeline  execution of specialized algorithms, Specialized VLSI  circuitry
is in use for performing clipping and generalized homogeneous
transformations. Other  operations  that  can  benefit from specialized
hardware include illumination calculations, shading, anti-aliasing of

polygons and lines, and ray tracing,
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The Desing of a Vector Scanning, Pattern
Recognition System. within a TMS320 Multiprocessor
Architecture.

Mayes K.E. Maccormac K.
University of Bath
“England

This paper illustrates some important considerations during the design
phase of an on-line pattern recognition system.In particular the
characteristics of the individual processing element (P.E.) are examined
in order to create an environment wherein possible data path
constrictions are avoided and the more powerful processes optimized.
Current research has led to the design of a Vector-Orthogonal-Scan unit
and elementary algorithms are investigated.

1.INTRODUCTION

Image processing within rigid time constraints,creates heavy processing
demands,so it is fortunate that such analysis is readily divided into sub tasks
suitable for parallel techniques.It would therefore seem well justified to adopt
a multiprocessor system as opposed to a single centralized unit.However the choice
of P.E. is by no means as obvious and seemingly subtle differences between devices
may assume immense importance when embedded in a final system.In fact there are
very few formalized criteria for P.E. suitability,the most notable being the
provision of the binary logical operators and fast cycle times.Satisfying these
constraints may be considered as a tuning procedure from which peak processes may
be identified and associated hardware built.This was the case with the development
of the Vector-Orthogonal-Scan (V.0.S) unit,designed to minimize software overheads
by producing image rotational and data reduction effects during memory transfers.
The transformed data is then in a sequence suitable for signal processing,which is
directly applicable to the strengths of the TMS320 microprocessor.
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On the basis of the foregoing considerations the TMS320 was thought suitable
for evaluation within a complete pattern recognition system,as described in the
following sections.

2. OVERVIEW OF THE TMS320

The Texas Instruments' TMS320 16/32 bit microprocessorZprovides a practical
alternative to bit slice design for high speed data processing.It can achieve a
very respectable 5 M.I.P.s and exhibits features in common with both array
processors and control devices.The high speed can be attributed to efficient
pipelining methods within a modified Harvard architecture.This architecture is
characterized by having separate program and data areas,allowing a complete overlap
of the instruction fetch and execution.A slight variant on the Harvard approach
which enhances the system flexibility,is the provision of software instructions
which effect word transfers between program and data memories.This useful facility

is just part of a powerful instruction set.Single instructions are equivalent to
several operations on general purpose machines and are ideally suited to sequential
signal processing problems.However it must be emphasized that more conventional .
instructions are provided including the binary logical operators,which support the
broad range of data tests and manipulations necessary for image analysis.Certainly
from a programming point of view the TMS320 seems acceptable,but in practice the
minimal P.E. would be inadequate when applied to pattern recngnitionaThis is
because any such system will be very sensitive to data I/0 problems as image
analysis deals with large amounts of information and the TMS320 cannot directly
address external memory.Fortunately the problem may be overcome by means of a
modest expansion detailed in the next section and henceforth reference to a P.E.
will include the expansion.
3.PROCESSOR DATA I/0O EXPANSION

Although the TMS320 cannot produce direct addresses for external data memory,
an expansion consisting of auto increment and decrement counters,can be implemented
on the I/O ports provided.The P.E. is then optimized for sequential access to a RAM
"window" area,compatible with the more powerful signal processing instructions of
the TMS5320.Sequential tests are required for various techniques,for example,Fourier
transforms and ccrrelatiod&hnuever many pattern recognition algorithms,suchk as
clustering and neighbourhood tests?rsquire random access to window memory.Theréfare
this mode is supported,but incurs a small time penalty relative to the sequential
option,although transfer times are still comparable with modern microprocessors
running at much higher clock rates.The expansion circuit remains efficient
providing the window is fairly small (i.e.8 to 16K) which is obviously inadequate
for direct access to the large amounts of memory associated with picture storage.

It is therefore vital that an efficient memory transfer and management unit be used.




4 MEMORY MANIPULATION AND MANAGEMENT

It has been mentioned previously that the windows are considerably smaller
than the frame stores and that their addressing is optimized for sequential access.
This necessitates the use of a hardware unit which can effect data reduction whilst

maintaining the sequential ordering.In order to achieve these goals,image storage
within the frame stores must be formalized.For research purposes a standard PAL
video source is used which produces one complete frame from two interlaced fields.
Now to ensure continuity of data,like lines must be adjacent in memory space i.e.
the fields must be effectively interlaced in frame store memory after digitization.
In this way the transfer from frame store to window is simplified and by providing
a variable resolution feature the window data may assume greater geometrical
importance if required.Dumping from a predefined image area using a horizontal line
scanning technique will optimize the window data for tests which search for
horizontal trends.Similarly by scanning parallel to a vector,allows trends along
that vector to be analyseJQThe geometric significance of this is that the image is
apparently rotated without introducing software overheads and whilst maintaining

a sequential data stream.Producing the dumps at high speed not only solves system
memory management problems,but provides a transform for use in vector scanning
algorithms.The physical interpretation of this is the V.0.S. unit,discussed in the
following sections.

5. VECTOR-ORTHOGONAL-SCAN

The conventional PAL television system uses a horizoﬁtal line scanning
technique to encode picture elements and consequently data appears sequentially
along a scan line.This PAL standard only applies up to the point when the image is
stored within a frame store and providing the store supports random accesses,image
dumps to windows may be performed by scanning parallel to a nominated vector.This
technique may be visualized as a hardware geometric transform allowing trends to be
analysed along vector directions using efficient sequential data algorithms, the
features of which are best illustrated by a simple example.

Consider the image of FIG(la) and for the time being ignore effects relating
to finite picture resolution.Scans parallel to various vectors would produce window
fills similar to those shown in FIG(1b-1e).Tests could then be applied to each
window (such as counting the number of active pixels on a line,say) and a vector
of results formed for each of the window orientations i,e.

VEC1,VEC2,VEC3, ... .VECN

Where N is the number of different scan orientations.This may be considered as a

learning procedure to generate an attribute matrix HA'



H&-{WECI VEC2 VEC3 VECN]

Now if the object is moved and rotated,reapplication of a learning test along a
single vector will yield a new result VECX.If VECX is correlated with VEC1 to VECN
in turn and a match is found against an error criteria to one or more vectors then
there is a possibility that the object has been recognised.However as the vectors
are geometrically related the results of additional vector scans can be predicted
and better confidence levels achieved.It should be noted that a high overall
correlation would not only identify an object,but also estimate the skew relative
to the normal position.

The foregoing analysis is degraded in practice due to problems associated
with the finite bit mapped display.Scanning along vectors other than the horizontal
results in a change in geometric distance between the centres of active pixels.This
may be viewed as a change of sample rate with orientation,the effects of which may
be reduced by applying fixed weighting ccefficients to the derived result vectors.
Despite the practical limitations the vector scanning and correlation tests are
well suited to the TMS320 and therefore execute efficiently.However it must be
appreciated that practical window tests may search for multiple attributes and
necessitate more correlation tests.The increased processing demand may be spread
amongst parallel processors.The limiting factor of window dump speed is inherently
fast by design,allowing multiple vector scans well within the system time
constraints.

As yet the specification of an area of interest within an image has been
overlooked,although a machine has been developed which allows the boundary of an
object to be specified.The boundary may be the perimeter of a complex shape or a
standardized enclosure such as a square or circle,which may be nominated either by
man-machine interface or as a result of previous processing.If the area of interest
is restricted to a rectangle it is possible to fill two windows simultaneously,
one with the veector scan,the other with a scan orthogonal to it.This v.0.8.
technique performs two geometric transforms on image data during the one window
fill time,shown in FIG(2a-b).The rectangular constraint is necessary to obtain
simple formatting of window space,which effectively provides destination addresses
for all the image data.The orthogonal scanner then manipulates these destination
addresses to fill a secondary window with data apparently derived from a scan 90°
to the actual scanning vector.

The V.0.S. facilities are intended as powerful utilities which may complgment
or be enhanced by existing algorithms when embedded in a complete system.




6.SYSTEM FRAMEWORK

The pattern recognition system used in this research is represented by the
block diagram of FIG(3).Basically the system digitizes and redisplays video
information,whilst allowing digital processing on image data.These functions are
required to implement a control loop around an external unit via optical means.

Data storage is provided within the two multiplane frame stores provided,one
being analysed whilst the other is updated with data from flash converter ADCs,
which is then redisplayed on a video monitor via video DACs.Each of the stores can
accommodate 9 to 12 planes of memory allowing 3 to 4 bits per colour (RGB).The
512 to 4096 colour combination capability is the result of subjective optical
considerations ,weighing image improvement against depth of store ,in contrast to
the choice of individual plane size which is dictated by the bandwidth of the
optical transducer.In fact the adopted resolution of 224,000 (approx.) pixels is
directly related to a Hitachi solid state colour imaging device,chosen for it's
suitability for practical applications.At present the RAMs used within the frame
stores require very fast access times due to a random access constraint introduced
by the V.0.S. machine when dumping to windows.The exact number of processor window
pairs required for analysis is likely to be variable and will depend on not only
algorithm complexity,but the hardware interactions within the multiprocessor

computer.Therefore the architecture of the parallel processing sub system must be
formalized,

7 .MULTIPROCESSOR ARCHITECTURE

It has been suggested in the past that pattern recognition systems can be
treated conceptually as cones or pyramid structures as shown in FIG(4).The most
notable feature of which is the decrease in resolution associated with an ascent
of the pyramid.The structure supports three general modes of operation,

a)Data reduction (ascent of cone)
b)Iteration (fixed level of cone)
c)Projection (descent of cone as a result of a,

higher level strategy decision)
Within this framework modular parallel processing algorithms have been developed
successfully by other research groups,which would seem to recommend the general
pyramid concept.However direct hardware implementation would restrict P.E.s to
fixed layers and hence a reduced number of P.E.s would degrade resolution as only
the upper layers of the pyramid could be filled.In practice it may be more
desirable to trade speed rather than resolution against hardware,as the former not
only allows lower initial cost and effort,but also strengthens the system as fault
orientated rerouting could be supported.Therefore a flexible hardware adaptive

architecture is required.The chosen system may be considered as an expandable
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tree structure,as shown in FIG(5).At the top of the tree is the master processor,
responsible for the ultimate control of the slave P.E.s and peripherals on the
lower branches,although there is also likely to be a hierarchy of sub masters
within the system .Data can reach a particular node by one of two routes,either
from the immediate sub master or from the frame stores via the V.0.S. unit.The
latter is not penalized by tree height as it can supply data(with optional
resolution change) to all levels of the tree simultaneously.

Communications protocol is intentionally simple.Each slave P.E. requires a
control vector from a master to initiate one of a library of sub tasks,after which
operation is autonomous until end of task is signaled and result transfer is via
dual ported RAM.Because of this mode of operation it is possible to use a
combination of different P.E. types and hardware within the general framework.The
inherent advantage is that new designs can be incorporated without redesigning the
whole system,thereby providing a suitable basis for on going research and
development.
8.FURTHER ANALYSIS AND APPLICATION

Image identification is possible within strictly controlled environments,using
comparitively simple algorithms however the more general scenarios are full of
natural distractions.This background "clutter" may be considered as a noise effect
to which algorithms must be immune.As a result software tests are generally
developed via heuristic approach and are application dependent.

The goal of this particular research effort is to effect control of a physical
rig as a result of identification and tracking of an object moving relative to a
mounted camera ,under varying degrees of background clutter and image degradation.
As a parallel activity the hardware will be periodically revued as regards
improvements to suit a wider range of practical applications.
9.FUTURE DEVELOPMENTS

The existing hardware provides a framework within which experimental
techniques and algorithms can be evaluated.The physical realisation of the system is
not ideally suited to practical control applications and certainig from a
production point of view,streamlining and minaturization must be considered.

Memory reduction is an area where great savings in terms of space,cost and
power consumption can be made.At present fast static RAMs are used,due to a random
saccess speed constraint.If it were found that this requirement could be relaxed or
alternatively,if there were a significant advance in technology,then dynamic RAM
modules could be used for system memory.Another more drastic reduction strategy

would discard the conventional frame stores and replace them with dynamically

allocated windows,The V.0.S. unit then performing window to window transfers.
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The PAL encoder/decoder pair is an obvious inefficiency and should eventually

be replaced by direct scanning of the optical-imaging device.A desirable refinement
would allow alternative sensors such as infrared to be supported.In addition the
scanned data could be enhanced by the use of preprocessors in the form of
programmable array logic,the facility for which is also included in the present
system. .

New advances in technology should be incorporated within the system where
possible and logical circuits,especially the V.0.S. unit should be commited to
VLSI.
10.CONCLUDING REMARKS

In this paper the design phases of a practical on-line pattern recognition
system have been illustrated.Particular emphasis has been placed on producing
flexible hardware which is compatible with a range of image analysis algorithms.
A prime example being the V.0.S. unit which was designed to overcome data flow
inadequacies,yet promises to be a powerful and flexible memory transfer tool in
the future.
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HIGH SPEED MICROPROGRAMMABLE DIGITAL SIGNAL
PROCESSOR BASED ON BIT SLICED ELEMENTS

K.Téth, B.Feher, Z.Szalai, Zs . Abonyi
Technical University of Budapest

Depertment of Measurement and Instrument
Engineering

This paper describes the SIGNAL-32 general purpose
signal processing unit built up with bit-slice

microprocessor elements. SIGNAL-32 is a slave
processor of the MMT Microprocessor Application
System, The hardware architecture of SIGNAL-32

permits the parallel operation of the arithmetic
units, which is suppor ted by horizontal
microprogramming as well. After introducing the
programming and the development environment some
application examples are given.

! l. INTRODUCTION

Activities in digital signal processing have increased
rapidly in the past decade. The application of new procedures
requires more sophisticated architecture than the standard
microprocessor systems have. ‘The processing of the multichannel
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signals, the implementation of the cémplicated algorithms are
not possible using general-purpose microprocessors with fixed
instruction set because the execution takes too much time. The
real-time or quasi-real-time processing of large number of data
requires a signal processor, which meets high demands in speed
and hardware. The open architecture microprogrammable systems
offer a good solution for this problem [1]. The parallel
operation of the fast bipolar microprocessor elements and the
effective data bus structure ensure the possibility of wide
application even in the field of the dinamically developing
image processing.

The purpose of the design of SIGNAL-32 was to achieve a
system which increases the efficiency of the MMT Microprocessor
Application System [2] and solves the above problem . The
operation of the SIGNAL-32 is controlled by the host machine.
This two-level structure provides the effective utilization of
the built in arithmetic capacity without altering the accustomed
user interface.

2, HARDWARE OF SIGNAL-32

The SIGNAL-32 is a 32 bit wide, general purpose digital
signal processor. The microprogrammable system is based on the
Am29xx bit slice microprocessor series . The built-in hardware
multiplier/accumulator increases the power of the system, The
SIGNAL-32 works as an intelligent slave processor either of the
MOD'8l1 data acquisition system or of any other device based on
the MMT system /Figure 1./. It consists of five elements:

-an arithmetic/logic unit with internal memory,
-an address processor with a multiplier,
-a microprogram sequencer and a state control unit,
-a writeable control store,
-interfaces for developing and host systems.
The block scheme is shown in Figure 2.
The arithmetic/logic unit can work with the Am2901 or the




Am2903 four bit wide microprocessor slices. The Am2904 status
and shift control unit provides the handling of the shift lines,
the storing of the ALU status and the carry input. The maximum
BK x 32 bit size internal RAM memory is placed on this board.
The internal memory serve as data storage during processing. 1In
addition the processor can use the memory locations like an
extension of the working registers, when the memory is addressed
directly by the microinstructions,

The address processing unit is a cascade 24 bit wide
arithmetic unit, which provides the relativ, indexed,
autoincrement, etc. addressing modes, Its use disburdens the
ALU from the data address computation. The swap logic performs
byte or word ‘'swap during one clock cycle. The ROM memory for
storing coefficients, tables, constants is of 16K x 32 bit size,
The TDC 1010J 16 x 16 bit multiplier is one of the most
important element of the real-time signal pProcessors. It
accomplishes the time consuming, complicated operation tipically
in 120 ns [3]. The effective data bus structure allows the
parallel operation of the above mentioned components,

The microcontroller consists of two main parts: the am2910
microprogram sequencer, and the Am2925 clock generator with
microcycle length controller. The state of the signal processor
is controlled by the MOD'S81 host system, the MICROTEST [7]
development system or manually, The microprogram sequencer
ensures the desired execution of the microprogram. The running
of the program can be halted by breakpoints. Three methods are
implemented to increase the speed of processing:

-microinstruction pipelining,

-dynamic microcycle length control,

—condition prediction.
The first two solutions are well-known from the literature [4],
but the last one needs explanation. Generally the
microinstructions to be executed are conditional in about 30
PsCa. Then pipelining doesn't give anything, because the
Ssequencer has to wait for the result of the condition, to begin
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to fetch the next microinstruction. The correct answer is
usually well predictable. Typically in program loops, where the
exit test will be true only in one case, the false wvalue is a
good estimation. On the basis of prediction, the sequencer can
fetch the microinstruction, If the prediction is proper, the
running of the program continues without any problem. If the
two values differ the sequencer has to fetch another
microinstruction. The correction causes a delay less than one
cycle. This method is very useful in normalizing numbers,
searching in memory, etc..

The microprogram memory is of 4K x 128 bit size.
Physically the microprogram memory can be built up with RAM,
PROM or EPROM memory moduls. The writeable control store is
practical during the development, when the programmer wishes to
correct his program. In this phase, the possibility of software
breakpoints and the alteration of the microinstruction are
helpful tools.

The interfaces connect the signal processor with the MOD'B81
host system or the MICROTEST developing system. All data
interchange go through this unit, such as the control of the
signal processor, the loading or modifying of writeable control
store and the processed data. The interface unit accomplishes
the required data format conversions, because the data formats
are different in the host and the signal processor. The data
transfer can be realized either by DMA or under program control.

3, PROGRAMMING OF THE SIGNAL PROCESSOR

The SIGNAL-32 is a microprogrammable signal processor. In
the view of control all significant parts of the hardware are
independent of one another. The ALU, the status and shift
control unit, the internal memory, the address processor and the
multiplier can operate parallelly, while the sequencer fetches
the next microinstruction. This is a true horizontal structure
and the microinstruction is 128 bit wide. The segmentation of




the main microinstruction fields without going into particulars
is shown in Figure 3, The subfields of AM03 field and their

" function with the default values are presented in Figure 4.

Two microinstruction formats have been implemented to allow
the use of both the Am2901 and Am2903 processors. These are
different only in the ALU field.

The programming of the microprogrammable signal processor

~actually is to assign the correct value to the fields. To make

it easy the MPA microprogram assembler is used, which permits
the symbolic programming by mnemonic names. Purthermore, the
MPA provides the facility of default value assigning whereby the
programmer can concentrate on the 'active' fields of the given
microinstruction, Different set of microoperations are made for
all control fields. These predefined microoperations support
the programming of the complicated LSI devices with a relatively
simple syntax,

The effective programming of the signal processor requires
the full knowledge of the parallel -hardware architecture from
the programmer.

4. THE PROGRAM DEVELOPMENT ENVIRONMENT

The process of development of microprogram is shown in
Figure 5. The fields and microoperation definitions are
included in the predefinition file. The MPE microprogram
examiner checks the assembled microinstructions /e.q. to
prevent bus contention, short clock cycle length/ and gives an
error list, The MPF microprogram formatter has two kinds of
output. In developing phase, it gives a binary output on
floppy, which can be loaded into the writeable control store.
At the end of the programming process, it generates a
partitioned object code for the individual memory modules.
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5. CONNECTION BETWEEN MOD'"81 AND SIGNAL-32

The connection of the host system and the signal processor
is controlled by the mGOLD program. This program runs on the
host and gives useful service for a microprogram development or
data transfer. The state control commands are the following:
initialize, run, halt, step [n], go [address], proceed
[breakpoint]. 1In case of the two last ones, timeout wvalue can
be given. The AGOLD realizes the saving and loading of
programs, memory blocks and registers between the signal
processor and host machine. The microprogram memory words, the
internal memory locations and the ALU working registers can be
opened for checking or modifying.

6. APPLICATION EXAMPLES

Ase an application an FFT, radix-2, in place, DIT algorithm
is presented. For data format 16 bit, 2's complement,
block-float representation was chosen to efficiently handle
overflow errors during the computation. The accuracy of the
cogine coefficients is of the same order. The implementation of
the complete forward and invers transform requires no more than
100 memory words of the WCS, with the butterfly operation being
programmed in about 30 instructions. The run-time performance
of the algorithm for different number of data points is shown in
Figure 6.

7. CONCLUSION
The SIGNAL-32 processor has been developed to increase the

signal processing capability of the MMT system. The high speed
makes it attractive in many real-time applications.
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Figure 1.

The SIGNAL-32 digital signal processor works as an
intelligent slave processor of the MMT system
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Figure 2.

The SIGNAL-32 signal processor
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Controlled |Internal| Am2904 Am2901/03| Address| Micro- Multiplier
Unit Memory |Status & ALU proces- |control-|or immedi-
Shift w. sor ler ate data
Main AMO1
Field IMEM AMOD 4 or ADPROC [MICTRL DATA
Name AMO3
Width
/bit/ 5 21 22 16 32 32
Figure 3.
The main fields in the microinstruction
] ubfield Function Width|Default|Default function
Name /bit/| wvalue
1E Instruction enable 1 0 ALU is not disabled
BE DB 1/0 port enable 1 1 DB data input is
ALU s operand
AE DA input enable i | ; | DA data input is
ALU r operand
YE Y I/0 port enable & 2 3 Y output is
control for RMW op. disabled
B B address for ALU 4 0 RO is selected
ource & destination op.
A A address for ALU 4 0 RO is selected
ource operand
DST ALU shift and store fun. 4 12 No store
FUN ALU operation fun. 4 8 OR operation
10 10 selects RAM B or Q 1 0 RAM B is selected
reg, as ALU s operand
Figure 4,
The subfields in the AMO3 main field
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Run-time as a function of the number of data points
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HIGH,SPEED FFT PROCESSOR FOR MICROCOMPUTERS
T.J. Ellis, D.J. Styles

Centre for Information Engineering, The City University

This paper describes the design of a high-speed FFT Processor,
the Fourier Transform Processor (FTP), based around a new
family of bit-slice processing elements - the AMD 29500 series.
The processor architecture offers a high degree of parallelism:
data movements are facilitated by multiple buses; a pair of
processors are used to perform the complex (real and imaginary)
arithmetic; a separate seguencer generates the butterfly
addresses. The design can execute a radix—2 DIT butterfly in
only four (overlapped) cycles. Using a 10MHz clock, this
results in a computation time of 2.048 ms. for a 1024 point
complex FFT. The processor is 'driven' from a 1l6-bit
microprocessor (Z8000) which loads microprogram and data into
the FFT processor. The design is applicable to other DSP
problems (e.g. digital filtering) and provides a simple yet
sophisticated solution for problems requiring high bandwidth
real-time FFT's.

1. INTRODUCTION

Signal processing is concerned with the conditioning, analysis and
manipulation of continuous signals. The form of processing is usually implemented
using analogue electronics e.g. an active resistor/capacitor (RC) network for
performing filtering of the signals. In digital signal processing (DSP) the
egignals are quantised in both time and amplitude in order that they may be
processed using computer-based methods. In this case, processing operations are
implemented via direct application of processing algorithms, rather than via some
electrical analogue. In general this software approach to the processing of
signals provides considerable flexibility, since alternative processing schemes may
be: implemented by programming the algorithm, where the hardware implementation
requires specific dedicated hardware.

A severe drawback with the computer-based method lies in the speed with which
the computer executes the processing algorithms. Whilst the use of secondary




storage devices (magnetic tape, disks, etc.) permits the off-line processing of
digitised signals, in the case where real-time processing is necessary, the
software approach results in severe limitations on the input signal bandwidth. In
order to achieve acceptable signal bandwidths in DSP applications, software-based
algorithms are usually implemented using dedicated hardware constructed from
standard digital electronic components. A number of disadvantages result from
adopting this approach: loss of flexibility, since the hardware usually implements
only a single DSP function; the hardware usually requires considerably more
components and hence is complex and expensive.

_ An approach which combines the advantages of both the hardware and software
methods is derived from the use of microprogramming methods and bit-slice processor
components - a firmware approach. Bit-slice technology provides a "stripped-down"
computer system in which the major architectural components of the central
processor unit (CPU) (arithmetic logic unit, register file, status flags,
instruction sequencer) are interconnected to construct a complete CRU. The control
of each component is exercised by the microprogram word, and sequences of control
operations are derived from a microinstruction sequencer. In general, the bit-
slice components are expandable, allowing user-selectable word-widths (usually in
4-bit blocks) e.g. 8, 12, 16, 24 ...-bit processors. More importantly for DSP
applications, the processors operate at higher speeds than conventional
microprocessors, allowing direct coding of the DSP algorithms in microcode.

2. THE FOURIER TRANSFORM

Signal processing can be divided into two main areas: time domain and
frequency domain methods. Many processing operations can be more efficiently
performed in the frequency domain. The Fourier Transform provides a means of
transforming between the time and frequency domain. In fact, the transform is
defined as a symmetric pair - a forward transform (time -> frequency) and an
inverse transform (frequency -> time). In digital signal processing the algorithm
is referred to as the Discrete Fourier Transform (DFT) and represents, over some
finite interval, the frequency content of some (assumed) periodic signal. The DFT
is calculated as:

X (£) = x; (£)e™d (2rkm)/N W

which represents the convolution of the N-point time sequence with a complex-valued
sinusoid function. Whilst the direct implementation of the DFT requires N2 complex
operations, the fast Fourier Transform (FFT) algorithm takes advantage of
considerable redundancy in the calculations to produce the same result requiring
only N.logoN complex operations. In fact the FFT is the generic name of a number
of algorithms which result in a considerable computational efficiency in computing
the DFT.

The commonest (and simplest) FFT algorithms decompose the complex calculation
into manipulation of particular pairs of calculations (radix-2) and rely on an
input data sequence which has a length which is some power of 2. This 'kernel'
calculation is referred to as a 'butterfly' and each complete transform requires
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