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ost graphics systems being produced wday employ

df BREEe memory which one or more IJ‘I[H ol

memory are associated with each pixel on a raster-
scan CRT. These memories, which are usually called frame
buffers” or “bit-mapped displays,” are popular for several
reasoms, They are economical because raster-scan CRD tech-
nology, e, television, 15 well developed and because mem-
ory costs are low, Also, because in an image memory the
wupdale rate 15 not linked wothe refresh rate, an arbimarily
complex picture may be deposited in the memory in a sul-
ficienily long period of tme without affecung the fixed
refresh rate of the display. Finally, a high-resoluton, rasier-
based display allows very high-gquality characters o be gen-
erated at a rate that does not depend upon the complexity of
the font {Knuth, 1979),

I'he main shortcoming of image memories is performance,
Typical random update rates are about 102 microsecond per
paxel, Thus, mndom operations that change the entire image
might take up 1o 172 second for a 1000 100 display and 178
second for M0x5M displays,

High-performance applications for which this update rate
s inadeguate have been unable wo benelin from the low cost
ol these systems, For example, lugh-performance line, or

vector, drawing applications use random-deflection CRT's
because of their [aswer hine-drawing rate, such as that of the
Piowre System by Evans and Sutherland Computer Corpor-
atton, These svstems typically require costly power supplies
o deflect the electron beam rapadly, They also require special
character-generation hardware 1w generate characters eth-
ciently, and they cannot adequately produce shaded poly-
gonal areas. High-performance polygon-based  svstems are
also expensive. They require special scan-conversion hard-
ware o generate the pixel information i scan-ling order fon
the CR'T. Morcover, they typically have an upper limit on
the number of polvgon edges that can be scan-converted on
d miven scan-ling,
use for character display,

I'he performance limitations of image memories are i
the tme required o do the arithmetic of scan-conversion, e,
determining which pixels w aler, and in the memory band-
width, Normal organimtons have one L'O pont o the host
processor and one output port to the CRT refresh conroller,
as shown in Figure 1. The host is often a general-purpose
processor with the image memory part of its normal memaory

nd therr expense usually precludes their
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FIGURE 1. A “standard” Image Memory Organization
in which the image memory is in the processor's
address space, and update accesses are via

the standard 1/0 port.

address space. Thus, scan-conversion 15 done by the host,
The process 15 usually hmited by the compution e of
the processor in combination with the bandwidth of the
TICTTOTY,

Higher-performance variatons use a dedicated, micro-
programmed processor bor scan-conversion, and they typa-
cally interleave the memory chips horizontally o facilicate
parallel access for output wo the refresh controller and for fast
rendering of horizomal sepments. In these organisations,

however, randomly-oriented segments do not ke advantage
of the muluple ports available an the collection of memory
chips, and a single processor is vsed {or scan-conversion.
Because mmage memories are usually constructed from
nhO5s RAM chips, the update rate is ultimately governed by
the cycle time ol these chips, For the most imespensive 16k
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FIGURE 2. Image Memory Organization for a 1024x1024
resolution image. Each Row Processor IMP Block is
actually an Image Memory Processor and one

or more 14k memory chips.

RAMs, this time 1s about 400 nanoseconds. Normal organiza-
tions with a single update port are therefore usually band-
witlth limited by this cvele time,

Any interesting

e memaory will have more than one ol
these RAM chips. Because each chipin the memory effectively
has a 400-nanosecond 10 port, the maximum bandwidth of
the composite memory is this time divided by the number of
memaory chips, For example, in a bit-mapped image with one
bit per pixel, a 512 512 resolution memory requires 16 chips,
and a 1024 = 1024 organization requires 61 chips, Thus, ina
suitable organieation, the maximuom bandwidth aainable is
either 400016 or 40064 nanoseconds, respectively,

This paper describes a high-performance organ

o that

will, under the best circumstances, scan-convert a suitable set
of geometric primitves and access the image memory at the
maximum rate attainable. The image memory system de-
scribed here scan-converts polygons, lines and characters
using a custom, nMOS Image Memory Processor (IMP),
which has been designed, simulated, laid oweand is presently
being fabricated by the Stanford University  Integrated
Circuits Laboratory, Multiple copies of the IMP in combina-
tion with either 16k or 64k memaory chips will vield a low-cost
Smart Image Memory System that should provide three

improvements over existing systems: 1) vector-drawing rates
comparable to those of random-defllection CRTs, 2) pre-
viously unattainable, arbitrary-lont character drawing rates,
and 3) polygon drawing rates comparable o those of very
expensive, dedicated polvgon systems. This Image Svstem
combined with the Geometry Engine System described in a
previous issue of LAMBDA (Clark, 2nd (hr., 1980) should
result in a very powerful personal-computer graphics system.

System Organization

The Image Memory System for a 1024 = 1024 orgamzation
using 16k RAM chips is shown in Figure 2, The particular

size of the memaory chips and resoluton shown in this hgure
are independent of the memory system organization; this
choice 1s 1o illustrawe the organization. The system uses
two-level, hierarchical busing  structore with interleaved
processors along each bus, Al data passes through the Parem
Processor on its way 10 the memory, This processor is not a
custom chip but is a microprogrammed processor which can
access the character font memory and send information
asynchronously 1o the 8 Column IMPs (C-IMPs). Tts primary
purpose is w prepare the geomeiric primitives {or scan
CONVErsion.,

Each of the C-IMPs receives data from the Parent Processor
and controls and supplies data o s 8 Row IMPs { R-IMPs).
The IMP therefove really does more than one tvpe of oper-
aton, but since the differences are only in the microcode
and a few other minor areas and since many of the functions
share microcode routines, one chip type does both functions,
in a manner similar o that of the Geometry Engine organ-
1z,

Each R-IMP accepts data [rom us C-IMP and communi-
cates both with the RAM chipis) connected 1o 10 and with the
refresh controller. Each R-IMP contrals n memaory chips,
where n is the number of bits per pixel in the image memory;
the current design limits this number o 10 due 1o pin count
on the package housing the IMP. All accesses o the image
memory go through the appropriate B-IMP for the pixel
being accessed.

Fach IMP 15 reallv two completely self-timed, assnchronous
processors, One processor does the forward difference equa-
tions of scan conversion as either a C-IMP or an R-IMP, and
the other processor generates the tming signals, data-refresh
signals and addresses for the memaory chips,

The two-level busing siructure shown in Figure 2 provides
a convenient interleaving of the memory chips. This inter-
leaved structure maps onto the screen in such a way that, for
any contiguous 8% 8 set of pixels on the screen, cach pisel
15 controlled by one processor and each processor controls
one pixel, For example, Figure 3 shows a randomly chosen
H=H region with the pixels labeled according 1w the R-IMP
es the parent C-IMP and
the number designates the R-IMP within a column, This
interleaving  and  busing  structure enables  very  high-
perlormance rendering of palygons, lines and characters,
as described below,

The Refresh Controller is responsible for supplying
addresses wo the Memaory Interface Prodessors of the R-IMPs,
both 1o obtain data for output w the display and to refresh
the dvnamic RAMs of the image memory, Except for gener-
ating memory refresh addresses, this refresh controller is like
any used in conventional frame-bulfer

in charge of them. The letter designa

AR -ITIC TR Y de-
signs. That is, it might have color lookup ables, curso
display and other similar [eanres. By requiring that the
addresses be generated exwernally, the IMP design s inde-
pendent of the resolution of the output deviee, and it may be
used with any scan-line refresh strategy, lor example, either
30 or 60 Herte, un

As mentioned above, the IMP is really two processors
Linear Infference Engine for doing scan-conversion arith-
metic and a Memory Interface Processor for generiating

Jaced or non-interlaced,
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FIGURE 3. A randomly chosen 8x8 reglon of contigucus pixels labeled according to the R-IMP in charge of them.
The letter designates the relevant C-IMP, and the number designates the R-IMP.

timing and control signals and imeracting with the memaory
chips. Figure 4 shows a plan view of the IMP chip with the
different portions labeled according 1o fundction, The layout
of the chip is shown in Figure 5.

The Linear Dillerence Engine is a PLA-conrolled pro-
cessor for dterating linear difference equations and other
miscellaneous functions, It s a sell-timed element that com-
municates with its conwrolling processor using a double-rail
prowocol, Tt consists of two [unction units with a bicslice
organizgation of the type used in the Geometry Engine, PLA
contrel, a sell-timed clock, and microprogram counter and
stack. s microprogrammed funcuion units are copies of the
Geometry Engine [unction units, which were [abricated,
tester] and measured for tming characienstics as part ol
MPCT9 {Conway et al., 2nd O, 1980),

The Memaory Interface Processor is a small, PLA-contralled
processor with registers lor implementing the special func-
tions mentioned below, Tt s also a sell-timed element with
its own clock. It accesses memory either to store results given
1w it by the Dillerence Engine or o fewh the locations of
memaory requested by the ofl-chip relresh controller. Because
it receives asynchronous requests from both the Dilference
Engine and the Refresh Controller, each of which runs with
s own clock, a Seite-Arbiter {Seitz, 1st Qur., 1980) is used 1o
resalve synchronizatiion conllicts, In this way the memaory
chip may be cveled as frequently as needed enther for updates
from the Difference Engine or {or output o the Refresh
Controller, and the refresh strategy used 15 independent of
the IMP design and timing,

Because of the way the mmage 15 “covered” by the R-IMDPs
and their memaories, in the organization shown, each R-IMP
receives a request for output o the Refresh Controller every
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FIGURE 4. Image Memory Processor (IMP) scan-converis
polygons, lines and characters into the Image Memaory.

Bdp time units, where pos the tme unit per pixel. The most
demanding situation oceurs if the image is refreshed a G0Hz,
non-interlaced, in which case pis abour 16 nanoseconds and
Bdp 1s about | microsecond. Thus, each microsecond, the
Memory Interface will receive an output request from the
Refresh Conuroller. Because the Memory Interface in the
worst case might have just stared an update sequence lor the
Difference Engine, the memory access sequence for the
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Refresh Controller will begin no more than one memory
access time later, Thus, one laver of butlering of the ourput
to the Belresh Controller eliminates all problems except those
resulting [rom synchronization conflicts, When two regquesis
arrive Csimulianeously,” the Seitz-Arhiter will ensure that the
system does not fail. Because the display task cannot be
stopped, it is still remotely possible thar the image will dis-
play a sequence of 8 pixels incorrectly on one frame once
every four or five days.

A C-IMP uses only the Linear Difference Engine portion
ol an IMP. It receives data from the Paremt Processor, does
the [unctions described below, and sends the results 1o one or
more of its B-IMPs in pipeline fashion. All communication
is asynchronous. Because an B-IMP is connected to memory
chips, it uses both the Linear Dilference Engine and the
Memory Interface Processor. The Dilference Engine on an
R-TMP receives data from its conwrolling C-IMP and sends
results to the Memaory Interface,

System and IMP Function

Data is supplied w the Parent Processor in the form of lont
selection commands, character codes, 2-D coordinates of
points representing cither endpoints of lines or vertices of
polvgons, and miscellaneous other commands. We will
describe the characteristics of the IMP and Image Sysiem
with regand o the operations carried out on lines, polygons
and characters,

Line Rendering

Lines are supplied to the Parent Processor by Move and
Draw commands (ollowed by their 2-D0 endpoints, The
endpoints are expressed in the lixed-point coordinate system
of the particular organization, eg, 0=xy=1025. The
Parent Processor computes the forward difference equation
[or the line and sends the starting column, slope, line width
and ending column 1o the Column IMPs (C-IMPs). Each
C-IMP determines the portion of the line intersecting the
column and sends that information 1w the appropriate
R-IMPs. After the R-IMP acknowledges receipt of the infor-
mation, the C-IMP proceeds to compute the intersection
region of the ling with the next column of the image under
its control, as shown in Figure 6. Meanwhile, the R-IMP
accesses the memory chipis) under its control with the
appropriate address.

For 1-lnt-per-pixel organizations (binary images), the
memory can be complemented, set, cleared, etc., or rendered
with a stipple pattern as described below. TE more than one bit
per pixel is available (grevescale image ). the pixels intersected
by the line can be turned on with a particular color or shade,
The particular value given o the pixel is determined by a
previously set shade/color register that is also pan of the
memory interlace processor.

Because lines can have width and can be scan-converied
faster than palyvgons, in certain applications such as 10 lavout
(in which most polygons are either horizontal or vertical),
the drawings can be generated much more rapidly using lines.

Character Rendering

In character mode, character codes and bounding box
information (clipped characters) are presented 1o the Parent
Processor, which accesses the font memory RAMs and sends
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the columns of the font description wo the appropriate C-IMP
processors. After each column code 15 passed with acknowl-
edgment o the appropriate C-IMP, the Parent Processor is
free 1o receive the next character and look up its code in the
fort memory, Meanwhile, each C-IMP asynchronously
accepts and lorwards the column code v s Row IMPs, alver
which it is free to receive the next column code or athe
drawing command. Depending upon the position of the
character relative w the column, each R-IMP modifies the
appropriate memory  location. The shade/color register
determines the value o be used in writing the character into
the memaory.

Polygon Rendering

In poalygon maode, the Parent Processor receives the polygon
command followed by a sequence of 2-10 coordinates rep-
resenting the vertices of the palygon, Figure 7 illustrates the
parallel scan-conversion process lor a threesided polvgon.
The polygon must be convex, and its edges are sorted ac-
cording to their lefumost vertex by the Parent Processor, Thus,
the number of edges per polveon is limited by the amount of
temporary local storage available o the Parent Processor.

C-IMPs accept the edges two ata ume [or scan-conversion.
The edges are scan-converted just as with hines, For each
successive column under the control of a given C-IMP, the
C-IMP determines from the two active edges of the polygon a
vertical span o be covered by s R-IMPs and sends them the
information, After the vertical span information is taken, the
C-IMP determines the vertical span for the next column
controlled by i IF one of the edges of the polygon is expired,
it waits for the next edge of the polygzon o be sent o0 by the
Parent Processor,

Meanwhile, the R-IMPs compute where the vertical spans
of the polyvgon are intersected by rows of the picture, in much
the same way that the C-IMPs compute where columns inter-
sect the edees of the polvgon. Aber determining the pixels
ya be altered, the R-IMPs make the appropriate request (o
the Memory Interface Processor, which alters the memaory
contents accordingly.

In binary images, the pure polvgon mode can at maost
complement, set or clear the pixels covered by the polygon,
Therefore, 1o allow different polygons to be distinguished in
a binary image, an 8= 8 stipple register 15 distributed in the
Memaory Interface Processors of the R-IMPs, On a binary
mmage system, a polyzon is rendered with the sipple pattern
loaded into this register, The controlling processor loads the
stipple register before drawing a polygon of a given type, and
all subsequent polygons use this pattern as a mask inaltering
the memory locations. Therelore, even on a binary image, the
user can draw as many different types of polygons as there are
distinguishable stipple patterns. Moreover, by setting the
maode register appropriately, he can cause the current polygon
teroverwrite all thimgs “under'™ in, be ORed with the existing
image, etc. This mode allows low-cost, high-performance
renderings of inwgrated circuit lavouts,

Image Mode

Because it 1s sometimes useful o be able w store an un-
structured image in the memaory, image mode allows a stream
of pixel values 1o be written into the memory. Binary images
can be written using the mode register as a mask,



FIGURE &. A line that begins in a column of C-IMP “E*
and ends In that of C-IMP “F". All pixels labeled “E"
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FIGURE 7. The C-IMPs scan-convert the edges of the
polygon, while the R-IMPs scan-convert the Interlor.
R-IMP B7's action is shown.

Summary

Ihe system deseribed here is expected 1o salve the problem
of fast scan-conversion into an image memory, Moreover, i
can be extended o a verv cost-ellective solution of the
hidden-surface problem by using a z-buffer (Catmull, 1974,

The IMP design is an example of the type of system design
that can result from understanding the limitations and power
of custom nMOS design. Just as with the Geometry Engine,
implementing this architecture with either standard micro-
processors or standard catalogue parts would either cost 1o
much or decrease the perlormance. It makes sense only
because we were able wo structure the primaitives to be put on
silicon according o the needs of the problem. Thanks o
Mead and Conway and their excellent book (Mead and
Conway, 1980), svstem architects can now approach syvstem
design in a much more innovative way.

Through the design of the IMP and the Geometry Engine,
we have developed a design paradigm for microprogrammed
computing engines. These projects, which were partly
maotivated by the need [or beuer visual design aids, have heen

useful for debugging various design tools and in buiding an
environmen! that advances our understanding of the art ol
designing large-scale systems on silicon. For example, one
outcome of this project has beena much better understanding
ol the need for PLA minimization. Our micro-architecture
paradigm has led 1o PLAs that shrink only about 5% when
heuristic PLA minimization technigues are applicd w0 them
{Clark and Hennessy, in preparation). Consequently, we
believe thar PLA minimization really pays offl only for small
PLAs.
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