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Abstract.
A graphics rasterizer IC.

A single chip line-rasterizer that overcomes the major bottleneck
in graphics display systems has been designed by the author on a
4408 element gate array marketed by Plessey Semiconductors
limited. The rasterizer was fabricated by Plessey using their 2
micron, double-level metal ISO CMOS process, in the United
Kingdom.

Two identifiable bottlenecks in the redraw speed on a general
graphics display system are video memory bandwidth and
rasterization speed (in dots produced per second). The rasterizer
described here is capable of working in parallel with other
rasterizers to overcome the rasterization bottleneck. Systems
incorporating it are flexible and expandable.

The rasterizer requests a primitive from a host or master part of
the system. Once it has a primitive to work on, it begins
rasterization. The rasterizer queues requests to write dots to the
video memory part of the system. The device accepts two ordered
pairs of 16-bit numbers as start-of-line and end-of-line
coordinates, on an 8-bit bus; the dot addresses are in the form of
two 16-bit numbers on a 32-bit bus.

Simulation with CLASSIC showed that the device could be clocked
at up to 8 MHz and would then produce dots at between 2 MHz
and 4 MHz (dependent on the type of line) after the initial
analysis overheads. This means that any video memory
bandwidth may be fully used with this device and any
improvements in memory bandwidth may be taken advantage of
in a system using the parallel rasterization scheme.

The Plessey test engineers exercised the device to prove the

success of the fabrication. Further tests were performed by the
author. In these, the rasterizer was seen to gather data correctly.
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Abstract A graphics rasterizer [C.

The rasterization of a range of different types of lines, manhattan
and general, short and long and lines of different direction, was
tested. The various algorithm terminations were verified and all
branches exercised. The flow control on the pixel bus was checked.
The device used for all the tests, performed correctly at 10 MHz
(design specification 8 MHz) which corresponds to a maximum
rasterization speed of 5§ MHz for 0° and 90° lines. and between
2.5 MHz and 3.3 MHz for general lines.

The results show that the rasterizer performance will allow full
use of the memory bandwidth of the system and hence overcome
the major bottleneck in many graphics display systems.
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Introduction.
A graphics rasterizer IC.

The purpose of this project was to design, fabricate and test an
ASIC for use by an associate team involved in the development of
a high performance Graphics Display System.

Chapter 1 provides an overall view of Graphics Display Systems.
The Graphics Display Pipeline is defined as a sequence of logical
operations on data representing a picture. Some examples are
given. Speed bottlenecks in this pipeline are explored and two
major bottlenecks are highlighted: rasterization and memory
bandwidth. An objective in the Department of Electronic
Engineering at the University of Natal, was to produce a high
performance graphics workstation. Consideration of the
objectives and the bottlenecks led to a specification for the system
and the various subsystems. ' '

In Chapter 2 the design environment is outlined and traditional
rasterization techniques are critiqued. Parallel rasterization is

proposed as a solution to the rasterization bottleneck and
described in general terms.

Chapter 3 contains the details of the paper design of the
rasterizer. This is essentially a digital system design. The
introduction summarizes the chapter and the remaining sections
deal with major topics: external operation, drawing algorithms,
the arithmetic architecture, and the control logic.

Chapter 4 deals briefly with gate arrays in concept and then goes
on to describe the Plessey gate array range and provides an
introduction to their gate array CAD suite.



Introduction A graphies rasterizer IC.

The Computer Aided Design of the rasterizer is the subject of
Chapter 5. At this stage the scope of the work done is outlined
and then the CAD procedure is detailed. Details of the simulation
and evaluation of a logic circuit along with examples of selected
types of analyses are provided. Some specific problems related to
the gate array design are discussed. The generation and
evaluation of test vectors, followed by an outline of placement
and routing procedures is included.

Chapter 6 concludes with the testing procedure and discusses the
test results and chip performance.



Chapter 1.
Graphics Displays

1.1. Definition of a Graphics Display System

Graphics displays are used on a wide range of computer
equipment from Personal Computers to high power Workstations.
The Graphics System may be defined as the set of hardware and
software that is mainly dedicated to putting the picture that the
user interacts with in front of him.

1.2. The Graphics Display Pipeline

In the context of the above definition, the user clearly requires
that the hardware and software allow him, firstly quickly to -
construct his picture, secondly quickly to show him any changes
he makes, and finally to keep his work safe. The first and last
requirements are not demanding. However, the second is
demanding since it ultimately means redrawing the display.
Redrawing involves plotting a large number of vectors, especially
for activities such as IC design, and hence has potential to be very
slow: a circuit schematic involving several thousand gates can
take more than 30 seconds to redraw.

The process of transforming a picture from the form in which it is
stored to the form in which it is easy to display on a raster
monitor may be referred to as the Graphics Display Pipeline.

In all Graphics Display Systems the problem is generally the
same: the concept of the picture that the user wants to see has to
be converted into the individual Pixels stored in the Graphics
Mernory or Frame Buffer.



Chapter 1. Graphics Displays.

The conversion process may be further broken down as the data
originally describing the picture is made ready for display. The
logical steps are as follows:

1. A model of the picture in the form of data or a
programmed model must exist.

2. A display file compiler converts the model to a display
file of a particular level of sophistication; for example, a
sophisticated file may be a list of parts of a physical object
related to one another in some way, or it may simply be a
set of Graphics Primitives (vectors, polygons, circles,
etcetera).

3. Display file post-processors repeatedly produce new
display files until the appropriate level of sophistication is
reached.

4. The Rasterizing processor converts the last display file
into a Pixel-image in the Frame Buffer or Pixel Memory.
The simplest form of display file is a set of vectors, each
represented by two ordered pairs of screen coordinates. A
vector must be converted into a number of individual
pixels, the number depending on the length of the vector.
Each pixel is represented by one or more bits, depending on
whether the picture is binary, grey-shade or colour.

5. The Display Refresh processor utilizes the Pixel-image
to produce the necessary video signal to drive the Display
Monitor.

In the above the data is operated upon by a number of logical
processors [Myers84]. Successive representations of the picture
may or may not reside in the same memory or be dealt with by
the same physical processor. Each logical processor may consist of
different software on the same hardware or different software on
different hardware or separate pieces of dedicated hardware. The
greater the number of physical processors available the higher the
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degree of parallelism and hence the higher the potential
throughput. The further back up the pipeline that dedicated
hardware moves, the faster the system is likely to become;
- however, at the same time, the further down the pipeline software
based processes move, the more flexible the system is likely to be.

1.3. Typical Graphics Display Systems

An example of a graphics display system is Silicon Graphics’ IRIS
workstation [Nicke84] In IRIS a MC68000 processor runs
application tasks and handles display files. Their “Geometry
Engine” [Clark82] performs coordinate adjustments, clipping and
scaling. A 4x4 AM?2903 bit-slice microprocessor rasterizes the
resulting screen coordinate graphics primitives.

A Personal Computer based on the Intel 8086 and an applications
package such as PCAD form another graphics display system.
The graphics package, using the available general purpose
microprocessor performs all the tasks in the pipeline. |

It is clear that the hardware configuration will have a large impact
on the performance of a Graphics System. On one hand, a single
CPU will do the whole job of constructing the display file, scaling
and clipping, and rasterization; on the other hand, there may be a
dedicated piece of hardware for each task.

" 1.4. Graphics Display Pipeline speed bottlenecks

In order to improve the response of graphics display it is
necessary to identify the speed bottlenecks. FEach logical
processor is a potential bottleneck, for instance clipping a full
picture to the size of the display involves matrix operations which
are time consuming on any hardware because of the number of
simple arithmetic operations per matrix operation. |
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It may, however, be assumed that any interactive manipulation of
the schematic will be done in screen coordinates, at a stage in the
conversion process when much of the hard work has been done.
This makes sense since the conversion to screen coordinates and
back to world coordinates need only be done once. The most
pressing problem is redraw of the screen—coordinate display file.

It is best to assume that the entire display file is in system
memory. If not, part of the display file is on a disk drive and the
bottleneck would clearly be disk access time. A prerequisite is
thus a sufficiently big system memory to contain the entire
display file.

Getting graphics elements out of system memory and to the
engine that rasterizes them may be done at speeds of the order of
2 megabytes per second by using a direct-memory-access (DMA)
subsystem (that is if the rasterizer is a separate piece of
hardware). An element such as a vector may consist of, for
example, four bytes per ordered pair and one or two bytes for
attributes such as colour; hence, of the order of ten bytes are
required per simple element. On a high resolution system the
majority of vectors are over 100 pixels in length. It is clear,
therefore, that elements representing at least 20 megapixels per

second may be transferred to rasterizer hardware, using simple
DMA transfer.

Rasterization is of major concern since it is at this stage that the
volume of data required to represent the picture suddenly
expands, and the process of expansion is both computation and
input/output (IO) intensive: many coordinates have to be
computed and then stored in the pixel memory.

Memory bandwidth is the final possible bottleneck [Whitt84]. The
pixel memory is usually constructed from conventional dynamic
random access memory (DRAM) because it is cheap and dense,
and very large frame buffers are required for high resolution
graphics displays. The frame buffer memory should be separate
from the system memory for a high performance system or there
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would simply be too many devices using the same data and
address buses at once. The read/write bandwidth of DRAM is
approximately 2 megahertz [Motor82]; this bandwidth must be
shared between the subsystem writing pixels, the screen refresh
hardware and the DRAM refresh subsystem. In many systems
approximately half this bandwidth is available to the rasterizer
[Gutta86]. In order to free some bandwidth some systems use a
special dual ported DRAM called VRAM which has an on-chip
shift register to serve the screen refresh hardware; however
VRAM is expensive and hence is limited to high-end systems.

The video refresh hardware is not a direct bottleneck: it must
simply be capable of reading the whole frame buffer in one frame-
time ( 50/60 hertz )} which is not visible to the eye. The video
refresh hardware does, however, use memory bandwidth thus
contributing to the previous bottleneck. The hardware must be
designed to allow the transfer of large numbers of pixels into shift

registers (on or off the memory chips) to cut down on bandwidth
use [Whitt84).

1.5. A Graphics Display System for Natal University

One of the major fields in which Graphics Display is necessary is
IC design where large layout schematics must be constructed and
manipulated. In the course of manipulating any display
interactively, frequent screen redraws are necessary to be sure of
the current status of the display file. The schematics are often
very complex, consisting of a large number of vectors, resulting in
unacceptably long delays (tens of seconds).

Existing IC design environments use either graphics terminals on
a powerful multi-user minicomputer such as a DEC VAX or a
sophisticated workstation such as an Apollo for their graphics
display systems.
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The load of graphics manipulation on a multi-user system is high
because of the large amount of computation and IO necessary to
construct an image.

High power workstations are expensive and are generally
comprehensive computer systems in their own right — they are
usually capable of running a multitasking operating system like
UNIX - and are thus under-utilized if used simply for graphics
display and picture manipulation.

The University Engineering Department needed a simple high
performance graphics workstation/terminal. The device was
required to be intelligent enough to offload the host but at the
same time would not be autonomous.

Software packages are available to make IBM PC XT/AT’s
operate as graphics workstations with the appropriate capabilities
but the performance of these systems is, however, very poor due
to the lack of dedicated hardware. Tests revealed that an IBM PC
AT running a CAD package called PCAD redraws vectors at
14000 pixels per second using only the Inte] 80286 microprocessor
CPU. The system is clearly limited by its rasterization
capabilities since the rate is nowhere near the memory bandwidth
limitations. Further tests using a simple TurboPascal program
showed coarse vector drawing capabilities of 40000 pixels per
second on the PC AT. This confirmed the first conclusion: the
CPU rasterization is too slow.

A solution to the above problem is to build some hardware to
improve the response of the PC-type workstation by unburdening
the PC CPU and hence in some way lengthening the dedicated-
hardware section of the Graphics Display Pipeline.

The system envisaged consists of a VAX 11/750, a PC XT/AT
with the dedicated hardware and a high resolution (1280x1204)
monitor. The VAX acts as host running an IC design package or
any general CAD package. It sends a display file to the PC
XT/AT. The PC XT/AT is an intelligent terminal at which
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interactive manipulation takes place. Dedicated hardware is part
of the intelligent terminal and helps to improve its performance.

If the rasterization could be done as fast as the pixel memory
could accept pixels, an improvement would be achieved. The
standard memory (DRAM) bandwidth allows a drawing rate of
the order of a million pixels per second [Whitt84]. This is a
respectable improvement on the existing order of ten thousand
pixels per second. Hardware rasterization would allow the
memory bandwidth to be fully utilized, hence realizing the two
orders of magnitude improvement in speed. The design of suitable
hardware is described in the chapters that follow.

The philosophy adhered to in the design was to make a system
that is simple, low cost while remaining flexible and capable of
high performance both in terms of speed and resolution.



Chapter 2.
Rasterization

2.1. Introduction

The overall system (figure 2.1) is a simple graphics workstation
and host pair. A VAX serves as host and runs the application
package. The software on the VAX interacts with software on the
PC. The PC handles the display file and runs local schematic
manipulation software. The PC software also controls some
specialized hardware to ease graphics display.

The structure of the specialized hardware (figure 2.2) allows for a
pixel memory separate from the PC system memory. This leaves
PC system memory free for the display file and the local
software.

2.2. Traditional rasterization

The available graphics systems or system components use a
number of different approaches to rasterization hardware. Some
use a graphics controller IC such as the NEC 7220, Intel 82720 or
the Intel 82786. Others use a high-power general purpose
microprocessor such as the MC68000. The design of a bit-slice

processor with a product such as the Advanced Micro Devices
Am2903 is also popular.

Specialized graphics controllers like the Intel 82720 (DePal83] are
very powerful graphics hardware tools. Graphics adapter boards
for personal computers often make use of such chips to offload the
main microprocessor. They are capable of handling both the
rasterization of a variety of graphics primitives (lines, polylines,
arcs, circles) as well as handling the screen refresh. Their
comprehensive capabilities, however, mean that they are not
flexible; for instance the 82720 can only handle 4 megapixels
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Figure 2.1: The overall system.
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Figure 2.2: Structure of specialised hardware.
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Chapter2. - . Rasterization.

(2048x2048x1 or 512x512x16 pixels). Burst pixel rates for lines are
approximatély 2 megapixels per second. This means that,
accounting for overheads, some pixel memory bandwidth would
still be unused. '

Powerful general purpose microprocessors such as the Motorola
MC68000 or MC68020 are véry fast (they support system clocks of
up to 256 MHz) and are capable of addressing very big memory
spaces (the MC68020 can directly address 4 giga-locations). They
are certainly capable of nearly absorbing the memory bandwidth,
however, due to IO overheads and computation overheads required
to access a graphics primitive the pixel memory bus will still have
unused cycles. The inner loop of a line drawing algorithm
contains two or three additions and two tests; this is a relatively
long loop on a general purpose microprocessor, hence only the
very high clock rate relative to the rest of the system makes the
high pixel drawing speed possible. The concept of using a
microprocessor of much higher power than the system CPU seems
inelegant to the author. High end workstations such as the Apollo
DN300G uses a MC68020 with MC68881 as its only computing
engine — it runs System V Unix and handles rasterization and all
other incidental tasks.

Workstations such as the Silicon Graphics inc IRIS and Lexidata’s
Lex 90/35 use 2900 family bit slice microprocessors to do the
rasterization [Myers84]. These microprocessors are very fast and
may be microcoded to do this special job more efficiently than the
high power general purpose microprocessor. Taking into account
the high development cost of bit slice systems rules this
technology out for low cost systems.

As was indicated none of the above solutions were deemed ideal
either because they would not provide enough flexibility, or an
unnecessarily powerful machine was involved. In all cases there
was no guarantee of full use of available memory bandwidth. It,
however, remained a primary constraint of the design that a gate
array solution be found and hence other avenues were persued.

13



Chapter 2. Rasterization.

2.3. Parallel rasterization

One way to ensure that all available memory bandwidth is used,
is to allow multiple rasterizers to access the pixel memory.

This general idea was developed according to the schematic in
figure 2.3. The system requires a DMA controller subsystem from
which the bank of rasterizers may request work. The DMA
subsystem must also incorporate a priority encoding scheme. The
rasterizers in the bank must request permission use the pixel
memory bus each time they have a pixel to write, hence, a
priority encoded bus arbitration subsystem is also required on the
pixel memory side of the rasterizer bank.

More specifically a parallel rasterizer operates as follows:

It puts out a DMA type request. As soon as it is able, the DMA
subsystem transfers a fixed number of bytes to the rasterizer,
strobing them in sequentially. The DMA subsystem is then free
to service another request from a different rasterizer, while the
first rasterizer starts work on the primitive that it has received.
When any rasterizer has a pixel to write into the pixel memory it
must issue a write request to the pixel bus controller and wait
until the pixel is strobed into the appropriate location in the pixel
memory.

The software on the PC manages the queues for the DMA
controllers that supply the rasterizer bank with appropriate
primitives. The screen refresh hardware and pixel bus controller
unit operation is independent of the PC operation. The pixel
memory bandwidth is shared between them with the aid of the
arbitration unit.

The whole concept is a type of RISC environment for graphics
rasterization. A rasterizer may be very specialized, for instance it
may only be able to handle one type of primitive such as a line or
a circle, but it would be able to do its specific task efficiently.
Different types of rasterizers may then be put in the bank to

14
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Figure 2.3: Parallel rasterization.
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expand/the complement of capabilities.
By its very nature the system is flexible. It is also expandable: the

pixel memory has a 32 bit address bus which allows for over 4
billion (10°) pixels.

16



Chapter 3.
Rasterizer implementation details

3.1. Introduction

The parallel rasterizer described above must fulfil a few basic
requirements. It needs signals which will enable it to interact with
a DMA subsystem and with the pixel memory subsystem. It
must have a cycle time corresponding to a clock rate of 5§ MHz
minimum in order to receive data from the DMA subsystem in
the Wéy d_éscribed in section 3.2. The device must be able to
receive a vector in the form of two ordered pairs and by some
algorithm literally “join the dots” in an optimally smooth way;
that is, rasterize the vector.

The circuit designed for this project was implemented on a gate
array since that was the only semicustom technology
economically available to the University of Natal. The original
intention was to use the SAMES processed MEDL array but the
largest array in use at the time of manufacture was too small.
The Plessey CLAS000 range was the next choice mainly because

the tools in use in South Africa, to design the MEDL arrays, were
Plessey products.

Designing on gate arrays is very limiting. Many components that
are generally available in IC design, such as ROM or PLA’s, are
missing. Other constructs, for example tri-state buffers, have

fixed parameters which make flexible use of them impossible as
will become clear later.

The rasterizer’s interaction signals consist of several sets of
request/acknowledge pairs: one for vector request, one for
DMA byte-transfer and one for pixel memory bus request. The
data bus on the PC side is 8 bits wide, while the separate pixel
memory bus is 32 bits wide.

17



Chapter 3. Rasterizer implementation details.

There are two important line drawing algorithms: the simple
digital differential analyzer (simple DDA) and Bresenham’s
algorithm. In order to visualize how discrete line drawing is done,
one must see that a general line (not necessarily a flat, forty five
degree or upright line) will have a faster moving variable and a
slower moving variable. In order to achieve a smooth straight
line, it makes heuristic sense to increment the faster moving
variable for every dot drawn on the discrete grid of a raster
screen; what is left, is to decide when to increment the slower
moving variable, bearing in mind that one would like the line to
resemble the ideal continuous line as closely as possible. In order
to do this, the simple DDA keeps an as-accurate-as-possible
representation of the actual value of the slow moving variable,
and rounds this to the nearest integer to plot each dot.
Bresenham’s on the other hand keeps a record of the error in the
discrete line with reference to the ideal line. By choosing a
reference point on the grid well, Bresenham’s is able to disregard
the magnitude of this error and use the sign alone to tell when to
increment the slow moving variable. Bresenham’s algorithm has
the advantage of not needing to do a division but the simple DDA,

surprisingly, uses less hardware. Simple DDA was chosen for this
design.

The arithmetic architecture (data structure) consists of a register
set of six sixteen bit registers, a full carry-lookahead adder,
tristate buffers to create the data paths and other ancillary
hardware configured in a straightforward fashion, requiring one
clock. See figure 3.6 and 3.7.

The control block is a finite state machine of the Moore
configuration [Lewin85]. It has a state register of six bits and has

13 inputs, 37 outputs and 35 states (see figures 3.10 to 3.12 for the
full state diagram).

18
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3.2. External operation

The external signal schematic is shown in figure 3.1. The PC
interaction is achieved with two pairs of signals. The request
signal (breq) requests data (a2 number of bytes representing a
graphics primitive) from a DMA subsystem which responds with
an acknowledge signal (back); following the back the rasterizer
will assert its read-ready signal (rdr); while rdr is true, bytes may
be strobed in by the falling edge of the PC-side memory-read
signal (memr). Appendix 2 has details of DMA controller timing
considerations. The reset signal is an asynchronous signal that
will reset the control machine, causing the rasterizer to return to
requesting another primitive. '

The pixel memory' interface is in the form of a bus request (BR)
which is issued when the pixel address is valid; the bus grant (BG)

signal acknowledges the pixel and allows the rasterizer to
continue.

The data format (figure 3.2) is a set of up to sixteen bytes
beginning with two colour bytes followed, in the case of the line
rasterizer, by eight bytes defining the start and end points of the
line. The first implementation does not include the colour
handling hardware.

3.3. Line drawing algorithms

Assume that a line is described by two ordered pairs (x,,y,), (X3,75)
and Axis x;-X, and Ay is y;~y,

Newman and Sproull [Newma79] who give a good account of line

‘drawing techniques, forward the following ideals for computer
generated lines:

1. Lines should appear straight. This requires some attention on a
screen with a finite number of addressable elements.
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Figure 3.1: External signal schematic.

16 bit colour definition

X lower byte

X, upper byte

Y, lower byte

Y, upper byte

X, lower byte

X, upper byte

Y, lower byte

10

Y, upper byte

11

Spare bytes for expansion

16

Figure 3.2: Data format. 20
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2. Lines should terminate accurately. In a digital machine with -
limited precision, care must be taken to ensure that truncation
errors do not catch one out especially near the end of a line.

3. Lines should have constant density. This is only really possible
on lines of 0°, 45° or 90°. The nearest approximation to the ideal
in other cases is possible, if the algorithm in use increments one
variable (x or y) at every step, and the other variable at every i*®
step where i depends on the slope of the line.

4. Line density should be independent of line length and angle. A
length estimate is required here; commonly this estimate is the
greater of Ax and ay. '

5. Lines should be drawn rapidly. The speed with which a line
may be drawn with hardware is determined by a combination of
the length of the algorithm used and the cycle time of the
machine implementing the algorithm.

Line drawing algorithms are generally based on what Newman
and Sproull [Newma79] call the digital differential analyzer (DDA)
which generates lines from their differential equations; in the case
of the straight line algorithm this is the slope. The slope of a line
is simply the ratio of Ax and Ay.

Two algorithms give acceptably high quality results: the Simple
DDA and Bresenham’s Algorithm.

The simple DDA is based on simple numerical integration of the
function describing the line. The process is represented in
equations 3.1 to 3.6, where f(x) and g(y) are the said functions.
Notice that §x and 6y are chosen as Ax and Ay divided by the line
length estimate (see equations 3.5 and 3.6), now the line length
estimate in this case is the bigger of Ax and Ay, hence one of the
summation terms in equation 3.2 or 3.4 is 1 and the other is the
fractional slope. The result of the equation with the non-unity
summation term is rounded to the resolution of the screen
coordinates to give the actual pixel address for the slow moving
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variable, while the pixel address for the fast moving variable is
obtained by incrementing this variable at every step. Of course,
there is no inaccuracy introduced by the numerical integrations
since the differential equation of a straight line is a constant.

(31) v =)+ [ t(x)dx

(32) y(x) ~ y(x) + 21(x;) 6x

(33) x)=xr)+ [ glr)dy
Y1

(3.4) x(y) ~ x(yy) + 287(x;) 6

(3.5) §x = Ax/line-length
X, =X, + i6x

(3.6) §y = Ay/line-length
Y=Y, iy

The algorithm is as follows:

22
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SIMPLE DDA
begin
length = |x,~x,|
if ly,~y,| > length then length = [y,-y|
xincrement = (x,-X,) / length
yincrement = (y,-y,) / length
x=x;+05
y=y,+05 { add 0.5 to round }

for i =1 to length do
begin
output ( trunc(x), trunc(y) )
X = X + xincrement
y = y + yincrement
end

end

Bresenham’s algorithm may be viewed as a refinement of the
previous method. Foley and Van Dam [Foley82] give a
mathematical analysis of Bresenham’s algorithm; heuristically it
works as follows:

It presumes incrementation of the fast moving variable, and
keeps track of the actual position of the ideal line with respect to
the two possible positions of the next dot. Refer to figure 3.3 and
assume the line to be drawn is in the first quadrant and Ax is
bigger than Ay. The error vector e indicates position of the actual
y-coordinate for the given x-coordinate with respect to the
halfway mark between the two possible y-positions for the dot; if
the vector points up, the y-variable is incremented, if it points
down, the y-variable is not incremented. The error vector is
calculated using much the same data as the simple DDA uses but
the magnitude of the error is not of concern: one only requires

the direction (or sign) of the vector. The algorithm runs as
follows:
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BRESENHAM’S ALGORITHM (ax > Ay first quadrant)
begin -
e= Ay/ax-05
fori=1to Axdo
begin
output ( X,y )
ife>0
then
begin
y=y+1
e=e+ Ay/ax-1
end
elsee=e+ Ay/ax
x=x+1
end

end

The advantage of the algorithm is that the error size is not
important and hence may be scaled, giving the following result:

BRESENHAM'S ALGORITHM (ax > Ay first quadrant)
begin
e=2Ay - AX
fori=1to ax do
begin
output ( x,y )
ife>0
then
begin
y=y+1
e—e+2Ay-2AX
end
elsee=-¢e+ 2Ay
x=x+1
end

end
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The division, Ay/Ax, is avoided.

Bresenham’s Algorithm has from 2 to 3 additions per cycle in its
fastest form which, as will be clearer later, is the same speed as
the simple DDA after the sixteen cycles of the division required by
the simple DDA. It also requires storage space for two constants
and the variable e apart from the vector, whereas the simple DDA
requires storage of one less constant. More important is that
Bresenham requires the maintenance of 17 bit accuracy
throughout while the simple DDA only requires this accuracy for
the division (and even that may be hidden with a simple
multiplexing trick). The importance of the smaller bus lies in the
size of the gate array routing channel. The target array had a 16
track channel and the use of wider buses severely limited
utilization and hence wasted real estate. It is evident that for a
small loss of performance (significant only in small vectors), the
simple DDA may be implemented on much less Silicon. This was
important in the physical implementation due to a limitation on
the size of semicustom IC available.
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3.4. The global algorithm

A general algorithm for drawing a primitive (line, circle, polygon,
etc) is described by figure 3.4. Firstly, a request for a primitive is
tendered and when it is granted, a set of bytes is loaded. Next, the
primitive is analyzed. Analysis in the case of a line, which is
really presented in the form of a vector, involves determining
direction and slope, and storing that information. The first pixel
is often available at this point since it is often part of the
description of the primitive, especially in the case of a line. The
output state is thus the first part of the inner loop, followed by
the end-of-primitive test and then the next-pixel computation.

The loading of the primitive ( figure 3.5) is simply achieved by
putting out a read ready (rdr) signal and waiting for the data to
be strobed in by the memory read (memr) signal. The only
assumption necessary is that the rasterizer can accept a byte and
be ready for another before the DMA subsystem can write
another. If this is not possible a slower two-state full handshake is
required. See appendix 2 for DMA timing details.

The full details of the analysis and computation algorithms, and
the hardware are very interrelated. Section 3.6. on the Control
Machine contains the algorithm details. The general outline of
the algorithms follow.

The analysis must identify the class and direction of a line. The
two classes of line are, “manhattan”, and all other lines.
Manhattan lines are lines of 0° 45° and 90° or multiples thereof. It
is worth filtering out these cases since, if treated specially,
manhattan lines may be drawn with one or two additions in the
inner loop as opposed to two to three for general lines. In the case
of a line of general slope it is necessary to identify whether its

slope is greater or less than 45°. All this data may be gathered as
follows:

1. Compute and record delta Y. Record whether it is
positive, negative or zero.
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Figure 3.4: Primitive-Drawing algorithm.



Chapter 3. Rasterizer implementation details.

Strobed?

Load byte n

and Read-Ready
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Read

Ready

Figure 3.5: Loading algorithm. 29
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2. Do the same with delta X.

3. Compute (delta X - delta Y) and record its sign or if it is
Zero.

4, If at this stage the line is not manhattan, divide the
smaller of delta Y and delta X by the bigger and record the
resulting fraction.

If the result of any of tests 1. 2. or 3. are zero, the line is
manhattan and the divide may be skipped.

The section of the algorithm that computes the next pixel (the
drawing section) must be divided in two to deal with the
manhattan lines and the non-manhattan lines separately.
Generally one of the ordered pairs may be incremented until it is
equal to the other ordered pair. The way in which the components
of the pair are incremented determines the shape of the line. The
aim is to achieve the smoothest straight line between the two
points.

The manhattan case simply calls for unconditional increment of
the appropriate variable (either the X or the Y or both). In the
non-manhattan case, one variable is incremented every cycle
while the other is incremented with a frequency determined by
the slope. The issue of when to increment this variable involves
the resolution of the arithmetic machine. This is dealt with next.

A pixel address consists of two 16 bit integers, hence 16 bit
registers and arithmetic hardware are required. In the simple
DDA used, the slope fraction is accumulated and the infrequently
incremented variable adjusted by the rounded value in the
accumulator. Note that only the fractional value of the
accumulator need be kept if the infrequently incremented
variable is adjusted on overflow of the fraction. The slope fraction
may be represented in 16 bits and hence has an uncertainty in
2717, thus even if a line the full length of the screen is drawn the
error will accumulate to 2-1 which is less than 1; this means that
no pixel will be misplaced if true rounding is performed. True
rounding may be achieved by adding 1% to the accumulator at the
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beginning of the line drawing process.

The drawing section of the algorithm basically determines the
drawing speed of the rasterizer. In the case of a 0° or 90° line the
drawing algorithm only needs two states: an output state and a
variable-increment state. The dot rate would hence be half the
clock rate. A 45° line would need three states: one extra variable-
increment state. Any general line would need between three and
four states: an output state, an adjust/test state and one or two
increment states. Clearly the worst dot rate is near a quarter of
the clock rate.

3.5. The arithmetic architecture (data structure)

The arithmetic machine used to implement the simple DDA is
shown in figure 3.6. (A more detailed circuit diagram is to be
found in appendix 1.) Much of the functionality of the machine is
useful for both of the two major tasks: division and
incrementing/decrementing.

The heart of the machine is the full (two level) carry-lookahead
adder. The adder has the ability to add and subtract (in both
senses) two sixteen bit numbers (see appendix 5 for full details).

The machine has six sixteen bit registers, four to store the vector
and two accumulators { a and b ) which are ultimately used to
store the fractional slope and the fractional part of the slow
moving variable. The multiplexer and the shift register are used
only for division. The data paths are controlled with the enable
signals on the tristate buffers. The so called “extra ﬂip-ﬂdps”, or
extra-bits, store information gleaned by the analysis algorithm.
Figure 3.7(a)—(d) contains ancillary circuits, namely, a sixteen bit
counter used by the division algorithm, a circuit to compare
(xpy,) and (x,¥,), the adder-result-zero testing hardware and

signal synchronizing circuit. The data input latching circuit is to
be found in figure 3.9.

The overall operation is as follows:
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(Refer to figures 3.6 and 3.7 (above) and table 3.1 (below) for the
meanings of signals refered to in the text.)

The vector, in the form of two ordered pairs (x,,y,) and (x,,,), is
loaded into registers X1, Y1, X2, Y2. Using that data and the
scratch registers a and b, the line is analyzed. Next, the registers
X1 and Y1 become variables x and y and are respectively
incremented or decremented until they match X2 and Y2.

The registers all preserve their data unless they are loaded
specifically with their load signal, for example La loads the
a-register with the value on bus-a if La is asserted on a clock
transition. The X and Y registers are byte loadable to deal with
the byte-format input data. The b-register may have its most
significant bit set, and all other bits cleared (using the set and
reset lines on the internal flip-flops); this is to set the register
value to 0.5 for the drawing algorithm.

The option to use an adder/subtractor that can perform a+b, a—b
and b-a saves on the number of data paths and hence makes the
buses smaller (in terms of number of bus users, and hence
physical size); the machine consequently has a faster cycle. If this
feature were not available, register contents would have to be
swopable which not only adds data paths but adds cycles to any
algorithm. Vectors may be drawn in any direction using the
hardwired logic-1 on bus A2 to increment or decrement X1 and
Y1 The adder is a full 16 bit carry lookahead adder based on an
implementation in Hwang [Hwang79]; full internal -circuit
representations are available in appendix 5. Subtraction from

either input is achieved by routing both inputs through banks of
exclusive-or gates.

The analysis of the line extracts information and data necessary
for the subsequent drawing of the line. It must determine the
direction and slope of the line and set the appropriate extra-bits
to store this information. Ax and Ay are byproducts of this
process. The extra bits are: MAN, which indicates that the line is
manhattan. MAN is used in conjunction with ENX and ENY
which flag that a variable should be unconditionally incremented
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or decremented. ENX and ENY are also used to flag the fast
moving variable in the drawing of a general line. INX and INY, if
set, show that their variable should be incremented, not
decremented, and vice versa. At this point full use is made of the
double ended subtractor to get the positive versions of Ax and Ay
in the correct places, for instance if x,-x, is negative then x,~x, is
calculated and stored in the a-register. Special hardware produces
a ZERO signal. Instead of recalculating Ax and Ay when they are
found to be in the wrong places for the divide phase, a data path
is provided to swop the contents of the registers in a single cycle.
This extra data path simplifies the control logic considerably.

The hardware compare circuit saves an addition in the inner loop
of the drawing algorithm and also saves control logic complexity.

The division is accomplished with a restoring successive
subtraction technique based on Hwang section 7.3 and 7.4
[Hwang79]. It produces a 16 bit fractional result from the division
of one sixteen bit integer by a bigger sixteen bit integer; the radix
point lies to the left of the most significant bit in the result. The
multiplexer controlled by the signal DIV converts the machine
into a form that allows the operation a/b to be performed in
sixteen cycles. The divide is done without the intervention of the
control logic apart from, for sixteen cycles; directing the
a-register, shifted left by one, to the Al adder input; directing the
b-register to the A2 adder input; and loading the a-register. The
effective configuration of the hardware during the divide is shown

in figure 3.8. The sixteen cycles are timed by a special enablable
counter: C16 (see figure 3.7).

Conventional restoring binary division is based on the following
equation, after Hwang [Hwang?7 9]

(3.7) Ri*l = 2Ri - q;,,;xD

in which
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D is the divisor

j=0,,.,n~1

n is the word length of the quotient

Q41 is the (j+1)** quotient

2Riis the partial dividend for determination of q;,,
Rit! is the partial remainder after determination of q;,,
RO is the dividend

R is the remainder

now the q;,, is chosen as

(3.8) a1 =0,if 2RI< D
=1,if 2RI>D

Clearly the execution of equation 3.7 with q;,,=1 performs the
test in equation 3.8 and if the result is negative, ie 2RI < D, Ri+1
must be reconstructed by adding D (hence the term restoring
division). '

Referring to figure 3.8, the above algorithm may be implemented
as follows:

The positive 16 bit integer dividend, the smaller of Ax and Ay, is
stored in the a-register and the positive 16 bit integer divisor, the
bigger of Ax and Ay, is stored in the b-register. In implementing
equation 3.7 with 9 =12 positive 16 bit number is subtracted
from a positive 17 bit number, yielding a 16 bit positive result that
must be saved or, a negative result that may be discarded. The
positive result is certainly 16 bit since the divisor starts off
smaller than the 16 bit dividend and is only ever multiplied by
two. If the result is negative then 2RJ certainly has a zero most
significant bit (bit a 4 of a, to a,q is zero) and so 2R} will actually
fit into 16 bits. The last two points show that the a-register need
only be 16 bits wide. The sign of the subtraction (result bit 17) is
determined by the OR gate, after the following reasoning:
Presume that vector A = (A;A A, = the a-register
arithmetic left shifted by one, with A, as the phantom sign bit,
and that the vector B is the sign extended two’s complement of
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the b-register and S is the sum vector).

Now the sum sign bit S,, is required, and always, A ,=0 (positive
17 bit number) and B,,=1 (negative 16 bit number, sign extended)
and:

(89) Sy =Ap;®B;®C,=0010 01; =Cy

where C,, is the carry in at this point and is equal to

(3.10) Ci7 = AgBig + A Cis + BieCyg
now B,; = 1since B is a sign extended 16 bit negative value, so

(3.11) Cip=A+Cyg =Sy =4qjn

for the j*8 cycle.

The quotient bit is shifted left into the shift-register. The 2RJ is
rescued automatically by selection of asha (a shifted to a) on bus-
a when the quotient bit is a one. The result of the subtraction is
put on bus-a by automatic selection of ra ( result to a) when the
quotient bit is a zero. Directly after the sixteen cycles of the
divide, the a-register is loaded with the contents of the shift
register, the quotient.

The input latching system is shown in figure 3.9. The register
latches the data on the positive edge of xmemr. A positive edge-
catch circuit synchronizes xmemr.

3.6. The control block and state diagram.

The control block consists of a finite state machine. A
microprogrammed architecture was not used because of practical
implementation difficulties; essentially, a standard-cell or full

custom system is required for a microprogrammed machine
because of the need for on-IC ROM.
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Figure 3.9: Input latching system.
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CONTRAOL FINITE STATE MACHINE FOR LINE RASTERIZER
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Figure 3.10: State diagram for line rasterizer (1/3).
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Figure 3.12: State diagram for line rasterizer (3/3).
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The state diagram is shown in figures 3.10 through 3.12. The
diagram conforms to the Moore model in which the outputs
depend only on the present state of the machine [Lewin85]. The
Moore machine is slower in general than the Mealy machine
[Lewin85], which allows conditional outputs, that is, outputs that
are dependent on the present state and the inputs. However, for a
big state machine the Moore machine is simpler since timing
considerations are less complex and there is software available
that will help in the design of Moore machines. The general
structure of the Moore machine and the Mealy machine are
shown in figure 3.13.

The functionality of the state machine as defined in the state
diagram has largely been described in connection with the
hardware, only details are new; for instance consideration must
be given as to when to load registers and what data to select for
each bus. Definitions of all the input and output terms are listed

in table 3.1; there are 13 inputs and 37 outputs and 35 states; the
state vector has six bits.

Table 3.1 List of finite state machine inputs and outputs.

OUTPUTS

register load...

LX1L load lower byte of X1
LX1U load upper byte of X1
LX2L

LX2U

LY1L

LY1U

LY2L

LY2U

La load a register

Lb

data route...
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ashAl
aAl
X1A1
Y1A1l
X2A2
Y2A2
bA2
[A2
ra
asha
SRa
abba
Th
rXY

general...
breq
BR

rdr
clearff
FVB
DIV
SUBA1
SUBA2
sinx
siny
senx
seny
sman

- INPUTS

back
memr
BG
ZERO
NEG
ov

Rasterizer implementation details.

a register shifted left to bus Al

a register to bus Al

register X1 to bus Al

register Y1 to bus Al

register X2 to bus A2

register Y2 to bus A2

b register to bus A2

0001H to bus A2

adder result to bus a

a register left shifted to bus a *

shift register to bus a _
a register to bus b and b register to bus a
adder result to bus b

adder result to XY bus

bus request to the DMA subsystem

bus request to the pixel memory subsystem
primitive read ready

clear the extra bits

set the msb of b register and clear the rest
select on divider setup multiplexer

two’s complement Al adder input

two’s complement A2 adder input

set INX bit

set INY bit

set ENX bit

set ENY bit

set MAN bit

DMA subsystem bus acknowledge
input strobe

pixel memory subsystem bus grant
adder result zero

adder result negative

adder overflow
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Figure 3.13: (a) General structure of: Moore machine.
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(b) General structure of: Mealy machine.
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EQ X1=X2 and/or Y1=Y2
C16 sixteen cycles completed
ENX adjust X unconditionally
ENY adjust Y unconditionally
INX increment not decrement X
INY increment not decrement Y
MAN current line is manhattan

The next state logic and output forming logic was formed and
minimized by PEG, a Berkley PLA equation generator [Hamac83],

" running on a VAX 11/780 at Clemson University (SC, USA). The
program is part of a PLA generation suite. The finite state
machine was put through the process for the author by Mr D C
Levy of the University of Natal, who was on sabbatical at
Clemson University at the time. The PEG language
representation of the state diagram, and the resulting logic is to
be found in appendix 3. The process is reported to have run for 45
minutes on the VAX. '

The PLA equations were ultimately implemented in random logic
on the gate array since the PLA structure was not available on
the array(see appendix 3 for full next state logic and output
forming logic diagrams). In order to do this, the equations
generated by PEG were manipulated and converted into logic
circuits consisting of NAND and NOR gates. Any changes
involved manual manipulation of the equation terms.

3.7. Timing

The system was designed to use a simple single phase clock. The
control logic and the registers in the data structure are both
sensitive to the positive edge of the external clock. The simple
clocking procedure allows the arithmetic hardware to settle for
the whole cycle minus the setup time of the registers (4ns). A
complex multiphase clock would not be very useful in the limiting
environment of the gate array.
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4.1. Gate arrays [Beres83]

The gate array is the simplest route to realizing a semicustom IC
implementation of a general digital circuit. It is_an integrated
circuit which is preprocessed in a standard format to the point
before the metal interconnection layer is applied. Only the
metalization layer is customized. It consists of an array of
identical configurable cells. Cells and groups of cells are
configurable as basic logic elements using cell-internal metal
tracks. The user, a semicustom IC designer, builds his circuit using
these basic gates and thereby defines their cell-external
interconnection. These interconnection tracks and the cell-
internal tracks are combined to produce the metal layer masks of
which there are either one or three, one for single level metal and
three for double level metal. The three in the double level case are
metal-1, metal-2 and vias (the vias are metal-1, metal-2 interface).
These are the only user-unique masks of at least six, which is a
major cost reducing factor. Gate arrays in ECL, TTL, IIL and

MOS technology are in production, each with different
characteristics.

The most popular and common, because of low power
consumption and high density, is the MOS technology gate array.
The MOS gate array architecture (figure 4.1) consists of rows of
cells separated by interconnection highways (blank areas reserved
for wiring). Around the block of cells is a row of peripheral cells
which act as interface buffers between the circuit on the array and
the outside world. The basic MOS cell consists of two pMOS and
two nMOS transistors configured as shown in figure 4.2. Power
rails run above and below each row of cells. The basic cell may be
configured as one of a number of simple logic elements such as the

NAND gate in figure 4.3, More complex functions such as a full
adder require more than one cell.
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Reproduced from [PlesD88|
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Figure 4.1: MOS gate array architecture.
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CELL CONFIGURED AS A NAND2

Figure 4.3: MOS cell configured as a NAND gate.
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CAD tools are generally available to assist in the design process.
The most basic CAD tool requirements are a logic simulator and
an interconnection track router. Often, there are tools available to
aid cell placement, circuit-schematic capture, etcetera.

Disadvantages of gate arrays as opposed to full custom or
semicustom IC’s are mainly due to the inflexibility of the cell
structure (especially the size of the transistors in the cell) and the
overall IC layout. The disadvantages amount to loss of
performance and decreased density.

4.2. The Plessey system [PlesD86]

Plessey Semiconductors (Swindon UK) manufactured the
rasterizer IC using their CLA5000 series of arrays. CLA5000 is a
2 micron CMOS process with double level metalization. There are
a number of arrays in the family ranging from 640 to 10044 gates
(see table 4.1). The array used for the rasterizer was a 4408 gate
CLAS55xx (the part number ascribed to the project was CLAS5524).

Table 4.1 CLA5000 arrays

DEVICE GATE 1/0 HIGHWAY
CODE COUNT CELLS WIDTH
CLA51XX 640 36 12
CLA52XX 1232 48 12
CLA53XX 2016 64 12
CLA54XX 3060 80 12
CLA55XX 4408 96 16
CLA56XX 5984 112 18
CLA58XX 8064 144 20
CLA59XX 10044 160 20

As usual the array element consists of two p-channel and two
n-channel devices. An array block is formed from four of these
cells by reflecting the basic cell about central axes (figure 4.4).
These blocks form the rows of cells and they are separated by
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interconnection highways wide enough to accommodate 12, 16, or
20 tracks depending on the é.rray size. Peripheral cells are
arranged around the cell array; these may all be configured as
several different types of input, outpuf, or bi-directional cells
(figure 4.1). The most complex precharacterized cells available are
the full adder and the edge triggered D-type flip-flop. The set of
precharacterized cells form what is known as the technology-
library. The designer or Plessey may use these cells to construct
macros called subcircuits which may be used to build a so called
user-library. The circuit under design is described in terms of
components of the technology-library and the user-library. Only
one level of user hierarchy is allowed by the Plessey CAD suite;
that means that user-library components may not be made up of
other user-library components.

The CAD suite consists of programs to perform simulation, check
the testability of the circuit and autoroute.

The design flow is depicted in figure 4.5. The middle block of the
diagram labeled PLESSEY/CUSTOMER (indicating that the
responsibility for that part of the design may be taken by the
customer or by Plessey staff) depicts an iterative process, done
mainly with the aid of the CAD suite.

4.3. The Plessey components

4.3.1. Overview

Plessey provide a range of components in their technology library
which have been designed at transistor level and hence
characterized by testing in terms of timing and drive capability.
‘These characteristics are built into the technology library. Any
macros and user library components are built of and take their
characteristics from the technology library components. The
standard components consist of, a set of simple gates such as
inverters, 2 to 4 input NAND and NOR gates, some complex gates
including EXOR gates, a range of clock drivers, some arithmetic
functions, transmission gates, and a set of bistables. The whole
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Reproduced from [PlesD86]
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range is detailed in table 4.2.
4.3.2. Drive capability and loading

In the CLAS5000 series the shape factors of the p- and
n-transistors is such that the p-transistor has approximately
twice the resistance of the n-transistor and hence has half the
drive capability. Since gates are made up of series and parallel
connections of p— and n-transistors, those gates that feature more
series p-transistors are slower than those that have more parallel
p-transistors. For this reason NOR gates and especially the many-
input NOR gates are to be avoided. The basic components are
characterized in terms of drive capability. Drive is measured in
terms of the load unit (LU) which is the load presented by one
gate. The CAD software keeps track of loading in the circuit and
issues appropriate warnings. After the routing phase, the tracks
loads are calculated and made available for checking the ability of
the circuit to drive its interconnection. Track loading will often
double loads on a gate.

4.3.3. Tristate components

Transmission gates are the only mechanism available on the
CLAS000 gate array for tristating a node. There are several
problems associated with these components:

—they are bi-directional

—they have no voltage gain

—they increase capacitance on the node which they feed
Transmission gates may however be used as tristate buffers if
they are driven by inverters. The buffers so formed still have very

limited drive capability.

The internal configurations of some of the bistables use
transmission gates, as is common in CMOS design.
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Table 4.2 Cell List

Classic
2INV
INV4
INVS
NAND2
NAND2A
NAND3
NAND4

NOR2
NOR3
NOR4

A2021
02A21
2A2021
202A21
2ANOR
20NAND

A3021
0O3A21
A203I
02A31

EXOR
EXNOR

HADD
SUM
CARRY
FADD*

Format
[ZIBAR,ZZBAR,ZI,Z2]
[ZBAR,Z]

[ZBAR,7]

[F,A,B]

[EAB
[F;ZBAR,A,B,C,Z|
[F,A,B,C,D]

[F,A,B]
[FZBAR,A,B,Z|
[,A,B,C,D]

[F,ZBAR,A,B,C,Z|
[FZBAR,A,B,C,Z|
[F1,F2,A1,B1,C1,A2,B2,C2]
[F1,F2,A1,B1,C1,A2,B2,C2]
[F,A,B,C,D]

[F,A,B,C,D]

[F,A,B,C,D)
[F,A,B,C,D]
[FA,B,C,D]
[F)A;B:C:D]

[H,G,FZBAR,A,B,D,E,7]
[H,G,F,ZBAR,A,B,D,E,Z]

[FFBAR,G,ZBAR,A,B,Z
[SO,SOBAR,A,B,CID)
[CO,COBAR,F,A,B,CL,D,E]
[SO,SOBAR,CO,COBAR,F,A,B,CLD,E|

No of Elements

B DN = k= A DN =

N DN =

NN N DD DN W WN N

LA

Description

dual inverter

inverter,quad drive

inverter, octal drive

2-input NAND gate

2-input NAND gate (between clocked cells)
3-input NAND gate 4 inverter

4—input NAND gate

2—-input NOR gate
3—input NOR gate + inverter
4—~input NOR gate

2—~input AND to 2—-input NOR gate + inverter
2—input OR to 2-input NAND gate + inverter
dual 2-input AND to 2-input NOR gate

dual 2-input OR to 2-input NAND gate
2—input ANDs to 2—-input NOR gate

2—-input ORs to 2-input NAND gate

3~input AND to 2-input NOR gate
3—~input OR to 2-input NAND gate
2—input AND to 3—input NOR gate
2~input OR to 3-input NAND gate

XOR gate + NAND GATE + inverter
XNOR gate + NOR gate + inverter

half adder + inverter
sum block

carry block + NOR gate
full adder + NOR gate

p 19deyn
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CLKA
CLKA-
CLKA+
CLKB

2TM
™

RSNOR
RSNAND

DL
DLRS*

DF
DFRS*
MDEF*
MDFRS*

TRID

[A,ABAR,AI]

[A,ABAR,ZBAR,AIZ]
[A,ABAR,ZBAR,A1Z]
[A,ABAR,ZBAR,AIZ]

[C,CKT,CKILA,B]
[C,CKT,CKI,A]

[QQBAR,R,S]
[QQBAR,R,S]

|Q QBAR,EN,ENBAR,D]
[QQBAR,CKT,CKLD,R,S]

[QQBAR,CKT,CKI,D]
[QQBAR,CKT,CKI,D,R,S]
[QQBAR,CKT,CKLST,SI,D1,D2]
[QQBAR,CKT,CKI,ST,SI,D1,D2,R,S]

[P,N,D,T|

Peripheral cells

OPS
OPD
OPQ
OPTRD
OPTRQ
OPDOD
OPODD
OPQOD
OPODQ

IPI
IPIL+

[OUT,HBAR,MBAR,A,H,M]
[OUT,MBAR,A,M]
[OUT,MBAR,A, M|
[OUT,P,N]

[OUT,P,N]

[OUTA]

[OUT,MBAR,A, M|

[OUT,A]

[OUT,MBAR,A M|

[FIN]
[FIN]

BN NN

—

w

0 OO

basic clock driver

basic clock driver, + inverter
basic clock driver, + inverter
large clock driver, + inverter

2—way transmission gate
buffered transmission gate, inverting

NOR set-reset latch
NAND set-reset latch

bistable latch
set-reset bistable latch

master-slave D type

set-reset master-slave D type

2:1 mux master-slave D type

2:1 mux set-reset master-slave D type

tristate driver

output inverter, single drive + inverter
output inverter, dual drive + inverter
output inverter, quad drive + inverter
tristate output, dual drive

tristate output, quad drive

open drain output, dual drive

open drain output, dual drive + inverter
open drain output, quad drive

open drain output, quad drive + inverter

input inverter
input inverter, lower resistance pullup

p 1ydeyn
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IPTH+
IPIL-
IPTH-

IPS
IPSL+
IPSH+
IPSL~
IPSH-

2BD

[FIN] input inverter, higher resistance pullup

[FIN] input inverter, lower resistance pulldown
[FIN] input inverter, higher resistance pulldown
[FIN] - low threshold input buffer

[FIN] low threshold input buffer, lower resistance
[FIN] low threshold input buffer, higher resistance
[RIN] low threshold input buffer, lower resistance
[FIN] low threshold input buffer, higher resistance
(H1BR,H2BR,H1,H2] dual inverter, type H

¥ 103dey)
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4.3.4. Bistables

There are 2 number of bistables in the family from simple NAND
set-reset latches to edge triggered D-types with asynchronous set
and reset. The structure of the D-type flip-flop is shown in figure
4.6. '

The flip-flops require two non-overlapping clock signals. These are
generated by the clock drivers described below. The CAD
software handles checking setup and hold time limits (both 4ns)
and also checks for excessive clock skew and load.

4.3.5. Clock drivers

Both the Transmission gates and the flip-flops require a non-
overlapping clock signal pair for correct operation. There is a
group of clock driver cells designed specifically for this task. The
array structure is designed such that these clock drivers may be
positioned next to a row of clocked elements in such a manner
that the wiring of the clock signals will not use up routing channel
space. The clock driver cells may be rotated or inverted to provide
either positive or negative edge triggering to clocked cells.

4.3.6. Input and output (I0) blocks

The IO blocks may be configured as two types of input cell:
non-inverting TTL-compatible buffer or inverting CMOS buffer.
The input configurations include resistor-diode protection against

electrostatic discharge. Pull-up and pull-down resistors are also
available.

The output cells are capable of driving one, two or four standard
TTL loads respectively and are of three basic types:

—open drain

—push pull

—tristate
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D-TYPE FLIP FLOP (using transmission gates)

- »

Figure 4.6: D-type flip-flop structure.
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Chapter 4. Gate array design,
4.3.7. Power rails

There are 2 number of power supply pads on each array, more on
the bigger than the smaller arrays. In addition IO cells may be
configured as V- connections to increase the current carrying
capability of the negative rail. This is especially necessary if
many TTL compatible output cells are in use as they are required
to sink large currents.

4.4. The Plessey gate array CAD suite [PlesR86]

4.4.1. Introduction

The CAD suite for the CLA5000 series consists of: CLASSIC, a
logic simulation system; CLASP, for measuring circuit testability;
and SCARP, an autorouting system. The CAD suite has been
written to run on DEC VAX computers running the VMS
operating system. All the programs use VMS-like command
structures and make full use of the operating system features,

especially the capability to run programs in batch and the 132
column CRT screen drivers.

4.4.2. CLASSIC “custom logic analysis and simulation system for
ICs”

4.4.2.1, Overview

CLASSIC is a general logic simulation system, the core of which is
an event driven simulator.

CLASSIC has four distinct parts: .
The compiler (CCLassic) which converts the circuit description file

into data files for the other parts of CLASSIC and does initial
structure checks.

The simulator (SCLassic) which does the actual simulation.

62



Chapter 4. Gate array design.

The display editor (ECLassic) which is used to extract the
simulation results from data files created by SCL.

The test program (TCLassic) used by Plessey engineers to make a
test routine from simulator input test vectors and simulator
output data files.

Refer to figure 4.7 for a functional flow diagram of CLASSIC.

All the user files pertaining to a CLASSIC simulation are named
with one main part and different extents, such as RASTER.CCL
for the circuit file and RASTER.TRK for a router input file. The
extents identify the file and so will often be used alone in the text
below as .CCL etcetera.

4.4.2.2. CLASSIC libraries.

The circuit description file is in the form of a list of components
with all the connections to each component, inputs and outputs,
named. The components are all extracted from one of three
distinct libraries: the technology library, the system library and
the user library. '

The technology library is the basic library that defines the
environment for CLASSIC. Tt describes the characteristics of the
physical components that will be used to implement the simulated
circuit; for example, a technology library may contain the LSTTL
components. There is a set format in which any logic technology
may be described. This convention allows the component to be
modelled in terms of logical function and timing. The timing
information is broken up into intrinsic delay and loading delays
due to finite rise and fall times. Plessey controls the technology
library for the CLAS000 family of gate arrays. As the name
suggests, CLASSIC is designed for use with IC logic and hence all
timing delays for a particular component are equal in a circuit;

this is a limitation when using the system for simulation of
discrete logic circuits.
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Reproduced from [PlesD86]
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Figure 4.7: Functional flow diagram of CLASSIC.
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The system and user libraries are essentially the same except for
their ownership. A project manager or in some cases Plessey will
control a system library while any user may create a personal
user library. These libraries contain components additional to the
technology library. There are two distinct types of component
hamely, a cell and a subcircuit. A cell is built in the same way as
a technology library component, with a functional descriptor and
a timing characteristic, while the subcircuit is a macro built of
technology library components. Unfortunately only one level of
subcircuit hierarchy is allowed.

4.4.2.3. The Compiler (CCLassic).

The compiler requires the circuit description file as input (.CCL
file). This file contains the compiler options, which include the list
of libraries to be used, the size of the simulation mesh and the
types of output files required. The compiler “flattens” the circuit
for the simulator by expanding all subcircuit references, and
creates data files for other stages in the design process, such as a
list of cells and their locations (.CEL file) and a list of required
connections (.TRK file) for the autorouter.

A component is placed in the circuit with one line of the compiler
source file (.CCL). Schematic capture is at present not available
but the capability is under development. Plessey intend to
support schematic capture libraries on a range of popular

commercial workstations, including Daisy, Valid, Mentor and
Futurenet.

A typical compiler source line follows:

D1: (23,45) DFRS(Q,QBAR,CLK,NCLK,DATA,+,+)

where

D1: is a unique block name;

(23,45) is the X and Y co-ordinate of the block origin;
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DFRS is the library name of the model required;

Q,QBAR,... are the names of the nets connected to the model in
the order defined by the library entry.

A boolean equation format is also available to describe circuit
components.

‘The compilation turns up a limited number of errors, mainly
concerned with syntax. It also finds non-unique block names,
unconnected inputs to blocks and warns of undeclared inputs and
outputs to the circuit. The compiler calculates the total load on
every gate output and issues a warning if the load exceeds the
drive capability. There is facility for adding extra load to a node.
This should be used to add track loads near the end of the design
process to check the drive capability of the circuit.

4.4.2.4. The simulator (SCLassic).

The simulator performs the actual simulation of the operation of
the circuit. In addition to some data files describing the circuit
provided by the compiler, the simulator expects an input file
defining the circuit excitation pattern (.SCL file). The excitation
pattern is described in the form of a set of named waves that
have a starting value of 0 or 1 and then change state at certain
times on a time scale which starts at zero. The simulator has a set

of options which must be included in the file containing the
excitation pattern.

There are two important timing notions: the mesh and the
period. The mesh, as defined at compile time, dictates the interval
between calculations by the simulator, while the period is the unit
of time which is used to define the input patterns. The state

change time for an input wave is expressed as a multiple of the
period.
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The simulator tracks changes of state, in time, on all the circuit
nodes. A node may be in one of four states, or four transition
states. The states are as follows:—

0 — positive logic false
1 — positive logic true
Z — high impedance
X — undefined

The transition or intermediate states are:-

u — changing from 0 to 1
d — changing from 1 to 0
z — changing to or from Z.
x — changing to or from X

The range of gate delays normally found in IC’s (MAX, MIN,
TYP) are catered for by the CLASSIC simulator so that a designer
may test circuit operation to ensure that timing is not too critical.
The delay value (MAX, MIN, or TYP) required for a particular
simulation must be specified in the options section of the
simulator input file.

The simulator has a fault simulation option which does a “stuck at
one” and “stuck at zero” test on every node in the circuit. This
means that the simulator does a good simulation and then re-
simulates with one node stuck at one or zero until it detects a
difference between the current simulation and the good
simulation. It only checks for this difference at the declared
output nodes. Detection of a fault is defined as the detection of
“this difference at the output nodes. The simulator records the
number of clock cycles that it took to detect the fault, moves on to
the next node and starts the process again. Clearly this is a time
consuming task. The fault simulation shows the effectiveness of
the excitation pattern as a test pattern and also its efficiency. The
efficiency is a measure of the length of time taken to detect the
bulk of the faults. A time versus faults-detected profile is a
helpful summary of the results.
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The simulator is capable of running 16 simulations in parallel,
each with a different set of stimuli. This feature is useful for
running MAX, MIN, and TYP simulations together as well as for
fault simulations. Fault simulation automatically invokes parallel
simulation to try and cut down the time required. '

The simulator handles the case of an X state appearing on the
input to a gate in two ways, depending on whether XPROP is on
or off. If XPROP is on, an X state on a gate input will cause X to
appear on the output. This results in a pessimistic simulation,
while if XPROP is off an optimistic simulation results. If XPROP
is off, two X states must be present at gate inputs for a change of
state to X on the output to begin.

The simulator reports syntax and consistency errors in an output
file (.SSL) and stores the results of the simulation in a binary data

file (CBR). The display editor described next interrogates the
data file.

4.4.2.5. The display editor (ECLassic).

The purpose of the display editor is to extract different classes of
data from the simulation data (or history) file and display them
in a useful form. The display editor is an interactive program
with a number of different modes of operation, each designed to
allow analysis of the circuit operation and performance.
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Window analysis mode is the best way to study the relative
timing of the signals on all nodes in the circuit . The presentation
of the data is as pseudo-waveforms on a text screen. A set of
appropriate characters is mapped onto the set of states as follows:
" 1

0

transition 0 to 1

transition 1 to 0

X

[ B o -] N/\l

X
Z
z

Also, some special characters are required for problem conditions:
! : The time period represented here contains a glitch.
# : The time period represented here contains a pulse.

An example waveform is shown below:

_ I\ //\ XX XXX [ 2ZZ7Z\____

The window analysis mode is good for finding timing problems
but only a small number of nodes may be studied at once.

The table analysis mode provides the bulk data summary
required to check the logical operation of a digital system. The
most common table format is a row for each time step with the
state of a node in each column. A 132 column CRT screen can
hold a large number of nodes. Options are available to group a set
of nodes, such as a data bus, and display the set as a value to some
base, such as a hexadecimal number.

The display editor will also scan the data file for marginal
conditions such as race conditions, glitches and spikes. Glitches
and spikes are defined in CLASSIC, respectively, as pulses below a

user-defined width and pulses that never reach a logic one or zero
at their peak.
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An error analysis mode lists clock-skew, and setup and hold time
errors as defined in the technology library for clocked cells such as
flip-flops.

If a fault analysis is performed, the display editor is also used to
summarize the results. It lists the faults detected and not detected
and provides a histogram which shows the clock-cycles versus
faults detected profile mentioned above.

4.4.3. CLASP [PlesC86]

This program may be run after compilation. It calculates a series
of numbers called controllability and observability figures for
every node in the circuit. These are intended to give a designer an
idea of how testable his circuit will be. They are measures,
dependent on circuit structure and independent of any test
vectors, of the ability to control a node from the inputs and to
observe the value of a node at an output, respectively. There are
two sub-classes within the series namely, sequential
controllability and observability figures, and combinational
controllability and observability figures. The sequential class is
basically a measure of the number of clock cycles required to
control or observe a node, while the combinational class is
basically a measure of how deep a node is buried in a
combinational block. The figures are not a great deal of help until
a designer has done a number of different types of designs
himself, because Plessey do not commit themselves to specifying
what figures are good and what are bad. An important
characteristic of the figures, however, is that they should all be

roughly the same; any figure much bigger than the rest indicates
a node that will cause the whole circuit to be difficult to test.
Generally also, lower figures are clearly good.
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4.4.4. CLAMP

CLAMP is intended as a placement aid. In the CLASSIC system,
placement is done by assigning to the bottom left hand corner of
any cell a cell-origin co-ordinate; the choice of this co-ordinate
effects the orientation of the cell. These co-ordinates are entered
in the circuit description file, which is an ordinary text file of
circuit source code for the compiler. The co-ordinates may
therefore be entered by using a text editor instead of CLAMP.
CLAMP presents each block in the circuit in sequence for the user
to interactively enter a co-ordinate — this is not ideal since if a
co-ordinate is mistyped the whole sequence must be rerun to
correct the errors. The VMS text editor EDT is easier to use.

4.4.5. SCARP [PlesS86]

SCARP does four distinct tasks: cell layout, layout-plot, track
route, and track-plot.

The first phase converts the .CEL file which contains the cell
origin co-ordinate information (a result of the compilation) into a
file for use by the routing algorithm. The conversion involves the
construction of a complete two-dimensional floor plan and hence
any overlaps or conflicts are reported. The accompanying phase,
layout-plot, produces a diagram of this floor plan for use by the
designer in ensuring that all the cells are in the correct places.

The third phase, routing, is the core of SCARP and is the most
time consuming. The router uses four passes in an attempt to
complete the circuit interconnection on two levels of metal tracks.
Plessey insist that the designer perform a 100% successful
autoroute: no manual intervention is allowed. The algorithms are
briefly described as follows:~

The process begins with two passes of the so called HEURISTIC
algorithm, with a weaker set of restrictions for the second pass.
HEURISTIC attempts to connect points on a node with single
vector lines, “I” lines and two parallel lines with one bridge.
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Two passes of the maze runner LEE algorithm follow the
HEURISTIC passes. The first pass is restricted to tracking
horizontally in metal-1 (in the routing channels) and vertically in
metal-2, while the second pass is unrestricted.

The track-plot may be used by the designer to try and solve any
routing problems by identifying the unrouted points and areas of
congestion. There is a facility to priority route certain nets, but
forcing the router to do a net first in preference to others
generally causes more problems than it solves and the practice is
not encouraged. Prioritising a long and troublesome net will
usually cause a number of shorter net routes to fail. The best
method of influencing routing is to shift blocks around and change
the orientation of certain cells.

SCARP also provides a file of the capacitive track loading for each
net in the circuit. This information must be put back at the
compilation stage so that the simulation may be redone to check
the drive capability of the circuit.

4.5. The customer interface.

Plessey will design and fabricate a circuit according to a customer
specification, but as with many gate array vendors they prefer the
customer to do the complete design. Plessey will lease a customer
or prospective customer the CAD suite if they have the hardware
to run it on, or they will provide for remote use of one of their
own machines. They also provide a number of design rooms at
their semi-custom design centres, such as the one in Swindon
(UK), in which a designer may use a terminal on a machine
running the appropriate software.
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Chapter 5.
Computer Aided Design (CAD) of the rasterizer

5.1. Scope of the work

The work done by the author included: system design; circuit
design and translation into a CLASSIC input file; circuit
simulation and refinement; test vector generation and
verification; array layout and routing. The routed layout was
handed over to Plessey for manufacture. The completed IC was
tested on Plessey Teredyne test equipment according to the test
vectors and simulation results specified by the author. Working
prototypes were sent to the author for subsequent system testing.

5.2. Overview of the procedure (methodology)
Refer to figure 5.1 for a flow diagram of the design procedure.

The system was clearly defined and speoiﬁed according to the
desired operation requirements. The circuit was then designed on
a functional block level to fulfil the specifications.

Each block was then dealt with in detail. The function was
reduced to gate level, described in a CLASSIC source file, compiled
and simulated, while applying suitable test vectors. An iterative

process was used to solve problems in the operation of the
functional blocks.

The funtional block was then added to a user library if it was
totally primary (i.e. made up only of basic cells). No functional
blocks that called other user library blocks could be included in
the user library, because CLASSIC only allows one level of
subcircuitry. If it was not primary, the block was added to the
main circuit description file. The adder, for instance, was dealt
with as a functional block, but not added to the subcircuit library;
some relevant data describing the structure and testing of the
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Chapter 5. : CAD of the rasterizer.

adder is included in appendix 4. An example of circuit blocks that
could be added to the user library is the register set (see library
file in appendix 5).

Once all the functional blocks were completed, they were
combined to form the complete system. The system was tested
and refined until it was operating correctly.

At that stage is was possible to judge the size of the circuit
accurately and hence choose a target gate array.

The layout was compiled next, followed by autorouting.

Finally the router produced a set of track loads. The system was
then resimulated using the track load data to check that all nodes
could still be driven by the circuit and that no timing problems
resulted.

Once the system was finally problem free, the design could be
« handed over to Plessey for manufacture.

5.3. General simulation and evaluation

5.3.1. General

Once a circuit or a functional block of a circuit has been coded in
CLASSIC format and simulated using a set of test vectors, a
number of points must be checked to ensure that the circuit or
block is satisfactory. Firstly, the code should be checked by hand
to ensure that it corresponds to the circuit that the designer
intended. Next, the test vectors should be checked, using the
display editor, to ensure that they represent actual test signals.
Then, the operation of the circuit should be examined, again
using the display editor, to ensure correct logical function and to
examine the timing of important signals. The timing analysis
should show that there are no marginal timing conditions that
may cause the circuit to malfunction, given manufacturing
tolerances. Also, relative timing of signals should be noted in
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connection with the destination of the signals; the user of signals
generated by a block may require the relative timing of different
signals to be within certain limits.

5.3.2. Logic verification

In the case of simple circuit blocks or small circuits, the window
analysis mode is the easiest way to check logical operation,
especially if the circuit has few inputs and outputs. The adder was
such a block. The waveforms in figure 5.2(a) show a basic logic
test on the adder with AI and BI inputs and SI their sum.

5.3.3. Timing analysis

The most important timing consideration in the rasterizer design
was always the worst case delay. This may be easily assessed for
the adder in figure 5.2(b). Al and BI change at 1000 (in units of
100ps) and SI has settled by 1138; the adder delay is hence
approximately 13.8ns. Note that this example is taken from a
design on a slower technology than was finally used; the final
adder had a simulated delay lower than 10ns.

5.4. System simulation and evaluation

5.4.1. General

The last stage of the computer aided design of a system with
CLASSIC is the assembly of the system circuit using all the
subsystems and blocks that have been compiled and tested
individually. The procedure is basically the same as for general
simulation (section 5.3 paragraph one), except that care must be
taken to ensure that all signals applied to the circuit as test
vectors are available as IO signals at pins. IO signals should be
routed through special IO cells, to and from the pins. One must
ensure that the input signal timing is realistic.
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CLASSIC DISPLAY EDITOR

Circuit compiled using CLASSIC compiler version E.2 on 3-DEC-86 at 14:58:35
Circuit file spec DUA :[IZZARD.DIRESTORY.CLASSIC.RA3000.THESIS]ADD.CCL;7

Circuit name ADD

Compilation time units 100PS

Circuit simulated using CLASSIC simulator version E.2 on 3-DEC-88 at 14:59:34
Simulation file spec DUAO:[IZZARD.DIRECTORY.CLASSIC.RA3000.THESIS]ADD.SCL;2
Simulation name ADD

Simulation period 100NS

Min _mask(01) Typ_mask(00) Max mask(10)

Simulation to spec : Supply = 5V 10% Temp = 0-> 170

Circuit simulated with § propagation ON

ZZARD 18-JAN-87 14:55:56  CLASSIC display editor version E.2 Page 1
erminal CLA3000  ViR2 DUAOG: [1ZZARD . DYRECTORY . CLASSIC.RA3000. THESIS]ADD.DAT;1
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Figure 5.2(a): Adder block logic verification. (b): Adder block timing analysis.
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5.4.2. Logic verification

A functional test (functional as opposed to a special test mode
such as signature analysis) was used to verify the logical
operation of the circuit, that is, a set of bytes representing a line
was strobed in and the rasterizer was allowed to draw the line. A
line from hex (000C,0003) to (0000,0000) is drawn in the example
test vector set. The data in figure 5.3 is generated by the display
editor in TABLE mode. The nodes selected for analysis are
named at the top of the table as follows:

INST — the control machine state vector

PIXEL — the X and Y co-ordinates of the pixel location
QnBAR — the complements of various registers, n
BUSA1 and BUSA2 — the two input buses to the adder
SI — the adder output

BUSA and BUSB — buses feeding the a—~ and b-registers

The last four are control signals not of immediate interest.

INST is the state vector; it shows where the state machine is in
the algorithm (see the state diagram, figure 3.10-12).

PIXEL is the external 32 bit pixel address; it is displayed as an X
and a Y value here.

The multi-digit numbers are hexadecimal. The important data
for each time step is marked. Firstly, from time 3609 to time 3653,
the X1 Y1 and X2 Y2 registers are loaded; next, from time 3657
to time 3665, the line is analyzed; after that, while the machine is
in state 1A, the a-register is divided by the b-register and the
result stored in the a-register in state 3A (the value is 0.25 in
decimal); the b-register is set to 0.5 in state 06. From time 3703,
the line is drawn. The output state is 11. The algorithm
terminates at the end of the line and returns to state 00 which is
the start of the algorithm.

78



33270000
36090000
36210000
38250000
38270000
36290000
36330000
36350000
36370000
36410000
36450000
368490000
36510000
36530000
386570000
36590000
36610000
36630000
36650000
38670000
36690000
36710000
36990000
37010000
37030000
37050000
37070000
37090000
37110000
37130000

I P P ] Q B B S S B B Q Q N O S N
N I I X Y U U I L U U A B E V L X
S X X 2 2 S S I S S B B G I R
T E E B B A A A B A A A
L L A A 1 2 R R
R R
H H H H H H H H H H
E E E E E E E E E E E E E E E E E
X X X X X X X X X X X X X X X X !
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 !
_________________________________________________________________________________________________ +
00 0000 0006 FFFF FFF9 0008 0006 000C 0 0000 000C FFFF FFF9 1 0 O© 1
20 0000 0008 FFFF FFF9 0008 0006 000C 0 0000 000C FFFF FFFg 1 0 O 1
10 0000 0008 FFFF FFF9 0008 0008 000C 0 0000 000C FFFF FFF9 1 0 O 1
30 0000 0006 FFFF FFF9 0008 0006 000C 0 0000 000C FFFF FFF9 1 0 O 1
30 000Ce 0008 FFFF FFF9 0008 0008 000C 0 0000 000C FFFF FFF9 1 0 O 1
08 000C= 0006 FFFF FFF9 0008 0008 000C 0 0000 000C FFFF FFF9 1 0 O 1
28 000C 0006 FFFF FFF9 0006 0008 000C 0 0000 000C FFFF FFF9 1 0 O 1
28 000C 0003 FFFF FFF9 0003 0006 0009 0 0000 0009 FFFF FFF9 1 0 O 1
18 000¢ 0003« FFFF FFF9 0003 0008 0009 0 0000 0009 FFFF FFF9 1 0 O 1
38 000C 0003 FFFFe FFFO 0003 00086 0009 0 0000 0009 FFFF FFF9 1 0 O 1
04 000¢ 0003 FFFFe FFF9 0003 0006 0009 0 0000 0009 FFFF FFF9 1 0 O 1
24 000C 0003 FFFF FFF9 0003 0008 0009 0 0000 0009 FFFF FFF9 1 0 O 1
24 000¢C 0003 FFFF FFFFe 0003 0008 0009 0 0000 0009 FFFF FFF9 1 0 O 1
14 000C 0003 FFFF FFFFe 0003 0006 0009 0 0000 0009 FFFF FFF9 1 0 O 1
34 000¢ 0003 FFFF FFFF 000Ce 0000* 000Ce 1 000C= 000C FFFF FFF9 0+ 1 1 0
1C 000C 0003 FFFF FFFF ' 0003e 0000® 0003e 1 0001 0003e FFF3 FFF9 0O0°* 1 1 i
22 000C 0003 FFFF FFFF 000Ce« 0003+ FFF7+ 0 0003 FFF7 FFF3 FFFC 1 0 O 1
32 000C 0003 FFFF FFFF 0003 0003 0006 0 0003« 000C* FFF3 FFFC 1 0 O 1
2A 000C 0003 FFFF FFFF 0003 0006 000F 0 000C OOOF FFFCe FFF3* 1 0 O 1
1A 000C 0003 FFFF FFFF 0008 000C FFFA 0+ 0008 FFFA FFFC FFF3 1 0 O 1
1A 000C 0003 FFFF FFFF 000C 000C 0000 1« 0000 0000 FFF9 FFF3 0 1 1 1
1A 000¢ 0003 FFFF FFFF 0000 000C FFF4 O« 0000 FFF4 FFFF FFF3 1 0 O 1
3A 000C 0003 FFFF FFFF 0003 000C 00O0F 0 4000 OOOF FFFF FFF3 1 0 O0 1
08 000C 0003 FFFF FFFF 0003 000C O00F 0 8000 OOOF BFFF FFF3 1 0 O 1
11 000C+ 0003* FFFF FFFF 0003 8000 8003 0 0000 8003 BFFF 7FFF 1 0 O 1
26 000C 0003 FFFF FFFF 4000 8000 C000 0 0000 (€000 BFFF 7FFF 1 0 O 1
iE 000¢ 0003 FFFF FFFF 000C 000t 000B 1 0000 0QO0O0B BFFF 3FFF 0 1 1 1
11 000B* 0003+ FFFF FFFF 0003 €000 €003 0 0001 €003 BFFF 3FFF 1 0 O 1
28 000B 0003 FFFF FFFF 4000 C€O000 0000 1 0002 0000 BFFF 3FFF 0 1 1 1
18 000B 0003 FFFF FFFF 000B 0001 000A 1 0005 000A BFFF FFFF 0 1 1 1

Figure 5.3: System logical operation verification using TABLE mode analysis.... continued
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37150000 OE 000A 0003 FFFF FFFF 0003 0001 0002 1 000B 0002 BFFF FFFF 0 1 1 i
37170000 11 O00A* 0002+ FFFF FFFF 0002 0000 0002 0 0017 0002 BFFF FFFF 1 0 O 1
37190000 28 000A 0002 FFFF FFFF 4000 0000 4000 0 002E 4000 BFFF FFFF 1 0 © 1
37210000 1E 000A 0002 FFFF FFFF 000A 0001 0009 1 005C 0009 BFFF BFFF 0 1 1 1
37230000 11 0009« 0002 FFFF FFFF 0002 4000 4002 0 00B9 4002 BFFF BFFF 1 0 O 1
37250000 28 0009 0002 FFFF FFFF 4000 4000 8000 0 0172 8000 BFFF BFFF 1 0 O 1
37270000 1E 0009 0002 FFFF FFFF 0009 0001 0008 1 02E4 0008 BFFF - 7FFF 0 1 1 1
37290000 11 0008°* 0002° FFFF FFFF 0002 8000 8002 0 05C9 8002 BFFF 7FFF 1 0 O 1
37310000 28 0008 0002 FFFF FFFF 4000 8000 €000 0 0B92 (€000 BFFF 7FFF 1 0 O 1
37330000 1E 0008 0002 FFFF FFFF 0008 0001 0007 1 1724 ' 0007 BFFF 3FFF 0 1 1 1
37350000 11 0007~ 0002* FFFF FFFF 0002 CO0O co02 0 2E49 (€002 BFFF 3FFF 1 O O 1
37370000 26 0007 0002 FFFF FFFF 4000 (€000 0000 i 5C92 0000 BFFF 3FFF 0 1 1 1
37390000 16 0007 0002 FFFF FFFF 0007 0001 00086 1 B925 0008 BFFF FFFF 0 1 1 1
37410000 OE 0006 0002 FFFF FFFF 0002 0001 0001 1 724B 0001 BFFF FFFF 0 1 1 1
37430000 11 0006* 0001+ FFFF FFFF 0001 0000 0001 0 EA97 0001 BFFF FFFF 1 0 O 1
37450000 28 0006 0001 FFFF FFFF 4000 0000 4000 0 C92E 4000 BFFF FFFF 1 0 O 1
37470000 1E 0008 0001 FFFF FFFF 0008 0001 0005 1 925C 0005 BFFF BFFF 0 1 1 1
37490000 11 0005= 0001~ FFFF FFFF 0001 4000 4001 0 24B9 4001 BFFF BFFF 1 0 O 1
37510000 28 0005 0001 FFFF FFFF 4000 4000 8000 0 4972 8000 BFFF BFFF 1 0 O 1
376530000 1E 0005 0001 FFFF FFFF 0005 0001 0004 1 92E4 0004 BFFF 7FFF o0 1 1 1
37550000 it 0004+ 0001+ FFFF FFFF 0001 8000 8001 0 25C9 8001 BFFF 7FFF 1 0 O 1
37570000 26 0004 0001 FFFF FFFF 4000 8000 c000 0 4B92 (€000 BFFF 7FFF 1 0 O 1
37690000 1E 0004 0001 FFFF FFFF 0004 0001 0003 1 9724 0003 BFFF 3FFF 0 1 1 1
37610000, 11 0003+ 0001 FFFF FFFF, 0001 CO000 c001 0 2E49 CO001 BFFF 3FFF 1 0 O 1
378630000 |° 26 0003 0001 FFFF FFFF, 4000 (€000 0000 1 5€92 0000 BFFF 3FFF 0 1 1 1
37650000 16 0003 0001 FFFF FFFF 0003 0001 0002 1 B925 0002 BFFF FFFF 0 1 1 1
37670000 OE 0002 0001 FFFF FFFF 0001 0001 0000 1 724B 0000 BFFF FFFF 0 1 1 1
37690000 11 0002®* 0000° FFFF FFFF 0000 0000 0000 0 E497 0000 BFFF FFFF 1 0 O i
37710000 26 0002 0000 FFFF FFFF 4000 0000 4000 0 C92E 4000 BFFF FFFF 1 0 O 1
37730000 1E 0002 0000 FFFF FFFR 0002 0001 0001 1 925C 0001 BFFF BFFF 0 1 1 1
37750000 11 0001« 0000% FFFF FFFF 0000 4000 4000 0 24B9 4000 BFFF BFFF 1 0 O 1
37770000 28 0001 0000 FFFF FFFF 4000 4000 8000 0 4972 8000 BFFF BFFF 1 0 O 1
37790000 1E 0001 0000 FFFF FFFF 0001 0001 0000 1 92E4 0000 - BFFF 7FFF 0 1 1 1
37810000 11 0000+ 0000 * FFFF FFFF 0000 8000 8000 0 25C9 8000 BFFF 7FFF 1 0 O 1
37830000 00+ O0000. 0000 FFFF FFFF 0000 8000 8000 0 4B92 8000 BFFF 7FFF 1 0 O 1
37850000 00 0000 0000 FFFF FFFF 0000 8000 8000 0 9724 8000 BFFF 7FFF 1 0 O 1
37870000 00 0000 0000 FFFF FFFF 0000 8000 8000 0 2E48 8000 BFFF 7FFF 1 0 O 1

Figure 5.3: System logical operlation verification using TABLE mode analysis.
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The time units are ten’s of picoseconds. Note that not all clock
cycles have a line on the table since repeated lines are omitted.
The cycle time is 200ns.

A more complete set of results for this test, showing almost all
signals of interest in the entire machine are shown in appendix 5.

5.4.3. Timing analysis

The window mode was used to verify timing of critical signals
and make predictions regarding the operating speed of the circuit.
Figure 5.4(a), below, shows one of the longest delay paths through
the circuit, from the clock edge, through the state machine to the
formation of the appropriate state machine outputs {such as bus
driver enable signals), through the adder, adder result through the
bus structure to settle on the register inputs. INST<n> is the
present state. OUTSTn is the next state. SI<n> is the adder
result. COUT is carry out of the adder and SLI is the quotient bit.
BUSB<n> is the input bus for the b-register where the result of
the current calculation is to be stored. ZERO and EQ are the
result-zero and X1=X2 Y1=Y2 signals. The last signal to settle is
the bus at 82ns after the external clock signal, XCLOCK. This
simulation is done with worst case delays presumed for the gates.
The second set of waveforms in figure 5.4(a) is the best-case-delay
simulation. The system settles in 20ns, best case; a four fold
improvement.

Another critical path is from the adder through the zero detection
circuit to the next state logic and to the state register inputs (see
figure 5.4(b)). The change on ZERO effects the next state QUTST?.
The system settle time here is 118ns worst case and 32ns best case.

The autorouter provides a file of the capacitive track loads for
each node. In many instances the load is greatly increased as may
be seen in the example of node SLI which goes from 2 to 10 gate
loads; INST1 goes from 52 to 86. See figure 5.5 for more examples.
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Figure 5.4(b): Critical timing path analysis2 using window mode:
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NODAL TIMING INFORMATION

INHERENT TIMING LOAD TIMING LOAD MAX TOTAL TIMING

NODE INDEX No T/LOAD LOAD UNITS 10PS

TFALL | TRISE TFALL | TRISE GATE | TRACK TFALL | TRISE
INSTO 604 110 100 2 2 21 24 200 200 190
INST1 608 110 100 2 2 52 34 200 282 272
INST2 808 110 100 2 2 53 41 200 298 288
INST3 610 110 100 2 2 48 34 200 274 264
INST4 612 110 100 2 2 73 468 200 348 338
INSTH 614 110 100 2 2 63 34 200 284 274
SIBAR 14 177 110 100 10 10 9 8 50 280 270
SIBAR 15 178 110 100 10 10 9 8 50 280 270
SINX 5676 110 100 10 10 1 7 50 190 180
SINXB 5730 110 100 40 40 2 0 12 190 180
SINXU 65673 140 140 40 70 1 0 7 180 210
SINY 5677 110 100 10 10 1 7 50 190 180
SINYB 5745 110 100 40 40 2 0 12 190 180
SINYU 5572 140 140 40 70 1 0 7 180 210
SLI 951 110 100 10 10 2 8 50 210 200
SLIBAR 949 110 100 40 40 5 3 12 430 420
SLIU 1242 160 150 50 40 1 0 10 210 190
SMAN 5600 110 100 10 10 1 6 50 180 170
SMANB 5787 110 100 40 40 2 0 12 190 180
SNC1 5685 180 220 40 100 4 0 5 320 620
50C1 55692 140 140 40 70 4 0 7 300 420
SPCG1 5699 140 140 40 70 4 0 7 300 420
SQC1 65609 160 220 40 100 4 0 5 320 620
SRA 2875 110 100 10 10 1 8 50 180 170

Figure 5.5: Nodal loadings and other timing data.



Chapter 5. CAD of the rasterizer.

The critical timing paths shown before are now longer after
resimulation with the correct loadings: see figure 5.6(2) and 5.6(b).
The settling times become 102ns worst and 26ns best in (2) and
132ns worst and 36ns best in (b).

The 132ns delay in figure 5.6(b) implies a worst case maximum
clock rate of 7.6MHz.

5.4.4. Initial testability analysis

The program CLASP was used to try and gain some insight into
the testability of the circuit. The results are shown in figure 5.7.
Note that all the so called uncontrollable nodes are in fact fixed
value nodes and so do not represent a problem.

5.5. Miscellaneous problems
5.5.1. Timing problems

The display editor was also used to scan the data files for

potential timing problems using the RACE, GLITCH and the
ERROR modes.

The race condition that the display editor searches for, in the
RACE analysis, is the input to a clocked cell changing too near the
clock edge. No race conditions were ever a problem unless the
machine was clocked at too high a speed.

The structure of the machine is such that glitches and spikes will
occur in large numbers during the settle period. This is not a
problem because the machine is totally edge triggered; on the odd
occasion where an output drives an asynchronous input such as
the preset or reset of a register, the output is synchronized with an
extra flip-flop. GLITCH analysis therefore produces numerous

errors. The analysis does not help to show problems in this circuit:
race detection is sufficient.
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Figure 5.6(a): Critical timing path analysisl using window mode:

track loads included.
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TEST ANALYSIS REVIEW

Uncontrollable nodes

BUSAA<O> BUSA11<0> BUSA21<0> BUSA21<1> BUSA21<2>
BUSA21<4> BUSA21<5> BUSA21<6> BUSA21<7> BUSA21<8>
BUSA21<10> BUSA21<11> BUSA21<12> BUSA21<13> BUSA21<14>
T1__0B1<0> T1i__0B2<0> T6__0B1<0> T5__0B2<0> T9__0B1<0>
T9__0B1<2> T9__0B1<3> T9__0B1<4> T9__0B1<5> T9__0B1<6>
T9__0B1<8> T9__0B1<9> T9__0B1<10> T9__0Bi1<11> T9__0Bi<12>
T9__0Bi<14> T9__0Bi<15> T9__0B2<0> T9__0B2<1> T9__0B2<2>
T9__0B2<4> T9__0B2<5> T9__0B2<6> T9__0B2<7> T9__0B2<8>
T9__0B2<10> T9__0B2<11> T9__0B2<12> T9__0B2<13> T9__0B2<14>
Total number of uncontrollable nodes 54

Unobservable nodes
Total number of unobservable nodes 0
Max value for com cont 30517 Node name P5C4
Max value for seq cont 4447 Node name P5B10
Max value for com obsv 30675 Node name : CC1_INCK
Max value for seq obsv : 4467 Node name CC1_ENB
TEST ANALYSIS SUMMARY
Number of circuit nets = 2495
Total number of uncontrollable or unobservable nodes = b4
This is 2.1% of total number of nodes
Combinational uncontrollable O nodes = 3
Combinational uncontrollable 1 nodes = 51
Combinational unobservable nodes = o -
Sequential uncontrollable O nodes = 3
Sequential uncontrollable 1 nodes = 51
Sequential unobservable nodes = 0
Number of primary inputs = 13
Yumber of primary outputs = 44
Sumber of test poimts = 0
Vumber of fanout branches = 5552
Vumber of feedback loops or reconvergent famnouts = 3057

lotal fault population = 4990

Figure 5.7: Test analysis with CLASP.

BUSA21<3>
BUSA21<9>
BUSA21<15>
T9__0B1<1>
T9 _0B1<7>
T9__0B1<13>
T9_ _0B2<3>
T9__0B2<9>
T9__0B2<15>



Chapter 5. CAD of the rasterizer.

The ERROR analysis mode turned up the set of clock-skew errors
shown in figure 5.8. These errors are indicated as causing a
problem on the select lines of the transmission gates that act as
tristate bus drivers. The select lines of a transmission gate need
to be driven by clock drivers. The condition on the lines is,
however, incorrectly interpreted by CLASSIC. Close inspection
shows that there are in fact narrow decoding spikes on the select
lines: see figure 5.9. X2A2 is such a select line and the T11__CKn
signals are outputs from the clock driver for X2A2. The spikes are
not acceptable for normal clocked elements such as flip-flops but
are no problem for the drivers. The errors can therefore be
ignored.

5.5.2. Component constraints

The most severe difficulty experienced, caused by the limited
flexibility of gate array components, was matching gate loads
with adequate drive capability. In many cases several levels of
inverters are required to bolster the drive sufficiently.

The problem is especially serious in the case of the transmission
gate. The only component that may be used as a tristate bus
driver is the transmission gate. The transmission gate has no
drive capability of its own. The node it is driving must be driven
by the gate driving the transmission gate; however, the
transmission gate can only carry a small current and so the
designer is discouraged from driving it with more than one small
inverter. The gates may be paralleled to improve the problem, but
this solution offers diminishing returns since, the transmission
gate itself is so capactive that the bus node (that is already
difficult to drive) is made more difficult to drive. The transmission
gate is bidirectional and hence, not only does its own capacitance
add to the driven node, but, when switched on, the capacitance of
the driving node also adds to the driven node.

The result of all this is that, if the transmission gate is used as a

tristate bus driver, the philosophy behind using buses must be
altered. Busses are supposed to be long nodes that carry a variety

89



ERROR ANALYSIS

Tmin =

CK_SKEW
CK_SKEW
CK_SKEW
CK_SKEW
CK_SKEW
CK_SKEW
CK_SKEW
CK_SKEW
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CK_SKEW
CK_SKEW
CK_SKEW
CX_SKEW
cK_SKEW
CK_SKEW
SK_SKEW
JK_SKEW
SK_SKEW
sK_SKEW
JK_SKEW
JK_SKEW
SK_SKEW
>K_SKEW
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;K_SKEW
JK_SKEW
JK_SKEW
‘K_SKEW
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error
error
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error
error
error
error
error
error
error
error
error
error
error
error
error
error
error
error
error
error
error
error
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error
error

¢« Total number

0 Tmax = 40000000 Sim = 1

in block T11_G3 at time 574384
in block T11 _G3X at time 574384
in block T2__G3 at time 576102
in block T2__G3X at time 676102
in block T10_G3 at time 575104
in block T10_G3X at time 675104
in block T4__G3 at time 575872
in block T4__G3X at time 575872
in block T11_G3 at time 4574384
in block T1i1_G3X at time 4574384
in block T2__G3 at time 4575102
in block T2__G3X at time 4575102
in block T10_G3 at time 4575104
in block T10_G3X at time 4575104
in block T4__G3 at time 4575872
in block T4__G3X at time 4575872
in block T11_G3 at time 20574384
in block T11_G3X at time 20574384
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in block T2__G3X at time 20575102
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in block T10_G3X at time 20575104
in block T4__G3 at time 20575872
in block T4__G3X at time 205765872
in block Ti1_G3 at time 24574384
in block T11_G3X at time 24574384
in block T2__G3 at time 24575102
in block T2__G3X at time 24575102
in block T10_G3 at time 24575104
in block T10_G3X at time 245765104
in block T4__G3 at time 24575872
in block T4__G3X at time 24575872

of errors found = 32
Figure 5.8: Results of error analysis on the rasterizer system.
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Chapter 5. CAD of the rasterizer.

of signals around a circuit, using little track space in comparison |
to tracking all those signals around separately. Now, because of
the problem with driving the bus nodes the buses must be made
short and near the elements they are driving, while the variety of
signals must be tracked all the way to the bus. This poses a grave
routing difficulty and reduces busing to multiplexing.

Another interesting difference between standard busing and
transmission gate busing is the issue of tristating the bus. It is
poor practice to allow a bus to remain tristate in CMOS circuits
because the p— and n-branches of the driven gates may both end
up on, causing a large current drain on the power supply. Hence,
one bus user must be selected at all times.

5.68. Test vector generation

The modern ideal for IC testing is to build the circuit with
switchable data paths and dual purpose IO pins; the circuit has a
test mode in which individual blocks are tested separately. The
test sequences that result from this structure are very imuch
reduced because no circuit nodes are too deep in the circuit to be
inaccessible. That method was not used in the case of the
rasterizer, however, because it requires a large number of extra
multiplexers and other ancillary circuitry to implement, and the
available gate arrays were too small. The alternative is clearly to
do a functional test and check that the results are correct. This
system can result in very long test vector sets ( more than 50 000
vectors). In the case of the rasterizer the length of a good set of
vectors is only about 2000; however, a test that at least exercises
the most significant bits of all the registers and data paths

requires well over 64k vectors because a very long line must be
drawn.

The functional test consists of drawing the set of vectors in figure

5.10. The set completely tests the state machine and control logic,
but does not exercise every bit in the data structure.
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Figure 5.10: Test vectors.

AAAA, COOC-AACA , CCEE
5555,3333-556C, 3348
7777,1144-776D, 113A
8888, EEBB-8878 ,EEA2
FFB3,FEFF-FFB3, FEFF
0000, 0000-0003, 0003
0000, 0000-0005, 0000
0007,0000-0000, 0000
0000, 0000-0000, 0006
000C, 0003-0000, 0000
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Chapter 5. CAD of the rasterizer.

5.7. Test vector evaluation

It is possible from a knowledge of the circuit to judge how much
of the circuit is tested by a set of vectors but this is not strictly
sufficient. The CLASSIC suite provides two ways of evaluating
the effectiveness of a vector set. The first, and least time
consuming, is an EVENTS analysis of simulation data by the
display editor. This analysis lists all untoggled nodes in the
circuit. The EVENTS data for the rasterizer test vector set is
shown in figure 5.11. There is a large number of nodes that are not
toggled simply because they have fixed inputs (these are in fact
the uncontrolable nodes in figure 5.7). The remainder are not
toggled due to an inexhaustive test vector set.

The fault simulation is the second method of test evaluation. The
process (as described in chapter 4) is very time consuming even
though an option exists to cover only a random selection of
vectors and allow the display editor to infer the actual fault cover.
The summary-results of three random fault simulations are given
in figure 5.12. Note that undefined faults are those that cause
outputs to be in the state X and can usually be detected. Hence,
the results indicate that fault cover by the test vectors is between
91% and 97%, which is a more than acceptable level.
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\VENTS ANALYSIS
93.1% of listed nodes were toggled in the time specified
TABLE OF LISTED NODES NOT TOGGLED

BUSA11< 0>
BUSA12<10>
BUSA21< 9>
BUSAA< 9>

BUSAC< 8>

BUSBA< 7>

T13_0Bi< 6>
T13_0B2< 5>
T13_0B2<15>
T1i__0B1<15>
T1__0B2<15>
T3 _0B1<14>
T3__0B2<13>
I's5__0B1<13>
I6__0B2<13>
[9__0B1< 5>
r9_"0B1<15>
r9__0B2< 9>

BUSA11< 7>
BUSA21< 0>
BUSA21<10>
BUSAA<10>

BUSAC< 9>

BUSBA< 8>

T13_0B1< 7>
T13_0B2< 6>
T1__OBi< 0>
T1__0B2< 0>
T3__0B1< 6>
T3__0B1<15>
T3~ _0B2<14>
T5__0B1<14>
T5__0B2<14>
T9__0B1< 6>
T9__0B2< 0>
T9__0B2<10>

BUSA11< 8>
BUSA21< 1>

BUSA21<11>

BUSAA<11>

BUSAC<10>

BUSBA< 9>

T13_0B1< 8>
T13_0B2< 7>
Ti__0Bi< 7>
T1__0B2< 7>
T3__0B1< 6>
T3__0B2< 5>
T3__0B2<15>
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Figure 5.11: Event analysis for test vector set.
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* CLASSIC RANDOM FAULT ANALYSIS * TMIN= 18000 STEP=
* RESULTS OF STATISTICAL ANALYSIS #1 =*

Total fault population = 3210

Number of faults analysed = 268

Percentage of faults analysed = 8

90% Contfdence limits are 75~ 83 %

This will be increased to 94- 97 % if all undefined faults are detected

* CLASSIC RANDOM FAULT ANALYSIS * TMIN= 18000 STEP=
* RESULTS OF STATISTICAL ANALYSIS #2 =x

Total fault populatiomn = 3210

Jumber of faults analysed = 268

?ercentage of faults analysed = 8

0% Confidence limits are 80- 88 %

[hig will be increased to 91- 96 % if all undefined faults are detected

* CLASSIC RANDOM FAULT ANALYSIS * TMIN= 18000 STEP=
* RESULTS OF STATISTICAL ANALYSIS #3 =*

‘otal fault population = 3210

lumber of faults analysed = 266

'‘ercentage of faults analysed = 8

‘04 Confidence limits are 82- 88 §%

his will be increased to 94- 97 % if all undefined faults are detected

Figure 5.12: Results of three random fault analyses on the rasterizer system.
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Chapter 5. CAD of the rasterizer.

5.8. Placement and routing

The main circuit description file in appendix 3 is summarized by
the compiler (in the .CDL file) as follows:

Total number of logic blocks used = 752

Total number of array elements used = 3442

Utilisation is 78% on' a 4408 gate array

Total number of peripheral cells = 57

Total number of circuit nets = 2554

Total number of nodes generated = 5822

Total number of bytes of machine code generated = 307268

Each of the 752 logic blocks mentioned above required hand
placement by assigning it a co-ordinate on the grid of array
elements (clearly some logic blocks use multiple array elements).
The input and output nodes are each assigned by hand to a
peripheral cell. There were 57 signal inputs or outputs. The
remainder of the 68 pins available on the package were assigned
to power connections 3 V+ and 8 V-. The “nets” above are
electrical nodes and the “nodes” are the physical nodes or points

on the array that have to be interconnected. The greatest number
of nodes on a net is 90 and the least is 1.

The rasterizer consists of two distinct types of circuitry. The first
is the control block, which is a six bit register, and a large block of
- random logic (disorderly groupings of NAND, NOR, etc cells). The
logic implements the next state and output logic equations ( here
this logic replaces a PLA type logic structure). The second is the
arithmetic architecture, which is a very orderly set of logié and 16
bit registers connected by five 16 bit buses and their associated
tristate drivers. These two types of structures are the most
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Chapter 5. CAD of the rasterizer.

difficult to route because of the random logic in the one case, and
the wide buses in the other case. The array is 78% utilized — this
is a very high utilization for a gate array especially in view of the
structures involved,

Firstly the library components were placed on an independent co-
ordinate system so that they could be placed on the array as
macro-cells (see appendix 5 for the layouts of the library).
Placement was done by hand on the main array, with the two
main blocks separated slightly; they may be identified on plate 5.1
— the random logic in the top righthand corner.

The array was successfully autorouted after four iterations and
without use of net prioritizing (in each case net prioritizing caused
the solution to be less complete than without). Plate 5.1 shows the
metal-1 and metal-2 plot. Successful routing was achieved by
careful analyzing of problem areas and shifting blocks of cells to
create space. An important factor contributing to the success of
the routing was that the interconnection channel width, for the
array used, was 16 tracks, so that a bus could fit in one channel. If
the channel was narrower the route would have failed at such a
high utilization.

Apart from the essential IO signals assigned to pins, the state
vector was also routed via IO cells to pins to aid evaluation and
debugging of the completed IC. The IC required a 68 pin PLCC
package with 57 signal pins and 11 power supply pins (3 V4 and 8
V-). The pin assignments are shown on figure 5.13.

5.9. Design handover

Ultimately, the circuit was simulated with a full set of test vectors
and including track loadings, ensuring that no artificial
conditions existed, that would make the simulation optimistic.
These conditions are, for instance, circuit initialization at nodes
internal to the circuit, or simulation with XPROP off. The history
file is used by the Plessey test engineers during probe testing of
the processed wafers. At a certain time in each clock cycle
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Chapter 5.

Plate 5.1: Plot of metalization layers.
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Chapter 5. CAD of the rasterizer.

(usually 70% of cycle) the history file is compared with the device
outputs and if the results compare favourably, the device is
passed. The devices received -by the customer are therefore

guaranteed to perform in the same way that the simulation
performs.

The completed design with the routed array in digital form, and
circuit description files, test vectors and final history files were
handed over to Plessey who delivered working prototypes for
evaluation after eight weeks. Part of the handover process with
Plessey is the completion of “Design Reviews” in which the design
process is checked by a senior engineer and the conditions of the
contract between Plessey and the customer are laid down in
writing. The final design review for CLA5524 (CLA5524 is the
serial number for the rasterizer array) is reprinted in appendix 7.
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Chapter 6.
Rasterizer evaluation: results and conclusion

6.1. Semicustom IC testing

A completed semicustom IC must be tested to ensure that the
fabrication process has been physically successful. The IC must
also be tested in its working environment to ensure that it meets
the functional specifications. Apart from these two major tests
there are other minor tests that may be performed. For instance,
the device may be tested to ensure that the relative timing of
certain signals is within specification. In some cases the supply
current drawn by the device may be a critical parameter.

6.2. Physical process verification

The functional tests are only necessary in the development phase
of a device, while the physical tests are always necessary, even in
the production phase of the life of a product. It is for this reason
that “design for testability” is very important for a device
intended for high volume production, since easy testability
(physical process verification) can cut costs. Many semicustom
designs are products in the development phase or are not intended
for large volume production. For this reason the physical process
verification tests are less important for semicustom (although
they are still essential) and hence so called “design for testability”
is a secondary consideration. This is true for the rasterizer. The
verification of the success of the physical process in the case of
the rasterizer was done by the Plessey test engineers on a
Teredyne test bed using the set of functional tests (the test
vectors) mentioned in the previous chapter.

Ultimately, the circuit was simulated with a full set of test
vectors, while including track loadings in the circuit model, and
ensuring that no artificial conditions existed that would make the
simulation optimistic. These conditions are, for instance, circuit

101



Chapter 6. : Rasterizer evaluation.

initialization at nodes internal to the circuit, or simulation with
XPROP off. The history file was then used by the test engineers
during testing of the processed arrays. The tests are done as
follows: at a certain instant in each clock cycle (usually 70% of
cycle) the simulated outputs in the history file are compared with
the real device outputs and if the results compare favourably for
the whole test vector set, the device is passed. The devices
received by the author are therefore guaranteed to perform in the
same way that the simulated system performed.

6.3. Functional tests

Clearly the tests done by the Plessey test engineers also serve as a
functional test although their effectiveness is limited by the
accuracy and faithfulness of the simulation. There is a possibility,
for instance, that the simulated inputs are not realistic or do not
properly represent the environment in which the device is required
to work. It remains to test the IC in the system for which it is
intended. This would constitute the most effective functional test.

At the time of writing this document, the target system was still
under construction and so the author built a small circuit to
further test the functionality of the device in a real environment
as well as to check the findings of the Plessey test engineers. The
rasterizer is required to accept data from an INTEL 8237 DMA
controller. A IBM PC printer port was used as a simple way of
simulating the stream of data (apart from the speed) from the
DMA controller. See figure 6.1 for a schematic of the test jig.
Simple non-inverting buffers were sufficient glue logic on the PC
side. A TEKTRONIX 7D02 logic analyzer and a PHILLIPS pulse
generator were used to control the device and analyze the
resulting output data, respectively. The IBM DOS program

PRINT was used to dump the appropriate bytes to the rasterizer.
Plate 6.1 shows the test setup.
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Figure 6.1: Schematic of test jig.
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Chapter 6. Rasterizer evaluation.

Plate 6.1: Photograph of test jig.
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Chapter 6. Rasterizer evaluation.

6.4. Results

The rasterizer was seen to gather data correctly. The
rasterization of a range of different types of lines, manhattan and
general, short and long, and lines of different direction, was tested.
The various algorithm terminations were verified and all
branches exercised. The flow control on the pixel bus was checked.
A major aid in functional verification was the availability of the
state vector in the form of extra output lines.

Although the special test bed was not optimised for performance,
the device performed correctly with a 10 MHz clock (design
specification 8 MHz) which results in a maximum rasterization

speed of 5 MHz for 0° and 90° lines and between 2.5 MHz and 3.3
MHz for general lines.

It is expected that the chip will perform well in the overall
graphics display system. The chip has been handed over to the
“systems group” and will be incorporated into the graphics display
gystem which is scheduled for testing in the second half of 1987.
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Conclusion.
A graphics rasterizer IC.

The objective of this thesis was the design of a semicustom IC to
improve the redraw response of a graphics display system in a
simple and flexible way.

Two basic bottlenecks were identified: firstly, rasterization of the
basic display elements or primitives, which amounts to a lack of
raw processor power; secondly, the fundamental limitation of
memory bandwidth on the speed at which pixels (the results of
rasterization) may be written into the pixel memory.

The solution proposed was to provide some specialized hardware
in the form of an IC to do the rasterization. The hardware was to
remain simple and flexible.

The concept of parallel rasterization in which individual
rasterizers queue for graphics primitives was developed. The
rasterizers work independently while they can. They then queue

to access the pixel memory bus in order to store the results of
their work.

A line rasterizer of this nature was designed and implemented on
a Plessey CLA5000 gate array. The array was completed in the
United Kingdom by the author and manufactured by Plessey
Semiconductors Limited also in the United Kingdom.

Plessey delivered ten prototypes. The chips had been tested on a

Teredyne tester using the simulated test vectors and results
supplied. '

Further tests by the author verified the functionality of the
rasterizer and showed that it is capable of rasterizing manhattan

lines at speeds of up to 5 million pixels per second, and general
lines at speeds of 3 million pixels per second.
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Conclusion. A graphics rasterizer IC.

The rasterizer design is complete and has been shown to operate
according to specification. The IC’s have been handed over to a
system-design group for incorporation into a graphics display
system.
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Appendix 1.
Circuit diagrams.

This appendix consists of a diagram of the true internal circuit
(not including the state machine) with all the net names used in
the .ccl files of appendix 5.
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Appendix 2.
DMA timing considerations.

There are some clock speed constraints on the rasterizer in order
to ensure that it works with the PC DMA controller properly.

The 8237 DMA controller is used in demand transfer mode. Note
that the clock cycle for the PC (PCT) is 210ns, 70ns high and 140ns
low. In demand transfer mode the DMA DREQ must be removed
TQS before the 8237 state four, S4, of the last byte transfer cycle
(see timing diagram).

The DMA arbitration system needs to know 1) that the rasterizer
is about to receive, or is receiving, its last byte 2) when the last
byte transfer cycle has begun, in order to remove the DREQ.
Condition 2) is indicated by the falling edge of the 8237 MEMR
and condition 1) may be learned from two rasterizer signals: S9
and S10. S9 and S10 indicate that the rasterizer is ready for the
second-last and last bytes respectively. '

S10 may be used with MEMR to stop transfer, if it arrives with-
or before MEMR. S10 may be up to two rasterizer cycles (27T)
after the 8237 IOW (rasterizer memr). Referring to the timing
diagram, this means that

PCT - TDCTW + TDCL > 2T < 210 - 130 + 190 = 270

that is, the rasterizer must be clocked at > 7.4 MHz.

If a slower clock is to be used, S9 must be used. This does,
however, mean that S9 must be remembered external to the
rasterizer. S9 must be latched with the rising edge of IOW (with

the incoming data). This latched S9 may be used with the falling
edge of MEMR as before to remove DREQ.
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In this mode the rasterizer needs to be clocked at two thirds of
the speed of the 8237 in order to keep up with the data rate. This
is because the rasterizer will spend at least two clock cycles in the
each read-state, while a DMA transfer is three clock cycles.
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Reproduced from 1986 Intel Microsystems Data Book V1
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Figure 11. DMA Transfer
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Appendix 3.
State machine.

This appendix contains the PEG form of the state diagram and
the circuit diagram of the state machine along with complete
next state and output forming logic.

The next state and output forming logic shown here is the result
of manipulation of the equations produced by PEG.

This is an example of an equation (nsl bit 0) produced by PEG:

OutSt0"=

(RESET& MAN&ENX& ENY& BG&'EQ& InSt0"&!InSt1"&InSt2"&UnSt3 & InSt4”&!InSt5")
(RESET& ENY&BG& InSt0*&!InSt1"&InSt2°&!InSt3" & InSt4°&!InSt5")

(RESET& MAN& ENX&ENY&BG&EQ& InSt0"&!InSt1°&!InSt2" &INSt3™& InSt4™&!InSt5”)
(RESET& MAN&ENY&BG& EQ& InSt0*&!INSt1"&!INSt27&InSt3 & InSt4"&InSt5")
(RESET& MAN&IENX&ENY&EQ& InSt0*&lInSt1"&lInSt2°&!InSt3"& InSt4"&!InSt5")
(RESET&MANKENY&IBG& InSt0*&INSt"&!INSt2°&!INSt3"& InSt4"&!InSt5")

(RESET& InSt0*&lInSt1"&UnSt2° &InSt3" &!InSt4")

(RESET&!INSt0*& InSt1"& InSt27& InSt37)

(RESET&ENX&IOV&!INSt0*& InSt1"& InSt2"&!InSt3"&!InSt4*& InSt5")
(IRESET&ENX&InSt0"& InSt1"&iInSt2” & InSt3"&InSt4"&!InSt5")

(IRESET& MAN&IENX&INSt0*& InSt1"&lInSt2"&InSt3"& InSt4”™);

The equations may be converted into a truth table by EQNTOT
and then minimized by PRESTO, however, the manipulation in
this case was done manually with the aid of a logic minimization
program (a modified version of a Departmental program, MINIM)
since the Berkley software was not running on a local machine at
the time. A number of logical changes were affected by hand at a
late stage in the design. The logic shown in the diagrams that
follow is a result of hand translation of logic equations.
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PEG representation of the rasterizer’s state diagram

The state diagram is transformed into the PEG language
formatshown below as input to the program PEG which generates
PLAequations.

The structures of the language are largely self evident; each state
is represented by a colon and may or may not be labled; signals
are defined for each state by the ASSERT construct; flow control
is achieved in a similar manner to Pascal or any other structured
language. The PEG program is isomorphic to the state diagram.

INPUTS :BACK MEMR
ZERO NEG MAN C16 ENX ENY INX INY
BG EQ OV;

OUTPUTS :BREQU LXIL

LX1U LY1L LY1U  LX2L LX2U
LY2L LY2U CLEARFF X1Al SENX
X2A2 RA SINX SENY BA2

LA SUBA2 SUBA1 LB SMAN
SINY 7Y1Al Y2A2 RB AAl
ABBA ASHA1

DIV  SRA RDR FVB

TA2 RXY BR

import  :ASSERT BREQU;
IF NOT BACK THEN LOOP;

:ASSERT RDR;

IF NOT MEMR THEN LOOP;
:ASSERT RDR;

IF NOT MEMR THEN LOOP;

:ASSERT RDR LXI1L;
IF NOT MEMR THEN LOOP;
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PEG representation of the rasterizer’s state diagram.

:ASSERT RDR LX1U;
IF NOT MEMR THEN LOOP;

:ASSERT RDR LY1L;

IF NOT MEMR THEN LOOP;
:ASSERT RDR LY1U;

IF NOT MEMR THEN LOOP;

:ASSERT RDR LX2L;
IF NOT MEMR THEN LOOP;

:ASSERT RDR LX2U;
IF NOT MEMR THEN LOOP;

:ASSERT RDR LY2L;
I[F NOT MEMR THEN LOOP;

:ASSERT RDR LY2U;
IF NOT MEMR THEN LOOQOP;

analyse :ASSERT CLEARFFS X1A1 X2A2 RA LA SUBAZ2;

CASE (ZERO NEG)
0 0 => deltaY;
0 1 => swopX;
1 0 => zeroX;
1 1 => import;
ENDCASE;

swopX  :ASSERT X1A1l X2A2 RA LA SUBAI1 SINX; GOTO
deltaY;

, zeroX :ASSERT SMAN SENY; GOTO deltaY;

deltaY :ASSERT Y1A1 Y2A2 RB LB SUBA2;
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PEG representation of the rasterizer’s state diagram.

CASE (ZERO NEG)
0 0 => dltaXY;
0 1 => swopY;
1 0 => zeroY;
1 1 => import;
ENDCASE;

swopY :ASSERT Y1A1l Y2A2 RB LB SUBAL1 SINY; GOTO
dltaXY;

zeroY :ASSERT SMAN SENX; GOTO dltaXY;
dltaXY :ASSERT AA1 BA2SUBAJL;
CASE (ZERO NEG)
0 0 => everY;
0 1=> everX;
1 0 => fortyf;
1 1 => import;
ENDCASE;
fortyf : ASSERT SENX SENY SMAN; GOTO busrg;
ev_erY :ASSERT SENY; IF MAN busrq ELSE divide;

everX :ASSERT ABBA LA LB SENX; IF MAN busrq ELSE
divide;

divide
:ASSERT ASHA1 BA2 SUBA2 DIV LA;
'IF NOT C16 THEN LOOP;

:ASSERT SRA LA;
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PEG representation of the rasterizer’s state diagram.

:ASSERT FVB; GOTO busrg;

chkfre :ASSERT AA1BA2 LB RB;
CASE (OV ENX INX ENY INY)

o 1 o0 ? 1 =>d%
0 1 1 ? ! =>iX;
0 0 ? 1 0 =>dY;
0 0 ? 1 1 =>1iY;
0 0 ? 0 ? => busrg;
1 ? 0o ? ! =>decX;
1 ? 1 ? ?  =>incX;

ENDCASE;

decX :ASSERT SUBA2 X1A1TA2 RXY LX1U LXI1L;
IF INY THEN incY ELSE decY;

incX :ASSERT X1A11A2 RXY LX1U LX1L;
IF INY THEN incY ELSE decY;

decY :ASSERT SUBA2 Y1A1 IA2 RXY LY1U LY1L; GOTO
busrg;
incY :ASSERT Y1A1IA2 RXY LY1U LY1L; GOTO busrg;
dX :ASSERT SUBA2 X1A1TA2 RXY LX1U LX1L;
CASE (ENY INY)
0 ? => busrg;
1 0=>dY;
1 1=>1iY,;
ENDCASE;
iX :ASSERT X1A11A2 RXY LX1U LXI1L;
CASE (ENY INY) -
0 ? => busrg;
1 0 =>dY;
1 1=>1iY;
ENDCASE;
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PEG representation of the rasterizer’s state diagram.

dY :ASSERT SUBA2 Y1A1IA2 RXY LY1U LY1L; GOTO
busrg;
iy :ASSERT Y1A1TA2 RXY LY1U LY1L; GOTO busrq;

busrq :ASSERT BR;
CASE (BG EQ MAN ENX INX ENY INY)

—~

0o????1?? =>LOOP;
1 17?2?77 ? ? =>import;
100 ? ? ? ? =>chkirg
101107 ? =>dX
1011177 =iX;

1 0107?10 =>dY;
1010711 =>iY;
10107? 0 ? =>hbusrg;
ENDCASE;
: GOTO import;

The end.
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Appendix 4.
Adder block.

This appendix consists of a the adder block .CCL file and the
appropriate user library, as well as the .SCL file used to exercise
the adder and some results.
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options
techlib=c1a3000
userlib=adderlibd
arraysize=6000
connect/nets/count
iolist
timing/alpha/all
units=100ps
summ
netlist

;1ibdata

; calls/techlib

calls/userlib

inputs/AI<0:15>,BI<0:15>,CIN
outfuts/SI<0:15>,COUT
declare/CI<0:14>

éircuit

; carry generate/propagate block

B1: PGBL [ PI<0:15>, GIBAR<0:15>, AI<0:15>, BI<0:15> ]
; £irst level of carry lookahead
B2: BCLA CI<0:2>, PSi, GSBi, PI<0:3>, GIBAR<0:3>, CIN
B3: BCLA CI<4:8>, PS2, GSB2, PI<4:7>, GIBAR<4:7>, CI<3>
B4: BCLA CI<8:10>, PS3, GSB3, PI<8:11>, GIBAR<8:11>, CI<7>
BS: BCLA CI<12:14>, PS4, GSB4, PI<12:156>, GIBAR<12:15>, CI<11>
; second level of carry lookahead with cout=gstar + cin.pstar
B6: BCLA [CI<3>, CI<7>, CI<11>, PS, GSB, $
pPs1, Ps2, PS3, PS4, GSB1, GSB2, GSB3, GSB4, CIN ]
G1: NAND2 EPSCIN, CIN, PS ]
G2: NAND2 COUT, GSB, PSCIN ]

; summer block 8 = p(i) .exor. c(i-1)

4 B7: SUMBL {SI<0:15>, PI<0:15>, CIN, CI<0Q:14> ]
en
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options

Ifaults
t clasp

! AUTO
1

inits

inputs

end

ALL
PERIOD=100ns
XPROP

TMAX=8
NPARAL=2

NPARAL=1
SIM€13=MAX
SIM(2)=MIN

STROBE

21<15:0>/hex=0000
b1<15:0>/hex=0000
¢cin = 0

ai<15:0>/hex
bi<15:0>/hex

0000 > 1,
0000 > 1, FFFF > 2, OACOF > 3, FFFF > 4, O00F > 5, 0004 > 6

FFFF > 2, 0000 > 3,
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CLASSIC DISPLAY EDITOR

Circuit compiled using CLASSIC compiler version E.2 on 3-DEC-868 at 14:58:35
Circuit file spec DUAg [IZZARD.DIRESTORY CLASSIC.RA3000.THESIS]ADD.CCL;7

Circuit name ADD

Compilation time units 100PS

Circult simulated using CLASSIC simulator version E.2 on 3-DEC-868 at 14:59:34
Simulation file spec DUAO:[IZZARD.DIRECTORY.CLASSIC.RA3000.THESIS]ADD.SCL;2
Simulation name ADD

Simulation period 100NS

Min_mask(01) Typ_ mask(OO) Max _mask(10)

Simulation to Bspec : = 5V 104 Temp = 0-> 70

Circuit simulated with propagation ON

ZZARD 16-JAN-87 14:55:58 CLASSIC display editor version .2
¥RECTDRY CLASSIC. RASOOO THESIS]ADD.DAT;1

erminal CLA3000 ViR2 DUAO:[IZZAR
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options
P techlib=cla3000

arraysize=6000

H connect/nets/count
; iolist
; timing/alpha/all
units=100ps
summ
; netlist
define
33k ok ok R R KRR o ok K K KK KK K K KK R Ok Ok R
; pg cell with asserted low gi output 30k ko ok 4ok 30k Kk

;******************************************************

subcir/ucatal
pgbar [pi gibar ai,bi]
NAND2 iibar,AI,BI]

GZ NAND2 ABI,AI gibar]
G3: NAND2 ABBI gibar,BI
AEI,ABBI]

G5: NAND2

endm

;*****************************************************

; SINGLE PG CELL *

;**************************t*****i*************t**t***

subcir/ucatal

[pi,gi:ai,bi]
PE P gGi: NAND2 ABI,AI,BI]

G2: NAND2 AABI,AI,ABI]
G3: NAND2 ABBI,ABI,BI
G4: 2INV ,GI,+,ABI]
G5: NAND2 PI,AABI,ABBI]

endm
;***********************t***********************

;16 BIT PG BLOCK using asserted high gi *#kxkkxx
5 ok ok e kol i ok ok ak e ok sk e koK ok ok ok ok ke ke ke ok 3k e sk sk ko kK Sk ik 3k K ke kK ok ok ok ok ok ok

subcir/ucatal
PGBLAH [PI<0:15>,GI<0:15>: AI<0:15>,BI<0:15>]
;using the pg block from adderlib create a 16 bit pg block
SUPPLIES/+VDD
cO :
CO _G1 : NAND2

CO__G2 : NAND2
CO__G3 : NAND2

PG [PI<0>,GI<0> AI<0>,BI<0>]
CO__ABI,AI<0>.BI<0>]
CO_TAABI,AI<0>,C0 ABI]
CO_TABBI,CO__ABI,BI<0>
CO__G4 : 2INV[,GI<0>,VDD,CO_ ABI]
CO_TG5 : NAND2EPI<0> CO_ AABT,CO__ABBI]
; cl : [PI<1>, GI<I> AI<1>,BI<1>]
C1__ Gl : §AND2L __ABI,AI<1>,BI<1>]
€177G2 : NAND2[C1 TAABI,AI<1>,C1 ABI]
C177G3 : NAND2[C1 TABBI.C1_  ABI,BI<1>
C1-7G4 : 2INV[ GI<1> VDD, C1__ABI]
¢1_7G5 : NAND2[PI<1>’ 01 AABT,C1__ABBI]
; c2 PG [PI<2>,GI<35, AI<2>,BI<2>]
C2__G1 : NAND2[C2_ ABI,AT<2>.BI<2>]
€27G2 : NAND2[C2 TAABI,AI<25>,C2 ABI
€277G3 : NAND2[C2 “ABBI.C2 _ABT,BI<2>
C2-"G4 : 2INV[,GI<2>,VDD,C2  ABI]
c2_"G5 : NAunzf PI<2>,C2  AABT,C2  ABBI]
; 3 [PI<3>,4I<3>, AI<3>,BI<3>]
C3__G1 : NAND2 c3 _ABI,AI<3>,BI<3>]
C3.7G2 : NAND2[C3 _AABI,AI<3>,C3  ABI
€3_°G3 : NAND2[C3 ”ABBI,C3_ ABI,BI<3>
C37-G4 : 2INV[,GI<3>,VDD,C3  ABI]
€3765 : NAND2(PI<3> C3_ AABT,C3_ ABBI]

cd : [PI<4>, GI<4> AI<4>,BI<4>]
‘ea__c1 NAND2 c4 _ABI,AI<4>.BI<4>]
C477G2 : NAND2[CA_AABI,AI<45,C4_ ABI
C4_G3 : NAND2[CA “ABBI.C4_  ABT,BI<4>
C4-°G4 : 2INV[,GI<4>,VDD,C4d  ABI]



c4__G5

c5__G1
C5__G2
C5__G3
C5__G4
CS G5

CB _G1
C6__G2
C8__G3
C6__G4
CS _G5

C7 _G1
C7__G2
C7__G3
C7T__G4
C7 —G5

CB _G1
C8__G2
c8__G3
C8__G4
C8__G5

c9__G1
co”_~G2
co__a3
c9__a4
co__G5

C10_G1
€10_G2
C10_G3
cio G4
010

011

ci1 GZ
ci1
cit G4
611 G5

012 G1
C12_G2
€12_G3
C12_G4
012 G5

013 G1
C13_G2
€13_G3
€13_G4
013 G5

"c14_G1
C14_G2
C14_G3
C14_G4
014 G5

615 G1
C15_G2
€15_G3
C15_G4
C15_G5
ENDM

Iil | lll R

IR }

c5 :

: NAND2

: NAND2t05 _ABI,AI<5>,BI<5>]
: NAND2

: NANDZ[PI<4> C4__AABI,C4__ABBI]

[PI<¢5>, GI<ES AI<5>,BI<5>]

C5 AABI AI<5> C5 ABI]
C5__ABBI,C5_ ABI BI<5>

: 2INV[,GI<5>, VDD c5_ ABI]

: NAND2

. NAND2[PI<5>.C5  AABT,C5__ABBI]
cs .
: uAunzﬁcs _ABI,AI<6>,BI<6>]

PG [PI<s>, GI<B> AI<6>,BI<6>]

C6 AABI AI<6> C6 ABI]
C6__ABBI,C6 ABI BI<6>

NAND2

: 2INV[,GI<6>, VDD c6_ ABI]
: NANDZtPI<6> C6__AABI,Cc6__ABBI]

c7 :

c8

PG [FI<7>,84I<75, AI<7>,BI<T7>]
NAND2[C7__ABI,AI<7>,BI<7>]

NAND2[ C7 _AABI,AI<7>,C7 ABI]

NAND2[ C7 _ABBI,C7__ABI,BI<7>

2INV( .GI<7>,VDD,C7 _ABI]

NAND2[PI<7>,C7__ AABT,C7__ABBI]

PG [PI<8>, GI<E> AI<8>,BI<8>]
NANDZECB _ABI,AI<8>,BI<8>]
NAND2[ C8 _AABI,AI<8>,C8 ABI}
NAND2[C8 _ABBI,C8__ABI,BI<8>
2INV[,GI<8>, VDD, C8” TABI]

: NANDZfPI<8> ¢8 ' AABI,C8 _ABBI]

c9

:+ NAND2
: NAND2

[PI<9>, GI<5> AI<9>,BI<9>]

i NANDZECQ _ABI,AI<9>,BI<9>

C9_ AABI AI<9> Ccg ABI}
C9__ABBI,C9 ABI BI<9>
2INV[,GI<S>, VDD co_ ABI]

. NAND2[{PI<9>,CQ  AABI,C9 _ABBI]
c10: PG [FI<10>,GI<10>, AI<10>,BI<10>]
: NANDZECiO ABI,AI<10>,BI<10>]

: NAND2
: NAND2

.
.

C10 AABI,AI<10>,C10 ABI]
C10 ABBI,C10_ABI,BI<10>
2INV[,GI<10>,VDD,CI0 ABI]

. NaND2[PI<10>.¢10 AABT,C10_ABBI]

clil: PG [PI<11>, GI<11>j AI<11> ,BI<11>]

: NAND2

NAND2

: NANDZECii ABI,AI<11>,BI<11>

ci1 AABI AI<11> 11 ABI]
C11_ABBI,C11 ABI BI<11>

. 2TNV[,GI<I1>,VDD,CI1 ABI]
: NAND2{PI<11>.C11 AABT,C11 ABBI]
ci2: PG [PI<12>, GI<13> AI<12>, BI<12>]

.
.
A

: NANDZ

NAND2[C12 ABI,AI<12>,BI<12>]

NAND2[ C12 AABI,AI<125,C12 ABI}
¢12 ABBI.C12 ABI,BI<12>

2INV[ .GI<12>,VDD,Ci2 ABI]

. NaND2[PTI<12>.¢12 AABT,C12_ABBI]
c13: PG [PI<13>,6I<13>, AI<13>,BI<13>]
: NANDZECiS ABI,AT<13>,BI<13>]

: NAND2

c13 AABI AI<13> C13_ABI
NAND2[C13_ABBI,C13 ABI BI<13>
2INV[,GI<13>, VDD ci3 ABI]

: NANDZf I<13> C13_AABI,C13_ABBI]

: NAND2
: NAND2
: 2INV(
: NANDZ PI<14>,C14_AABI,C14_ABBI]

: ﬁAnnzgc15 ABI,AT<15>,BI<15>]

cl

: NAND2
: NAND2

[PI<14>, GI<13> AI<14>,BI<14>]

C14 AABI,AI<14>,C14 ABI]
C14_ABBI,C14_ ABI,BI<14>
GI<14>, VDD, C14 ABI]

: ﬁAND2k014 ABI,AI<14>, BI<14>j
PG

[{PI<15>, GI<1E> AI<15>,BI<15>]

C15 AABI AI<15> €15 ABI]
C15_ABBI,C15_ ABI BI<1i5>

: 2INV[tGI<15> VDD ¢is ABI]

¢ NAND2

PI<15>,C15_AABI,C15_ABBI]

5 4 80 e ke ok ok ok e sk sk ok ool ook ok R ke ok i ok ol Nk ook s ook ok 3Ok sk ok ok ok okl kol ok o ook ko o ok ook ok koK K ok Kok
; pg block using agsserted low gi e ok o ok ke 3 ok ok ok ok sk ok ok ok i ok ok ok ok sk sk ok ok ok koK ok ok ok K
5 % e A0k 3l ok ok ok o e ke ok e ok ok ok ok e ok ek ok ok ok ko dk ok kol e i ok ek kol 3Kk ok ek ok ok ok ok ok kol ok ok ook ok sk ok ok koK K ok

subcir/ucatal
PGBL [PI<0:15>,gibar<0:15>: AI<0:15>,BI<0:15>]

;using the pg block from adderlib create a 16 bit pg block

CO__G1
co_~G2
co__G3
~co_Ze5

c1__c1
c1--G2

cO :
: NAND2 gIBAR<O> AI<0>,BI<0>]

bar  [PI<0>,gibar<Q>, AI<0>,BI<0>]

: NAND2[CO__AABI,AI<0>,GIBAR<O>
: NAND2[CO__ABBI, GIBAR<O> BI<0>
: NAND2[PI<0>,C0__AABI,CO__ABBI

cl

: NAND2
: NAND2

IBAR<1>, AI<1> ,BI<1>]

: F bar [PFI<i>, gibar<1> AI<1>,BI<1>]
c1__AABI.AI<1>.GIBAR<1>]

152



C1__G3 : NAND2
Ci__G5 : NAND2
: c2 :

C2__G1 : NAND2

ABBI,GIBAR<1>, BI<1>]
PI<1> Ci AABI,C1__ABBI

bar  [PI<2>,gibar<2>, AI<2>,BI<2>]
IBAR<2>,AI<2>,BI<2>]

C2__G2 : NAND2{C2__AABI,AI<2>,GIBAR<2>

€C2°°G3 : NAND2[C2 ~ABBI,GIBAR<2>,BI<2>

C2__G5 : NAND2[PI<Z>,C2__AABI,C2_ ABBI

;0 c3 bar [PI<3>,gibar<3>, AI<3>,BI<3>]
€3__G1 : NAND2 IBAR<3> AI<3>,BI<3>]

C3_ G2 : NAND2[C3__AABI,AI<3>,GIBAR<3>

€3__G3 : NAND2[C3__ABBI, GIBAR<3>,BI<3>

€3__G5 : NAND2[PI<3>,C3__AABI,C3__ABBI

;. c4 bar [(PI<4>, gibar<4>, AI<4>,BI<4>]
C4__G1 : NAND2 IBAR<4> AI<4>,BI<4>]

C4__G2 : NAND2[C4__AABI,AI<4>,GIBAR<4>

CA_"G3 : NAND2[CA _ABBT,GIBAR<4>,BI<4>

C4__G5 : NAND2[PI<4>,C4__AABI,C4__ ABBI

;. ¢5 : bar [PI<5>, gibar<5> AI<5>,BI<5>]
C5__G1 : NAND2 IBAR<5> AI<5>,BI<5>]

C5__G2 : NAND2[C5__AABI,AI<5>,GIBAR<5>

C5__G3 : NAND2[C5 _ABBI,GIBAR<5>,BI<5>

C5__G5 : NAND2[PI<5>,C5__AABI,C5__ABBI

'CS__Gi : NAND2[ GIBAR<6>, AI<6> BI<6>]
C6__G2 : NAND2[C6__AABI,AI<6>, GIBAR<6>%
C6::G3 : NAND2[C8~ ABBI GIBAR<B>,BI<6>
CS _G5 : NANDZ[PI<5> C6__AABI,C6__ABBI]
c? E bar [PI<7>, gibar<7> AI<7>,BI<T>]

cB : E bar [Pi<s>, gibar<6> AI<8>,BI<8>]

c7 _G1 NAND2 IBAR<T7>, AI<T> ,BI<7>]
C7 G2 : NAND2[C7__AABI,AI<7>,GIBAR<7>]
C7 ~G3 : NAND2(CT7” " ABBI, GIBAR<7> BI<7>]
C7 G5 NANDZ[PI<7> C7__AABI,C7 __ABBI
c8 bar [PI<8>, gibar<8> AI<8>,BI<8>]
ca__c1 : NAND2 EIBAR<8> AI<85>,BI<8>]
C8__G2 : NAND2[C8__AABRI,AI<8>,GIBAR<S8>
C8__G3 : NAND2[cC8” ABBI GIBAR<8> BI<8>
08 _G5 : NAND2[PI<8>,CS8 AABI,C8__ABBI
c9 : bar [PI<o>, gibar<9> AI<9>,BI<9>]
09 _G1 : NAND2 gIBAR<9> AI<9> ,BI<9>]
CQ GZ : NAND2[C9__AABI,AI<9>,CGIBAR<O>
co_ G3 : NAND2[CO9~ ABBI GIBAR<9> BI<S>
CQ G5 : NAND2[PI<9>,C9 AABI,C9__ABBI
c10: bar [PI<10> gibar<10>, AI<10>,BI<10>]
CiO_Gl : NAND2 EIBAR<10> AI<10> ,BI<10>]
C10_G2 : NAND2[C10_AABI, AI<10> GIBAR<10>]
C10_G3 : NAND2[C10~ ABBI,GIBAR<10>,BI<10>
€10_G5 : NAND2[PI<10>, 010 AABI,C10_ABBI] .
; cli: ébar [PI<11>, gibar<11> AI<11>,BI<11>]
Ci1_G1 : NANDZ? IBAR<11>, AI<11> BI<i1>]
C11_G2 : NAND2[C11_AARI, AI<11> GIBAR<11>]
C11_G3 : NAND2{C11™ ABBI,GIBAR<11>,BI<11>
C11_G5 : NAND2[PI<11>, 011 AABI,Ci1_ABBI]
H cl2: gbar [(PI<12>, gibar<12> AI<12>,BI<12>]
C12_G1 : NAND2[GIBAR<12>, AI<12> ,BI<12>]
C12_G2 : NAND2{C12 _AABRI, AI<12> GIBAR<12>
€12 _G3 : NAND2[C12™ _ABBI, GIBAR<12> BI<12>
C12_G5 : NAND2[PI<1I2>, 012 AABI, 012 _ABBI]
; c13: ébar [PI<13>, gibar<13> AI<13>,BI<13>]
C13_G1 : NAND2 IBAR<13>, AI<13> ,BI<13>]
C13_G2 : NAND2[C13 _AABRI, AI<13> GIBAR<13>] :

C13_G3 : NAND2[C13” ABBI,GIBAR<13>,BI<13>

PI<i3>, 013 AABI,C13_ABBI]

Sbar [PI<14>,gibar<14>, AI<14>,BI<14>]
IBAR<14>,AI<14> ,BI<14>]

C14_AABI, AI<14> GIBAR<14>

C14_G3 : NAND2[Ci14~ _ABBI, GIBAR<14> BI<14>

014 G5 : NAND2[PI<i4>, 014 AABI, C14 _ABBI]

ci5: [sbar [PI<15>, gibar<15> AI<15>,BI<15>]

013 G5 : NAND2
cl4:

014 G1 : NAND2

C14_G2 : NAND2

i

015_61 : NAND2[GIBAR<15>,AI<155> ,BI<15>]
C15_G2 : NAND2[C15_AABI, AI<15> GIBAR<15>
15 _G3 : NAND2[C15_ ABBI, GIBAR<15> BI<15>

C15_G5 : NAND2[PI<I5>, cis _AABI, 15 _ABBI]

ENDM

**********************************************************************
;18 BIT SUMMER BLOCK (just a string of xor gates) kK K
**********************************************************************

subcir/ucatal
SUMBL [SI<0:15>: PI<O: 15>,CIN,CI<0: 14>]
GO: EXOR[ SI<0> ,,,,PI<0> CIN ,-,~-,-]

G1: EXOR[ SI<1> ,,,,PI<1>, CI<0>,- -,—
G2: EXOR[ SI<2> ,,,,PI<2>, CI<1>,-,~ -}



G3: EXOR[ S8I<3> ,,,,PI<3>, CI<2>,-,-,-

G4: EXOR{ SI<4> ,,,,PI<4>, CI<3>,-,-,-

G5: EXOR[ SI<s> ,,,,PI<5>, CI<4>,—,-,-

G6: EXOR[ SI<8> ,,,,PI<8>, CI<5>,-,-,-

G7: EXOR[ SI<7> ,,,,PI<7>, CI<6>,—,— -

G8: EXOR[ SI<8> ,,,,PI<8>, CI7>,-,-,~

G9: EXOR[ S8I<9> ,,,,PI<9>, CI<8>, N

G10: EXOR| SI<10> ,,,,PI<10> CI<@>,—-,=,~]

G11: EXOR[ SI<1i1> ,,,,PI<11>, CI<10> -,-,—

G12: EXOR|[ SI<i12> ,,,,PI<12>, CI<ii>,-,-,-

G13: EXOR| SI<13> ,,,,PI<13>, CI<12>,-,-,~

G14: EXOR[ SI<i4> ,,,,PI<i14>, CI<13>,—,-,—

G15: EXOR[ sSI<i1s5> ,,,,PI<15>, CI<14>,-,-,-
endm
o s o ko kR Rk o oKk ok ok o ok o ok o ok ok 3k ki ok ok ok o ok ok ok ok K ok ok ok ok ok ok ok ok ook ok ok ok ok K
; 4 bit bela unit s ok ok ok o 3k ok sk 3k ok o ok ok ok % ok K ok
5 o ok o K kR R K KKK 3R o o KKK R o K K o o K KK oK o K KK o o KK KK
subcir/ucatal ]

bcla [ci<0:2>, pstar, gstBar : pi<0:3>, gibar<0:3>,cin]

G1: NAND2 i<0>,gibar<0>,pc]

G2: NAND2 pc,cin,pi<0>

G3: NAND2 ng g0, pi<i>

G4: NAND2 pgl,gl,pi<2>]

G5: NAND2 ng,gZ pi<3>]

; use extra inverters from the first
;three 3nands to produce high asserted g0 gl g2

G8: NAND3 ci<i>, g0 , gibar<i>, pg0, ppec, gibar<0> ]
G7: NAND3 PPC, gi ,» pic<i>, pi<0> cin, gibar<i> ]
G8: NAND3 ppPg0, g2 , p1<2> pi<1>, g0, gibar<2>

G9: NAND3 ppgl, pstar, pi<3>, pi<2>, gl, pstbar ]

G10: NAND4 pppc, pi<2>, gl<1> pi<0>, cin]
G1i1: NAND4 §<2> gibar< pegl, png gp c]
G12: NAND4 PPPEC, gO, p1<1>, pi<2> §1< ﬁ
Gi3: NAND4 gstar, gibar<3> %2 pgg pppgo]
G14: NANDA  [pstbar, pi<0>, pi<i>, pi<25, pLe3>]

G15: INV4 (gstBar, gstar]

endm
R T T 1 I I I I I T I T I T T e,
I Y REGISTERS VARIOUS 303 30 3 ok K ok 3k ok ok ko sk ok ok oK oK o ok ok

3 % ok ok ok ok sk st e ok ok ke ol e ok sk ok ok ok ok ok sk ok ol ok e ok 3k ok sk i ke e ok i koK ok s koK o ok ok ok ok ok ok ki sk ok ok ok ok ok ok ok ok %k ok

SUBCIR/UCATAL
SHR [ Q<0:15> : EXCK, SLI ]
G1: CKB [ CK, CKBAR, EXCK ]
DO: DT Q< 0>, , CK, CKBAR, SLI ]
D1: DT Q< 1>, , CK, CKBAR, Q< 0>
D2: DT Q< 2>, , CK, CKBAR, @< 1>
D3: DT Q< 3>, , CK, CKBAR, Q< 2>
D4: DT Q< 4>, , CK, CKBAR, Q< 3>
DS: DT §< 5>, , CK, CKBAR, Q< 4>
D8: DT Q< 6>, , CK, CKBAR, Q< 5>
D7: DT Q< 7>, , CK, CKBAR, Q< 6> ]
D8: DT Q< 8>, , CK, CKBAR, Q< 7> ]
D9: DT Q< 9>, , CK, CKBAR, Q< 8>
D10: DT Q<10>, , CK, CKBAR, Q< 9>
D11: DT Q<11>, , CK, CKBAR, Q<10>
D12: DT Q<12>, , CKX, CKBAR, Q<ii>
D13: DT Q<13>, , CX, CKBAR, Q<12>
Di4: DT Q<14>, , CK, CKBAR, Q<13>
D15: DT Q<15>, , CK, CKBAR, Q<14> ]

ENDM

SUBCIR/UCATAL

ABREG [ Q<0:15> : D<0:15>, EXCK, LOAD, CLR 1

G1: NAND2 [ INCK, EXCK, LOAD ]

G2: INVS R, CLR ]

G3: CKB [ CK, CKBAR, INCK ]

po: DTRS @< 0>, , CK, CKBAR, D< 0>, R, +
D1i: DTRS Q< 1>, , CK, CKBAR, D< 1>, R, +
D2: DTRS Q< 2>, , CK, CKBAR, D< 2>, R, +
D3: DTRS Q< 3>, , CK, CKBAR, D< 3>, R, +



ENDM

SUBCIR/UCATAL

ENDM

;*******************************t******#*********************************

XYREG [

Gl:
G2:

G3:
G4:

DTRS
DTRS
DTRS
DTRS
DTRS
DTRS
DTRS
DTRS
DTRS
DTRS
DTRS
DTRS

Q<0:15>

NAND2
NAND2

CKA
CKA

Q< 4>,
Q< 5>,
g< 6>,
Q< 7>,
Q< 8>,
Q< 9>,
Q<10>,
Q<il>,
Q<12>,
g<13>,
Q<14>,
Q<15>,

[ . T I I

T w3

CX, CKBAR, D<
CK, CKBAR, D<
CX, CKBAR, D«
CK, CKBAR, D«
CK, CKBAR, D<
CK, CKBAR, D<

CK, CKBAR,
CX, CKBAR,
CX, CKBAR,
CK, CKBAR,
CK, CKBAR,
CK, CKBAR,

4>,
5>,

75,
8>,
9>,

D<10>,
D<11>,
D<12>,
D<13>,
D<14>,
D<15>,

0 T S 5T 0 0 0 5 5K T 0
P R

PR R S H U VE S VU T VT R

D<0:15>, EXCK, LUPP, LLOW ]

INCKU, EXCK,
INCKL, EXCK,

CXU, CKBARU, I
CKL, CKBARL, I

g< 2>,
Q< 3>,
Q< 4>,
Q< 5>,
Q< 8>,
Q< 7>,

Q< 8>,
Q< 9>,
Q<10>,
Q<11>,
Q<12>,
Q<13>,
Q<14>,
g<156>,

i
E
Q< 0>,
\w 0

.~ m w e W % N

. % % %" w W ww

;kkkxkkkxkk TRISTATE BUFFER

;***************************************************************

DEFINE

SUBCIR/UCATAL

ENDM

end

TRI [ 0UT<0:15>

G1i:

CKB

2TM3
2TM3
2TM3
2TM3
2TM3
2TM3
2TM3
2TM3

CKL,
CXL,
CKL,
CKL,
CXL,
CKL,
CKL,
CKL,

CKU,
CKU,
CKU,
CXU,
CXU,
CKXU,
CKU,
CKU,

LUPP }
LLOW

NCKU ]
NCKL

CKBARL,
CKBARL,
CKBARL,
CKBARL,
CKBARL,
CKBARL,
CKBARL,
CKBARL,

CKBARU,
CKBARU,
CKBARU,
CKBARU,
CKBARU,
CKBARU,
CKBARU,

IN<O:15>, SELECT ]
[ CK, CKBAR, SELECT ]

ouT< 0>,
guT< 2>,
QUT< 4>,
guT< 8>,
ouUT< 8>,
ouT< 10>,
DUT< 12>,
0UT< 14>,

ouT<
0uT<
QUT<
QuUT<
QuT<
0UT<
0UT<

1>, CK,
3>, CK,
5>, (K,
7>, CK,
9>, CK,
i1>, CKX,
13>, CK,

fuT<15>, CK,

D<
D«
D<
D«
D<
D<
D«
D«

D«
D<

0>
1>
2>
3>
4>
5>
6>
7>

8>
9>

D<10>
D<1ii>
D<12>
D<13>
D<14>
CKBARU, D<15>

CKBAR, IN<-

|

CKBAR, IN«
CKBAR, 1IN«
CKBAR, IN<
CKBAR, 1IN«
CKBAR, IN<
CKBAR, IN<
CKBAR, IN<
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0>
2>
4>
6>
8>
10>
12>
14>

SIN< 1>
,IN< 3>
,IN< 5>
JINS 7>
»IN< 9>
»IN<11>
»IN<13>
,IN<15>



Appendix 5.
System CLASSIC files

This appendix consists of CLASSIC files from the final system,
complete with library, .SCL files describing the test vectors, and a
fuller set of results for the test examined in chapter 5.

156



options

techlib=cla5000
userlib=RASLIB
arraysize=4408
connect/nets/count
iolist
timing/alpha/NETS
units=10ps

summ

netlist

circuit

calls/techlid
calls/userlid

;I0 declares
SUPPLIES/+VDD,-VSS

INPUTS/
INPUTS/

QUTPUTS/
gQUTPUTS/
QUTPUTS/

;general

DECLARE/
declare/
DECLARE/
DECLARE/
declare/
DECLARE/
declare

declare/ QSHBAR<0:15>, XYBUSA<Q:15>, XYBUSB<Q:15>

declare/ BUSAa<0:15>,BUSAb<0:15>,BUSAc<0:15>,BUSAd<0:15>

declare/ BUSA11<0:15>, BUSA12<0:15>, BUSA13<0:15>, BUSA14<0:15>

declare/ BUSA21<0:15>, BUSA22<0:15>, BUSA23<0:15>, BUSA24<0:15>

declare/ BUSBa<0:15>,BUSBb<0:15>

declare/ XYBUSA1<0:15>,XYBUSA2<0:15>

declare/ XYBUSB1<0:15>,XYBUSB2<0:15>

DECLARE/ INST<0:5>,NINST<0:5>

joutputb cells oo ieee.

;pixel bus
opO: 1,1000) ops pixel< 0>, ,o0i< 0>,
opl: 3,1000; ops pixel< 1>, ,o0i< 1>,
op2: 5,1000 ops pixel< 2>, ,o0i< 2>,
op3: 10,1000 ops pixel< 3>, ,o0i< 3>,
op4: 12,1000 ops pixel< 4>, ,o0i< 4>,
opb: 13,1000 ops pixel< 5>, ,0i< 5>,
opb: 14,1000 ops pixel< 6>, ,o0i< 6>,
op7: 16,1000 ops pixel< 7>, ,o0i< 7>,
op8: 17,1000 ops pixel< 8>, ,o0i< 8>,
op9: 19,1000 ops pixel< 9>, ,o0i< 9>,
opl0: 20,1000) ops pixel<10>, ,o0i<10>,
opii: 24,1000 ops pixel<11>, ,o0i<11>,
opl2: 28,1000 ops pixel<12>, ,0i<12>,
opid: 28,1000 ops pixel<13>, ,0i<13>,
opl4: 2000,1; ops pixel<14>, ,o0i<14>,
opls: 2000,3 ops pixel<15>, ,0i<15>,
opl8: 1,2000) ops pixel<16>, ,0i<18>,
opl7: 1000,28; ops pixel<17>, ,0i<17>,
opl8: 1000,28 ops pixel<18>, ,0i<18>,
opl9: 1000,24) ops Pixel<19>, ,o0i<19>,
op20: 1000,20 ops pixel<20>, ,0i<20>,
op21: 1000,19 ops pixel<21>, ,0i<21>,
op22: 1000,17 ops pixel<22>, ,0i<22>,
0p23: 1000,18 ops pixel<23>, ,0i<23>,
op24: 1000,15 ops Pixel<24>, ,0i<24>,
op25: 1000,13 ops plxel<25>, ,0i<25>,
op286: 1000,12 ops Pixel<26>, ,0i<26>,
op27: 1000,10 ops pixel<27>, ,01<27>,
op28: 1000,9) ops Pixel<28>, ,01<28>,
op29: 1000,5) ops pixel<29>, ,01<29>,

/ BUSA<O0:15>,

DATAEX<0:7>
XCLOCK, XRESET, XBG, XMEMR, XBACK

PIXEL<0:31>
XBR, XBREQ, XRDR, XS1, XS89, XSi0
XINST<0:5>

declares

0I<0:31>
x1<0:15>,qy
ATAIN<O:7>,
DATABAR<0:7>
CI<0:14>
SIBAR<Q:15>

1<0:15>
DATAINA<O:7>

BUSB<0:15>, QABAR<O:1

5>,
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QBBAR<0:15>

oi«
oi«
oi<
oi<
oix<
oix<
oi<
oi«
oi<
oi«

O>,+,qxl<
1>,+,qx1<
2>,+,q11<
3>'+'q11<
4>,+,qx1<
5>,+,qx1<
8>,+,qx1<
7>,+,qx1<
8>‘+,qx]_<
9>'+,qx1<

0>
1>
2>
3>
4>
5>
6>
7>
8>
9>

0i<10>,+,qx1<10>
oi<i1>,+,qx1<11>
01<12>,+,qx1<12>

0i<13>,+,qx1<13> ]
0i<14>,+,qx1<14> ]

0i<15>,+,9x1<15>

oi<18>,+,qyl<
0i<1i7>,+,qy1<
oi<18>,+,qyi<
0i<19>,+,gy1<
01<20>,+,qyl<
0i<21>,+,gy1<
0i<22>,+,qy1<
01<23>,+,qy1<
0i<24>,+,qyi<
01<25>,+,qyi<

0>
i>
2>
3>
4>
5>
8>
7>
8>
a>

01<26>,+,qyi<10>
01<27>,+,qy1<11>
0i<28>,+,qy1<12>
01<29>,+,qy1<13>

—n



ops pixel<30>, ,0i<30>, 01<30>,+,qyl1<14> ]

ops pixel<31>, ,0i<31>, 0i<31>,+,qy1<15> |

ops [ xbr, ,br , br,+,nbr ] ;external active low

ops [ xbreq, ,breq , breq,+,nbreq ] ;EXT LOW

ops [ xrdr, , , rdr,+,+ ] ;external active low

ops [ xs1, ,s81,s81,+,n81 ]

ops [ xs9, ,89,89,+,n89 ]

ops [ xs10, ,810,810,+,0810 ]

ops xingt<0>,. ,t8t0,%tet0,+,inst0 ]

ops xinst<1>, ,tstl,tstl,+,instl

ops xingt<2>, ,tst2,tst2,+,inst2

ops xinst<3>, ,tst3,tst3,+,inst3

ops xinst<4>, ,tst4,tst4,+,inst4

ops xingt<B6>, ,tstb,tst5,+,insth

DRIVE

IPS CLOCKU, XCLOCK ]

INV4 CLOCK1, CLOCKU ]

INV4 CLOCK2, CLOCKU

CLOCK1,CLOCK2]

IPS DATAINA< 0>, DATAEX< 0>

IPS DATAINA< 1>, DATAEX< 1>

IPS DATAINA< 2>, DATAEX< 2>

IPS DATAINA< 3>, DATAEX< 3>

IPS DATAINA< 4>, DATAEX< 4>

IPS DATAINA< 5>, DATAEX< 5>

IPS DATAINA< 8>, DATAEX< 8>

IPS DATAINA< 7>, DATAEX< 7>
LCK,LCKB,,  MEMRA ,+] .
DATAIN< 0>,, LCK,LCKB, DATAINA< 0> ]
DATAIN< 1>,, LCK,LCKB, DATAINA< 1> ]
DATAIN< 2>,, LCK,LCKB, DATAINA< 2> ]
DATAIN< 3>,, LCK,LCKB, DATAINA< 3> |
DATAIN< 4>,, LCK,LCKB, DATAINA< 4> |
DATAIN< 5>,, LCK,LCKB, DATAINA< 5> ]
DATAIN< 8>,, LCK,LCKB, DATAINA< 6> ]
DATAIN< 7>,, LCK,LCKB, DATAINA< 7> ]
DATABAR< 0>, DATAIN< 0>
DATABAR< 1>, DATAIN< i>
DATABAR< 2>, DATAIN< 2>
DATABAR< 3>, DATAIN< 3>
DATABAR< 4>, DATAIN< 4>
DATABAR< 5>, DATAIN< 5>
DATABAR< 6>, DATAIN< 8>
DATABAR< 7>, DATAIN< 7>

IPS [ RESET, XRESET ]

IPS E nBG, XBG ];internal active high

INV4 BG, nBG

IPS [ nBACK, XBACK ];internal active high

INV4 BACK, nBACK ]

IPS [ MEMRA, XMEMR ]

op30: 21000,3g
op31l: 1000,1
;br
op32:  (2000,5)
;bre
4 op33: (2000,18)
;rdr
op34:  (2000,10)
;81
op35: (2000,12)
;89
op38: (2000,13)
;810
op37: (2000,14)
; EXTRA TEST POINTS
op38: 20,2000
op39: 24,2000
op40: 26,2000
opd1l: 28,2000
op42: 2000,28
op43: 2000, 28)
.. INPUTS
Hatadatataintatatateied CLOCK IN, (M)-TYPE
CX0: 23,2000
CX1i: 37,35
cK2 (37,38
CK3 PARAL [CLOCK,
Hatatadated DATA
I0: 5,2000;
I1: 9,2000
I2: 10,2000
I3: 12,2000
I4: 13,2000
I5: (15,2000
I8: gis,zooog
I7: 17,2000
ILCX 237,37 clkb
ILO: 39,37) d4df
IL1: 41,37) df
IL2: 43,37) d2f
IL3: 45,37) df
IL4: 47,37) df
ILS: 49,37) df
IL8: 51,37) df
IL7: 53,37) df
IvVo: 39,383 INV4
Ivi: 41,38) INV4
IV2: 43,38) INV4
IV3: 45,368) INV4
Iva: 47,38) INV4
IVS: 49,38) INV4
1Vv8: 51,38) INV4
IV7: (53,38) INV4
Htainiataiet control inputs
;reget
18: (2000,24)
;bg
I9: 52000,19)
ivs: 115,38)
;back
I10: é2000,17)
IVS: 115,37)
;menr pos edge catch
I11: (19,2000)
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IMRL: 55,38) clka- [ MEMCK ,MEMCKB, ,MEMRA ,+] ;async edge catch
TMR2: 55,35) dfrs2 MINT,, MEMCK ,MEMCKB, +,nmemru, + ]

IMR3: 57,38) clka- [ SCK, SCKB, ,CLOCK ,+] ;hold for omne cycle
IMRA4: 57,35) dfrs2 MEMRU, NMEMRU, SCKB,SCK, MINT, +, reset |
; note set memr in state 0 to rset mint

IV1i0: (59,353 INV4 [ NMEMR, MEMRU ]
Ivii: (59,36) INV4 MEMR, NMEMRU ]

, e @ 2y a9 oy w0 a0 = "~

’
;counter

P e T g

?

ccl: (81,1) counter [ c18, clock, div ]

PPN PP Iy S Y tadadedadede Rl i A e e A St A dadde e find - oo
»

’»
; ogtional compare cc¢

peguiubnpniapipuupny SpsprPupEpPERER R ettt B L L A b Aedndadadadadng

»

occl: (35,1) NOTSUM [ INTEQX<O0:15>, QX1BAR<0:15>,QX2BAR<0:15> ]

occl: (71,2 NAND4 INTEQX1, TINTEQX<0:3> }
occd: §71,1 NAND4 INTEQX2, INTEQX<4:7>
occ4: 73,1 NAND4 INTEQX3, INTEQX<8:11> ]
occh: (73,2 NAND4 INTEQX4, INTEQX<12:15> ]

. occ8: (75,2) NOR4 [ XEQ, INTEQX1i,INTEQX2,INTEQX3,INTEQX4 ]

occ7: (39,3) NOTSUM

occ8: 71,4 NAND4
occ9: 71,3 NAND4
occlO: 73,3 NAND4
occlii: 73,4 NAND4

[ INTEQY<O:15>, QY1BAR<0:15>,QY2BAR<0:15> ]
INTEQY1, INTEQY<0:3> ]
INTEQY2, INTEQY<4:7>
INTEQY3, INTEQY<8:11> ]
INTEQY4, INTEQY<12:15> ]
occl2: (75,4) NOR4 [ YEQ, INTEQY1,INTEQY2,INTEQY3,INTEQY4 ]

0cCi8: 275,3; NOR2 NXEQ, NENX, XEQ ]

0CC17: 78,3 NOR2Z NYEQ, NENY, YEQ
occl3: 77,3 NOR2 EQU, NYEQ,NXEQ 1]
occld: 77,2 INV4 NERQ, EQU
occlh: 77,1 INV4 EQ, NEQ

X LT & a0 ax ap av o v a0 o = Ay o0 a4 2y 20 0w ap @0 4o @ o v = oy = "o o o ar as ov e

; SPECIAL MUX_FOR DIVISION

R e e Y L L P R R L L i

H normali{ DIV = 0 and XRA and ASHA(+) are selected

: 37,29) ATM NRA, NASHA, MCK,MCKBAR, SLIBAR,NXRA, SLI ,+ ]
M3: 39,29) 2INV RA, ASHA, NRA, NASHA ]
M2: 37,30) clka- MCK, MCKBAR, ,DIV ,+]
;:::::~§§§§££§u§t£acte£~'”"' """"""" TTmTEssTa s esasaYY TETTTTSmmsesssees
;:: Two SUMBLs invert inputs to the adder below if it
e SUBA1_ (for ANI imputs) or SUBAZ (for BNI imputs) is true 7777
BN1: (37,13) SUMBL [ AII<0:15>, BUSA1<0:15>, SUBA1, SUBA1l, SUBA1,$

SUBA1, SUBA1, SUBA1,$
SUBA1, SUBA1, SUBA1, SUBA1,$
SUBA1, SUBAL,$

SUBA1, SUBA1, SUBA1l, SUBA1 ]

BN2: (71,13) SUMBL [ BII<0:15>, BUSA2<0:15>, SUBA2, SUBA2, SUBA2,
SUBA2, SUBA2, SUBAZ,$ ’ » SUBAZ,S
SUBA2, SUBA2, SUBA2, SUBA2,$
SUBA2, SUBAZ,$
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SUBA2, SUBA2, SUBA2, SUBA2 ]

GN1: 270,14) NOR2 E CINBAR, SUBA1, SUBA2 ]
69,13) INV4 CIN, CINBAR ]

; carry generate/propagate block

Bi: (45,15) PGBL [. PI<0:15>, GIBAR<Q:15>, aii<0:15>, bii<0:15> ]
; first level of carry lookahead
B2: 45,19) BCLA CI<0:2>, PSsi, GSB1, PI<0:3>, GIBAR<0:3>,
B3: 59,19) BCLA CI<4:8>, PS2, GSB2, PI<4:7>, GIBAR<4:7>,
B4: 37,21) BCLA CI<8:10>, PS3, GSB3, PI<8:11>, GIBAR<8:11>,
B5: 51,21) BCLA CI<12:14>, PS4, GSB4, PI<12:15>, GIBAR<12:15>,
second level of carry lookahead
B8: (37,23) BCLA [€I<3>, €I7, CI11, PS, GSB, §$
Pst, PS2, PSS PS4 GSB1 GSB2 GSB3, GSB4, CIN ]
B6X1: 251,23) 2INV [NCI7 NCIli CI7 CIiij
B6X2: 52,23) 2INV CI<7>,CI<11?, NCI7 NCI11]

; cout=gstar + cin.pstar E
Gi: 553,243 NAND2 [PSCIN, CIN, PS ]
G2: 54,24) NAND2 COUT, GSB, PSCIN ]

get SLI = qa<15> + cout :
RG1: 553 232 2INV t COUTBAR,SLIBAR, COUT,SLIU ]

RG2: 54,23) NAND2 SLIU, COUTBAR, QABAR<15> ]
RG3: 55,24 INV4 SLI, SLIBAR]

; generate ov = cout, nov, neg = coutbar, nneg
G3: 255 23 2INV ovu, u, negu, cout ]
G4: 57,24) INV4 NEG, ng
G5: 257,23 INV4 NNEG NEGU ]
GB: 59,24) INV4 ov, NEGU ]
G7: (59,23) INV4 NOV, OVU

summer block s = p(i) .exor. c(i-1)
NB: output INVERTED to give output active low

B7: (45,25) SUMBL [SI<0:15>, PI<0:15>, CIN, CI<0:14> ]

; invert sum
sinv0: (45,27) INV4 SIBAR< 0 >, SI< 0 >
sinvi: 45,28) INV4 SIBAR< 1 >, SI< 1 >
ginv2: 47,27) INV4 SIBAR< 2 >, SI< 2 >
sinv3d: 47,28) INV4 SIBAR< 3 >, SI< 3 >
sinv4d: 49,27) INV4 SIBAR< 4 >, SI< 4 >
sinvb: 49,28) INV4 SIBAR< 5 >, SI< 5> ]
8invé: 51,27) INV4 SIBAR< 8 >, SI< 8>
sinv7: (51,28) INV4 SIBAR< 7 >, S§I< 7 > ]
sinv8: 53,27) INV4 SIBAR< 8 >, 5I< 8 >
8inv9: 53,28) INV4 SIBAR< 9 >, SI< 9 >
8inv10: (55,27) INV4 SIBAR< 10>, SI< 10>
sinvii: (55,28) INV4 SIBAR< 11>, SI< 11>
sinvi2: (57,27) INV4 SIBAR< 12>, SI< 12>
sinv13: (57,28) INV4 SIBAR< 13>, SI< 13>
sinvi4; 259,27 INV4 SIBAR< 14>, SI< 14>
sinvib5: (659,28) INV4 SIBAR< 15>, SI< 15>

; generate a ZERO and NZERQ
ZER1: §43,28 NAND4 INTZ1, SIBAR<0:3> ]
ZER2: 43,27) NAND4 INTZ2, SIBAR<4:7>
ZER3: 'é41,28 NAND4 INTZ3, SIBAR<8:11> ]
ZER4: - (41,27) NAND4 INTZ4, SIBAR<12:15> ]
ZERS: 40,28) NOR2 ZINT1UB, 1INTZ3,INTZ4
ZER5X: 40,27) NOR2 ZINT2UB, INTZ1,INTZI2
ZERB: 39,28) NAND2 NZEROU, ZINT1UB,ZINT2UB ]
ZERBX: (39 27) 2INV , ZEROU, +,NZEROU ]
ZERT7: §37 »28) INV4 ZERO, NZEROQU
ZER8: 37,27) INV4 NZERO, ZERQU
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a0y 2y 20w o0 w0 w29 oy

: end of subtracter/adder

R L L e e L L L L L Y ey

O Oy BP oy =y B A P P Gy =0 By S0 Be e G WY Sy ¢ Gy By Be Y BY Sy Sy Ay NP Y P GG G0 Ao wy Ay By Gy B9GP NP S By S% P G4 W Sv O °Y B W O av @p W Sy G B9 Go W Gy B B ~o B0 W B0 AP v W be oy
.

4 ay ay B9 S9 SV oy ay ay =y A B A Ay Ap N Gy AY P By S By S Gy NS By Gs R AP S G By B By S By Ay Sy By e By ayp ey Sy oy
Hiiated Resister set in this section

oy oy 2y w - s ar ar 2y o w @ @ @ ay oy @s Ay @9 o o v @ @ w5 o R Ay s Oy Ay oy ¢ Gy By G2 s Gy o =y v By ay A9 wy B9 By =9 Oy w3 By me At by w
.
»

o o oy v

g A-re§ister
R1:

(1,27) ABREG [ QABAR<O0:15>, BUSA<0:15>, CLOCK, LA ]
;77" B-register 7777
RE: (1,21) BREG [ QBBAR<0:15>, BUSB<0:15>, CLOCK, LB ,FVB]
;777 X1 register 777 qx1 <> outputs used for output
: (1,1) XY1REG QX1<0:156>,QX1BAR<0:15>, XYBUSA<O:15>, CLOCK, LX1U, LXiL ]
;777 X2 register 777
4: (1,11) XYREG [ QX2BAR<0:15>, XYBUSB<0:15>, CLOCK, LX2U, LX2L ]

3777 Y1 register "777 qyl <> outputs used for output
R5:

(1,5) XY1REG QY1<0:15>,QY1BAR<0:15>, XYBUSA<0:15>, CLOCK, LY1U, LY1L ]
3777 Y2 register 777
R8: (1,15) XYREG [ QY2BAR<0:15>, XYBUSB<Q:15>, CLOCK, LY2U, LY2L ]
;77 shift register :
R7: (1,38) SHR [ QSHBAR<0:15>, CLOCK, SLI ]
Htadatainteininintntiaind "~ end of register get “TTTTTTTTTITTYYTYSoss~ Diatadatintet RAatadnidaidniainte

o MW oy B A R NG 9w 9 Et B9 P NI Gy w0 B9 s @0 vy Gy @9 By =y Oy =y Gy NP By By Gy N AT EY FT B NS GY Y NP S PG B S By By B Gy G Sy Gy as Gy =0 oy wp By w0 v e =y w mp o e

Bteerins tristate buffers and associated busne

’
R R e R R R L L L R Ty oy P pE P
’

’
« VW as ooy amapapar

P X I iy

3777 busA Y77

;declare/ BUSAa<0:15>,BUSAb<0:15>,BUSAc<0:15>,BUSAd<0:15>
BUSO: TRIBUS[ BUSA<0>, BUSAa<0>, BUSAb<O>, BUSAc<0>, BUSAd<0> :
BUS1: TRIBUS| BUSA<1>, BUSAa<1>, BUSAb<1>, BUSAc<1>, BUSAd<1> |
BUS2: TRIBUS[ BUSA<2>, BUSAa<2>, BUSAb<2>, BUSAc<2>, BUSAd<2> |
BUS3: TRIBUS| BUSA<3>, BUSAa<3>, BUSAb<3>, BUSAc<3>, BUSAd<3> )
BUS4: TRIBUS|[ BUSA<4>, BUSAa<4>, BUSAb<4>, BUSAc<4>, BUSAd<4> |
BUSG: TRIBUS[ BUSA<5>, BUSAa<5>, BUSAb<B5>, BUSAc<5>, BUSAd<5> |
BUSS: TRIBUS[ BUSA<8>, BUSAa<8>, BUSAb<8>, BUSAc<B8>, BUSAd<B> =
BUS7: TRIBUS[ BUSA<7>, BUSAa<7>, BUSAbL<7>, BUSAc<7>, BUSAd<7> ]
BUSS: TRIBUS|{ BUSA<8>, BUSAa<8>, BUSAb<S8>, BUSAc<8>, BUSAd<8> :
BUS9: TRIBUS{ BUSA<9>, BUSAa<9>, BUSAb<S>, BUSAc<9>, BUSAd<9> |
BUS10: TRIBUS{ BUSA<10>, BUSAa<10>, BUSAb<10>, BUSAc<10>, BUSAd<10> ]
BUS11: TRIBUS|[ BUSA<11>, BUSAa<ii>, BUSADb<11>, BUSAc<11>, BUSAd<11> ]
BUS12: TRIBUS| BUSA<12>, BUSAa<12>, BUSAb<12>, BUSAc<12>, BUSAd<12>
BUS13: TRIBUS| BUSA<13>, BUSAa<i3>, BUSAb<13>, BUSAc<13>, BUSAd<13>
BUS14: TRIBUS|[ BUSA<14>, BUSAa<14>, BUSAb<14>, BUSAc<14>, BUSAd<14> ]
BUS15: TRIBUS[ BUSA<15>, BUSAa<is5>, BUSADb<15>, BUSAc<15>, BUSAd<15> ]

;77" A(shifted) to A ~~=~
T1: £1,33) TRI [ BUSAa<0:15>, +, QABAR<O:14>, ASHA ]

;777 SI to A ~”°
T2: (23,33) TRI
;5" B to A ~~~~
T3: (1,31) TRI
;77" SHIFT REGISTER TO A =~~~
T4: (23,31) TRI

bus A1l “7~~

L BUSAb<0:15>, SIBAR<0:15>, RA ]
[ BUSAc<0:15>, QBBAR<0:15>, ABBA ]
[ BUSAd<0:15>, QSHBAR<0:15>, SRA ]

~ oy

;jdeclare/ BUSA11<0:15>, BUSA12<0:15>, BUSA13<0:15>, BUSA14<0:15>

BUS168: TRIBUS| BUSA1<0>, BUSA11<0>, BUSA12<0>, BUSA13<0>, BUSA14<0>
BUS17: TRIBUS|[ BUSA1<1>, BUSA11<1>, BUSA12<1>, BUSA13<1>, BUSA14<1> ]
BUS18: TRIBUS[ BUSA1<2>, BUSA11<2>, BUSA12<2>, BUSA13<2>, BUSA14<2> ]
BUS19: TRIBUS[ BUSA1<3>, BUSA11<3>, BUSA12<3>, BUSA13<3>, BUSA14<3> ]
BUS20: TRIBUS| BUSA1<4>, BUSA11<4>, BUSA12<4>, BUSA13<4>, BUSA14<4> ]
BUS21: TRIBUS| BUSA1<5>, BUSA11<5>, BUSA12<5>, BUSA13<5>, BUSA14<5> )
BUS22: TRIBUS| BUSA1<8>, BUSA11<8>, BUSA12<8>, BUSA13<6>, BUSA14<6> ]
BUS23: TRIBUS| BUSA1<7>, BUSA11<7>, BUSA12<7>, BUSA13<7>, BUSA14<7> ]
BUS24: TRIBUS| BUSA1<8>, BUSA11<8>, BUSA12<8>, BUSA13<8>, BUSA14<8> ]
BUS26: TRIBUS[ BUSA1<8>, BUSA11<9>, BUSA12<9>, BUSA13<9>, BUSA14<9> ]
ggggg: %g%ggg BUSA1<10>, BUSA11<10>, BUSA12<10>, BUSA13<10>, BUSA14<10> ]

BUSA1<11>, BUSA11<11>, BUSA12<i1>, BUSA13<11>, BUSA14<11> ]
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BUS28: TRIBUS[ BUSA1<12>, BUSA11<12>, BUSA12<12>, BUSA13<12>, BUSA14<12>
BUS29: TRIBUS[ BUSA1<1i3>, BUSA11<13>, BUSA12<13>, BUSA13<13>, BUSA14<13>
BUS30: TRIBUS|[ BUSA1<14>, BUSA11<14>, BUSA12<14>, BUSA13<14>, BUSA14<14>
BUS31i: TRIBUS[ BUSA1<15>, BUSA11<15>, BUSA12<15>, BUSA13<15>, BUSA14<15>
;7" A(shifted) to A1 ~~~°
T5: (49,11) TRI [ BUSA11<0:15>, +, QABAR<0:14>, div ]
;777 A to A1 YUY
T6: (49,8) TRI [ BUSA12<0:15>, QABAR<O:15>, AA1 ]
;777 X1 to A1l 77T
T7: (49,7) TRI [ BUSA13<0:15>, QX1BAR<0:15>, X1A1 ]
;77T Y1 TO AL 7T
T8: (48,5) TRI [ BUSA14<0:15>, QY1BAR<0:15>, Yi1Al ]
3777 bus A2 YT
declare/ BUSA21<0:15>, BUSA22<0:15>, BUSA23<0:15>, BUSA24<0:15>
BUS32: TRIBUS[ BUSA2<0>, BUSA21<0>, BUSA22<0>, BUSA23<0>, BUSA24<0> ]
BUS33: TRIBUS|[ BUSA2<1>, BUSA21<1>, BUSA22<1>, BUSA23<1>, BUSA24<1> ]
BUS34: TRIBUS|[ BUSA2<2>, BUSA21<2>, BUSA22<2>, BUSA23<2>, BUSA24<2> ]
BUS35: TRIBUS|[ BUSA2<3>, BUSA21<3>, BUSA22<3>, BUSA23<3>, BUSA24<3> ]
BUS38: TRIBUS| BUSA2<4>, BUSA21<4>, BUSA22<4>, BUSA23<4>, BUSA24<4> |
BUS37: TRIBUS| BUSA2<5>, BUSA21<5>, BUSA22<5>, BUSA23<5>, BUSA24<5> ]
BUS38: TRIBUS| BUSA2<8>, BUSA21<86>, BUSA22<B8>, BUSA23<6>, BUSAZ24<6> |
BUS39: TRIBUS[ BUSA2<7>, BUSA21<7>, BUSA22<7>, BUSA23<7>, BUSA24<7> ]
BUS40: TRIBUS|[ BUSA2<8>, BUSA21<8>, BUSA22<8>, BUSA23<8>, BUSA24<8> ]
BUS41: TRIBUS|[ BUSA2<9>, BUSA21<9>, BUSA22<9>, BUSA23<9>, BUSA24<9> ]
BUS42: TRIBUS[ BUSA2<10>, BUSA21<10>, BUSA22<10>, BUSA23<10>, BUSA24<10>
BUS43: TRIBUS{ BUSA2<11>, BUSA21<11>, BUSA22<11>, BUSA23<11>, BUSA24<ii>
BUS44: TRIBUS[ BUSA2<12>, BUSA21<12>, BUSA22<12>, BUSA23<12>, BUSA24<12>
BUS45: TRIBUS| BUSA2<13>, BUSA21<13>, BUSA22<13>, BUSA23<13>, BUSA24<13>
BUS46: TRIBUS[ BUSA2<14>, BUSA21<14>, BUSA22<14>, BUSA23<14>, BUSA24<14>
BUS47: TRIBUS[ BUSA2<15>, BUSA21<15>, BUSA22<15>, BUSA23<15>, BUSA24<15>
;77 HEX 0001 to A2 ~~7~ note: RXY here replaces IA2 (by equivalence)
T9: (75,11) TRI [ BUSA21<0:15>, —,+, +,%, +,+, +,+, +,+, +,+, +,+
3777 B to A2 777
T10: (75,9) TRI [ BUSA22<0:15>, QBBAR<0:15>, BA2 ]
3777 X2 to A2 TTTF
Ti1: (75,7) TRI [ BUSA23<0:15>, QX2BAR<0:15>, X2A2 ]
3777 Y2 TO A2 %7
T12: (75,8) TRI [ BUSA24<0:15>, QY2BAR<0:15>, Y2A2 ]
3777 busB 777
;declare/ BUSBa<0:15>,BUSBb<0:15>
BUS48: TRIBUS BUSB<0>, BUSBa<0>, BUSBb<O>
BUS49: TRIBUS| BUSB<1>, BUSBa<i>, BUSBb<i>
BUS50: TRIBUS BUSB<2>, BUSBa<2>, BUSBb<2>
BUS51: TRIBUS| BUSB<3>, BUSBa<3>, BUSBb<3>
BUS52: TRIBUS| BUSB<4>, BUSBa<4>, BUSBb<4>
BUS53: TRIBUS| BUSB<5>, BUSBa<5>, BUSBb<b5>
BUS54: TRIBUS| BUSB<8>, BUSBa<6>, BUSBb<&>
BUSG55: TRIBUS| BUSB<7>, BUSBa<7>, BUSBb<7>
BUS56: TRIBUS| BUSB<8>, BUSBa<8>, BUSBb<8>
BUS57: TRIBUS{ BUSB<9>, BUSBa<®>, BUSBb<g>
BUS58: TRIBUS| BUSB<10>, BUSBa<10>, BUSBb<10>
BUS59: TRIBUS| BUSB<11>, BUSBa<11>, BUSBb<11>
BUS60: TRIBUS| BUSB<12>, BUSBa<12>, BUSBb<i2>
BUS81: TRIBUS| BUSB<13>, BUSBa<13>, BUSBb<13>
BUS82: TRIBUS| BUSB<14>, BUSBa<i4>, BUSBb<i4>
BUS63: TRIBUSL BUSB<15>, BUSBa<15>, BUSBb<15>
;"°7 A o B ~°°7
S EiSB ~~~(1,25) TRI [ BUSBa<0:15>, QABAR<0:15>, ABBA ]
’ o]
T14 (23,25) TRI [ BUSBb<0:15>, SIBAR<0:15>, RB ]
;777 XYBUS ~~~-
;declare/ XYBUSA1<0:15>,XYBUSA2<0:15>
;declare/ XYBUSB1<0:15>,XYBUSB2<0:15>
BUS84: TRIBUS[ XYBUSA<O>, XYBUSA1<0>, XYBUSA2<O0>
BUS65: TRIBUS XYBUSA<1>, XYBUSA1<1>, XYBUSA2<1>
BUS6B8: TRIBUS| XYBUSA<2>, XYBUSA1<2>, XYBUSA2<2>
BUSB7: TRIBUS| XYBUSA<3>, XYBUSA1<3>, XYBUSA2<3>
BUSB88: TRIBUS| XYBUSA<4>, XYBUSA1<4>, XYBUSA2<4>
BUS89: TRIBUS[ XYBUSA<5>, XYBUSA1<5>, XYBUSA2<5>
BUS70: TRIBUS| XYBUSA<B>, XYBUSA1<8>, XYBUSA2<8>
BUS71: TRIBUS| XYBUSA<7>, XYBUSA1<7>, XYBUSA2<7>
BUS72: TRIBUS{ XYBUSA<8>, XYBUSA1<8>, XYBUSA2<8>
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BUS73: TRIBUS[ XYBUSA<g>, XYBUSA1<9>, XYBUSA2<9>]
BUS74: TRIBUS[ XYBUSA<10>, XYBUSA1<10>, XYBUSA2<10>
BUS75: TRIBUS[ XYBUSA<11>, XYBUSA1<i1>, XYBUSA2<11>
RUS768: TRIBUS! XYBUSA<12>, XYBUSA1<12>, XYBUSA2<12>
BUS77: TRIBUS|[ XYBUSA<13>, XYBUSA1<13>, XYBUSA2<13>
BUS78: TRIBUS[ XYBUSA<1i4>, XYBUSA1<i4>, XYBUSA2<14>
BUS79: TRIBUS[ XYBUSA<15>, XYBUSA1<15>, XYBUSA2<15>
BUS164: TRIBUs: XYBUSB<0>, XYBUSB1<0>, XYBUSBZ<O>T
BUS165: TRIBUS![ XYBUSB<1>, XYBUSB1i<1>, XYBUSBZ<1>_
BUS1688: TRIBUS|{ XYBUSB<2>, XYBUSB1<2>, XYBUSB2<2>]
BUS1687: TRIBUS| XYBUSB<3>, XYBUSB1<3>, XYBUSB2<3> |
BUS168: TRIBUS| XYBUSB<4>, XYBUSB1<4>, XYBUSB2<4> ]
BUS169: TRIBUS|[ XYBUSB<5E>, XYBUSB1<5>, XYBUSB2<5>]
BUS170: TRIBUS| XYBUSB<E>, XYBUSB1<8>, XYBUSB2<8>]
BUS171: TRIBUS{ XYBUSB<7>, XYBUSB1<7>, XYBUSB2<7>|
BUS172: TRIBUS| XYBUSB<8>, XYBUSB1<8>, XYBUSB2<8>]
BUS173: TRIBUS| XYBUSB<G>, XYBUSB1<8>, XYBUSB2<8>]
BUS174: TRIBUS|[ XYBUSB<10>, XYBUSB1<10> XYBUSB2<10>
BUS175: TRIBUS| XYBUSB<1il>, XYBUSB1<11>, XYBUSB2<11>
BUS178: TRIBUS( XYBUSB<12>, XYBUSB1<12>, XYBUSB2<12>
BUS177: TRIBUSE XYBUSB<13>, XYBUSB1<13>, XYBUSB2<13>
BUS178: TRIBUS[ XYBUSB<14>, XYBUSBi<i4>, XYBUSB2<14>
BUS179: TRIBUSt XYBUSB<15>, XYBUSB1<15>, XYBUSB2<15>
;77" DATA to XY =~~~
T156: 51 ,9) TRI E XYBUSA1<0:15>, DATABAR<O:7>, DATABAR<0:7>, dxy ]
ST Tlii; 23,9) TRI XYBUSB1<0:15>, DATABAR<0:7>, DATABAR<Q:7>, dxy |
;757 to iadid
Ti8: él ,19) TRI E XYBUSA2<0:15>, SIBAR<0O:15>, RXY ]
T1i186: 23,19) TRI - XYBUSB2<0:15>, SIBAR<O0:15>, RXY
E'“” m follows Riadadning
:ZZZ--§§$$§§§§§§§ ......... e e m
; register set
FSMCKV: 5115 36 2INV E NCLOCK, ,CLOCK, +]
FSMCK: 113 38 clkB FCK, FCKB, ,NCLOCK ,+]
FSMO: 73, 35 dfrs2 INST<0>, NINST<O>, FCK, FCKB, OUTSTO, RESET, + ]
FSO: 71.37) drvb INSTO, INST<0> |
FS1: 77,37) drvb NINSTO, NINST<0> ]
FSM1: 83,38) dfrs2 INST<1>, NINST<1>, FCK, FCKB, OUTST1, RESET, + ]
Fs2: 81,38) drvb INSTH, INST<1> ]
FS3: 75,38) drvdb NINST1, NINST<1> ]
FSM2: 87,35) dfrs2 INST<2>, NINST<2>, FCK, FCKB, OUTST2, RESE +
FS4: 285 37§ drvb [ INST2, INST<2> ] T+
FS6: 91,37) drvd NINSTZ2, NINST<2> ]
FSM3: 97,38) dfrs2 INST<3>, NINST<3>», FCKX, FCKB, OUTST3, RESE
FS6: ggs 36§ drvb t INST3, INST<3> ] ’ T
FS7: 89,38) drvb NINST3, NINST<3> ]
FSM4: 101,35) dfrs2 [INST<4>, NINST<4>, FCK, FCKB, 0UTST4
FS8: 299 37) drvb [ INSTA, INST<4> ] ! - » RESET,
FS9: 105 37) drvb [ NINST4, NINST<4> ]
FSM5: 111,38 dfrs2 INST<S5>, NINST<5>, FCK, FCKB, OUTSTS5, R
FS10: 2109 3e§ drvb E INSTS, INST<5> ] ! » RESET,
FS11: 103,38 drvb NINSTS, NINST<5> ]
; next state logic as at 18 aug
;product terms and partial product terms prefixed with P
i sum and partial sum terms prefixed with g
;outgtQ ettt ccscAcscnasscssnssassncdcsadanssacnsnssnnnacsnnnan
;P1, P2
OAl: 580,38 NAND2 POA1, MAN, NENX ]
0A2: 61,38) NAND3 POA2, , BG, NEQ, ENY, + ]
822: %gg,gg g:ggi ggAs, INSTO, NINST1 ]
: » A4, NINST2, NINST3, INSTA4,
0AS: 84,38) NAND2 POAS, ENY, NBG ] NINSTS ]
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0B1: (59,37) NOR4
0B2: (61,37) NOR3
;P3, P4
OA8: 63,37) NAND2
OA7: 85,37) NAND3
0A8: 64,37) NAND2
0A9Q: 87,37) NAND4
0A10: 69,37) NAND2
0B3: &67 ,38) NOR4
0B4: 69,38) NOR4
;P5, P6
;killed 0OA11: ) NAND4
0A12: 81, 35 NAND2
0A13: 81, 36 NAND4
OA14: 83,36) NAND3
;killed OBS5: g NOR3
0B8: 63,35) NOR3
;sP7
0A15: 285,36; NAND3
0A18: 65,35) NAND2
OB7: (88,35) NOR2
;P8
0OB8: 587,38) NAND4
obn8: 88,35) 2inv
;P9
0A17: §69,38; NAND4
0A18: 69,35) NAND4
0B9: (71,38) NOR2
; P10, P11
0A19: 53,34) NAND4
0A20: 53,33; NAND2
0A21: 55,34) NAND4
0B10: (55, 33; NOR2
0B11: (56,33) NOR2
;P12 new
0a22: ES7,34§ nand4
0a23: 57,33) nand2
0b12: (58,33) nor2
; SUMMATION
0C1: 59,34) NOR4
0C2: 59,33) NOR3
0C3: 61,34) NOR4
OD1: (81,33) NAND3
;outstl“‘““““““"“““““‘““‘““""
;P1 , P2
lail: 115,34
1a2: 115,33
1a3: 112,34
ib1l: 5113.33;
ib2: 113,34
;P3 , P4
;8crubbed 1a4:
1a5: (111,33)
1b3: (111,34)
;8crubbed 1b4:
;PS5 , P8
128: 2110,34;
1a7: 110,33

POB1, POA1, POA2, ©POA3, POA4 ]
POB2, , POA3, POA4, POA5, + ]
POAS, MAN, NENY ]
POAT7, , ENX, NBG, NEQ, + ]
POA8, INSTO, NINSTI ]
POA9, NINST2, NINST3, INST4, NINSTS ]
POA10, NBG, EQ ]
E POB3, POAS, POA7, POA8, POA9 ]
POB4, POA6, POA8, POA9, POA10 ]
POA11, MAN, NENX, NENY, NEQ ]
POA12, INSTO, NINST1 ]
POA13, NINST2, NINST3, INST4, NINSTS5 ]
POA14, s NMAN,  NENY, NBG, + ]
POB5, , POA11, POA12, POA13, + ]
PORS, , POA12, POA13, POAl4, +
[ POA15, , INSTO, NINST1, NINST2, + ]
POA1S, NINST3, NINST4 ]
[ POB7, POA15, POA16 ]
[ POB8, NINSTO, INST1, _INST2, INST3 ]
npOb8,, pob8, + ]
E POA17, NENX,  NOV, NINSTO, INST1 ]
POA18, INST2, NINST3, NINST4. INST5
[ POB9, POA17, POA18 ]
POA19, NINST2, INST3, NINST4, NINST5S ]
POA20, NINSTO, INST1
POA21, MAN, NINST2, NINST3, INST4 ]
E POB10, POA19, POA20 ]
POB11, POA20, POA21
E p0a22, NINSTO, INST1, INST2, NINST3 ]
p0a23, NINST4, NINSTS ]
[ pobi2, p0a22, pOa23 ]
S0Ci, POB1, POB2, ©POB3, POB4 ]
soc2, , POB6, POB7, NPOBS 1;2ixed(see kill)
S0C3, pObi12, POB9, ©POB10, POB1i1 j ;2ixed
[ ouTsTo, s §0C1, soc2, SO0C3, + ]
NAND4 Plal,  NINST2, NINST3, INST4, NINST5 ]
NAND4 P1a2, BG, NEQ, INSTO, NINST1 ]
NAND2 P1a3,  MAN, ENX ]
NOR3 E Pib1, , Piai, P1a2, Pla3, +]
NOR3 P1b2, Piai, P1a2, MAN, + ]
NAND4 [ P1a5,  NINSTO, INST1, INST2, NINST3 ]
NOR2 [ P1b3, ninstd4, Pla5 ]
NAND4 E P1a8,  ENX, NOV, NINSTO, INST1 ]
NAND4 P1a7,  INST2, NINST3, NINST4, INST5 ]
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1a8: (107,34) NAND3 [ Pla8, , ov, NINSTO, INST1, + ]
1b5: 107,33 NOR2 E P1b5, P1asg, Pla7’7 ]
1b6: 108,33 NOR2 Pib86, P1a7, P1a8

SE8 P7139: 106,34 NAND2 E P1a9, NINST5, INST4 ]
1a10: 2106,33 NAND4 P1a10, NINSTO, INST1, NINST2, INST3 ]
1ib7: 104,34) NOR2 { P1p7, P1a10, NINSTS 1
1b8: 2104,33) NOR2 P11p8, P1a9, P1a10 ]

;P9 , P10 scrubbed

;P11 , P12

! 1al4: 108,32 nand?2 1a14, INST4, anman ]

1a15: 108,31 NAND4 Bials, NINSTO, INST1, NINST2, NINST3 ]
1a16: 109,31 NAND3 P1ai1g8, , NINST4, INST5, NZERO, +]
ibil: §109,32; nor?2 E 1bi1, 1a14, plais ]
1bi2: 110,32 NOR2 1b12, 1a15, P1a18 ]

;P13 , P14
1a17: 109, 30 NAND4 P1a17, ZERO, NNEG, NINST4, INSTS ]
1a18: 109, 29 NAND4 P1a18, NINSTO, INST1, NINST2, NINST3 ]
1a19: 111,29) NAND2 P1a19, NINST4, NINSTS ]
1b13: 5111,303 NOR2 [ P1b13, P1lail7?, Pla18 ]
1bi4: 112,29 NOR2 Pib14, P1lais, P1ai19

;P15 , P18
1a20: 114,29 NAND2 P1a20, INST4, INST5 ]
1a21: 116,29 NAND4 P1a21, NINSTO, NINST1, INST2, INST3 ]
1a22: 116,30 NAND3 P1a22, , NNEG, INST4, NINSTS, +]
1b15: 5113,303 NOR2 [ P1b15, P1a20, P1a21
1b186: 113,29 NOR2 P1b18, Pla2i, P1a22

;s SUMMATION
ici: 115,32 NOR3 sici, , Pibi, P1b2, P1b3, + ]
1C2: 115,31 NOR4 s1c2, P1b5, P1b86, P1b7, P1ib8 ]
1C3: 114,32 nor2 §1C3, 1b11, P1b12 ];fixed
1C4: 113,31 NOR4 §1C4, ib13, Pibi4, P1ib1i5, P1bi6 ]
ip1i: 111,31 NAND4 0UTST1U, SicC1, sic2, sic3, Si1c4 ]
1D1X: 113,32 2INV NOUTSTi,, QUTST1U,+]
1iD1X1: 111,32 INV4 QUTST1,NOUTST1]

joutgt2 et ennannnns inaialnbeeieleleiihee e el

;P1, P2
2A1: (104,30 NAND2 P2A1, MAN, ENX 1]
2A2: €105,30 NAND4 P2A2, BG, NEQ, INSTO, NINST1 ]
243: 105,29 NAND4 P2A3, NINST2, NINST3, INST4, NINSTS ]
2B1: $107.30g NOR3 [ P2B1, , P2A1, P2A2, P2A3, + ]
2B2: 107,29 NOR3 P2B2, , P2A2, P2A3, MAN, + ]

;P3, P4 _
2A4: 103,30 NAND2 P2A4, INST1, 1INST4 ];fixed
2A5: 103,29 NAND3 P2A5, , NINSTO, INST2, NINST3, + ];refixe
2abx: 102,30 nand?2 p2abx, NINST1, NINSTS ]
2B3: 5102,293 NOR2 [ P2B3, P2A4, P2AS5 ]
2B4: 101,29 NOR2 P2B4, P2A5, p2abx ]

;PS5, P8
2A8: 97,30) NAND2 P2A6, ENX, NOV ]
2A7: 98,30) NAND2 P2A7, NINSTO, INST1 ]
2A8: 97,28) NAND4 P2A8, INST2, NINST3, NINST4, INSTS ]
2B5: 299,30; NOR3 E P2B5, , P2AS, P2A7, P2A8, +
2B8: 99,29) NOR3 P2B6s, , P2A7, P2AS8, NOV, +

;P7, P8
2A9: §95,30;'NAND2 E P2Ag, INST4, INSTS ]
2A10: 95,29) NAND4 P2A10,NINSTO, INST1, NINST2, INST3 ]

;j8ccrubbed 2A11:
2B7: (96,30) NOR2 [ P2B7, P2A9, P2A10 ]
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;8crubbed

;P9, P10

;scrubbed
2A13:
2A14:
2A15:;

;scrubbed
2B10:

P12
2A18:
2A17:
2A18:

2B11:
2B12:

Pi4
2A19:
2A20:
2A21:

2B13:
2B14:

; P11,

; P13,

;P15
2A22:
2A23:

2B15:

s SUMMATION
2C1:
2C2:
2C3:
2C4:

2D1:
2D1X:
2D1X1:

2B8:

2A12:
105,32)
106,32;
105,31

2B9:
(103,31)

98,34
99,34
99,33

597,34
97,33

NAND2
NAND3
NAND4

NOR2
NOR2

NAND4
NAND4
NAND2

NOR2
NOR2

83,31
85,32

3
§93,32§
596,32;
i

968,31

101,34)
101,33)

(103,33)

97,32
97,31
99,31
g9,32

(101,31
5103,32
101,32

NOR4
NOR3
NOR3
NOR3

;OUTST3 " " "a"anacacasnccnnacanncancnccnsacaaanssacaannananannana

;P1, P2
3A1:
3A2:
3A3:

3A4:

3B1:
3B2:

;P3, P4
3A5:
3A8:
3AT7:
R3A7:

3B3:
3B4:

;P5, P8 scrubb
3A8:
;8crubbed

3B5:
;scrubbed

;P7, P8

;scrubbed
3A11:
3A12:

;8crubbed
3B8:

;P9, P10
3A13:

115,28
115,27
113,27
113,28

(111, 28;
(112,27

109,28
109,27)

105,28;

108,28
108,27
5106,27
P8

(103 28)
3A9:

(104,27)
3B8:

3A10:
(102,573

3B7:
(101,27)

(115,28)

NAND2 P2A13,NINSTO,
NAND2 P2A14 ,NEG,
NAND4 P2A15,NINST1,
NOR3 [ p2B10,,
P2A16,INST3, NINST4 ]
P2A17,, NINSTO,
P2A18,NINST3, INST4,
P2B11,P2A18, P2A17
P2B12,P2A17, P2AiS8
P2A19,ZERO, NNEG,
P2A20, NINSTi INSTZ
P2A21,NINST4, NINSTO 1
P2B13,P2A19, P2A20
P2B14,P2A20, P2A21
NAND3 E P2A22,,

NAND4 P2A23,NINST2,
NOR2 [ P2B15,P2A22,
S2C1, P2B1, P2B2,
s2c2, , P2BS5,
s2€3, , P2B10,
s2c4, , P2B13,

NAND4 QUTST2U,

2INV NOUTSTZ2,,

INV4 QUTST2,NOUTST2]
NAND4 P3A1, MAN,
NAND4 P3A2, INSTO,
NAND2 P3A3, NINST3,
NAND3 P3A4, ,

NOR3 E P3B1, ,

NOR2 P3B2, P3A3,
NAND2 P3A5, ENX,
NAND2 P3A8, NINSTO,
NAND4 P3A7, INSTZ2,
NAND4 PR3A7,

NOR3 [ P3B3, ,

NOR2 P3B4, P3As,
NAND4 [ P3A8, NINSTO,
NOR2 [ P3B5, NINSTS,
nand4 [p3311, NINSTO,
nand2 p3ai2, INST4,
nor2 [p3b8, p3aii,
NAND3 [ P3A13,,ZERQ,
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INST4

NZEROQ

INST2, INSTS3,
P2A13, P2A14,
NINST1, INST2,
INST5, NZERO ]
NINSTO, INST4 ]
NINST3, INSTS
MEMR, NINSTO,
INST3, INST4,
P2A23 ]

P2B3, P2B4 ]
P2B6, P2B7,
P2B11, P2B12,
P2B14, P2Bi5,
s2¢1, s2c2,
OUTST2U, +]

ENX, BG,
NINST1, NINST2,
INST4 ]

NINSTO, INST1,
P3A1, P3A2,
P3A4 ]

NOV ]

INST1 ]

NINST3, NINSTA4,
NINST2, INST3,
P3A5, _ P3AS,
PR3A7 ]

NINsrz, INST3,
P3A8 ]

INST1, NINST2,
nman j

p3a12 ]

NNEG, INST1,

NINSTS ]

P2A15,

+ ]

NINST1
INSTS ]

+ ]

+ ]

+ |;fixed

+ +

S2c¢3,

NEQ ]
NINSTS ]

INST2,
P3A3,

INSTS ]
INST4,

P3AY7,

NINST4 ]

NINST3 ]

+ ]

;fixed

52C4 ]

+ ]
+ ]

NINSTS5 ]
+ ]



R3A13:
3A14:
R3A14:

3Bg:

3B10:

;P11, P12

3A15:
3A16:
3A17:

3B11:
3B12:

;P13, Pi14

3A18:
3A19:
3A20:

3B13:
3B14:

;P15, Pi6
3A21:
3A22:
3A23:

3B15:
3B18:

s P17

3A24:
3A25:

3B17:

; SUMMATION

3Ci:
3C2:
3C3:
3C4:
3C5:

3D1:
3D2:

3E1:

%
z

E
s
3
é

(

€

(

%
&
é

115, 25
113, 26
113,25)

111.26;
111,25

108,25)
109,28)
109,25)

107,28)
107,25)

105,25)
105,26)
103,25)

101.25;
102,26

101,26)
99, 25 NAND4
99, 26 NAND3

98, 25; NOR2
98,28) NOR2

95,25) NAND3
95,28) NAND4

97,26) NOR2

NOR4
NOR3
NOR2
NOR4

99,27
97,28
97,273
98,28) NOR2

95,28; NAND2
95,27) NAND3

96,28) NOR2

99,28%

sQUTSTA """"eeeeeececcccccccecccncccnaccsssnancnncnnnnnnannn

P2
4A1:
4A2:
4A3:
4A4:

4B1:
4B2:

;P1,

;P3, P4
4A5:
4A8:
4A7:
4A8:

4B3:
4B4:

;P5, P8
;killed 4A9:

4A10:
4A11:
4A12:

s;killed 4BS:
4B8:

s
E

(

%

N

E

(

N
(

81,34) NAND2
81,33) NAND2
79,34) NAND4
79,33) NAND4

77,343 NOR3
77,33) NOR3

75, 34; NAND3
75,33) NAND4
73,34) NAND4
73,33) NAND2

71,34) NOR3
71,33) NOR3

AND3
73,29) NAND3
756, 29; NAND4
77,29) NAND2

OR3
75,30) NOR3

[ P4Ag,

[ P4BS,

NAND3 PR3A13,,NZERO,

NAND4 P3A14,NINST2,

NAND4 PR3A14,INST2,

NOR3 [ P3BY, ,

NOR3 P3B10,

NAND2 P3A15,INST3,

NAND3 P3A16.,

NAND4 P3A17,NZERQ,

NOR2 E P3B11,P3A15,

NOR2 P3B12,P3A18,

NAND4 P3A18,NNEG,

NAND3 P3A19,,

NAND3 P3A20,,

NOR3 [ P3B13,,

NOR2 P3B14,P3A19,

NAND2 [ P3A21,MEMR,

[ P3A22,NINST1, NINST2,
P3A23,, NMEMR,

E P3B15,P3A21, P3A22
P3B16.P3A22, P3A23
P3A24,, MEMR,
P3A25,NINST2, NINST3,

[ P3B17,P3A24, P3A25 ]
s3Ci, P3Bi, P3B2,
s3c2. , P3B5,
S3C3. P3B10, P3Bii ]
S3C4, P3Bi2, P3B13,
S3C5, P3B16., P3B17 ]

E 83p1, S3C1, S3C2 ]
S3D2, OUTST3, S3C3,

[ S3E1, S3Di, S3D2 ]
P4A1, NBG, ENY ]
P4A2, INSTO, NINSTi ]
P4A3, NINST2, NINSTS,
P4A4, MAN, ENX,
P4B1, , P4A1,
P4B2. . P4A2,
P4AS, , ENX,
P4AB, NINST2, NINST3,
P4A7., MAN, NENY,
P4A8, EQ, NINST1 ]
P4B3, , P4AS,
P4B4. | P4AS .,

MAN, NENX,
P4A10, ,
P4A11. NINST2,
P4A12, NMAN,
P4A9,  P4A10,
{ pams, |, P4A10,
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NEG, NINST1, + ]
NINST3, NINST4, INST5 |
INST3, INST4, NINSTS ]
P3A13, P3A14, INSTO, + ]
R INSTO, PR3A13, PR3A14,
NINST4 ]

NINSTO, NINST1, INST2, + ]
NINST3, INST4, INSTS ]
P3A18 ]

P3A17

INST2, NINST3, INSTS ]
NINSTO, NINST1, INST4, + ]
NINST2, INST3, NMEMR, +
NZERO, P3A18, P3A19, + ]
P3A20 ]

NINSTO 1

INST3, NINSTS ]

NINSTO, NINST4, + ]

NINSTO, NINST1, + ]

INST4, INSTS |

P3B3, P3B4 ]

P3B9, §3b8, + ] ;altered

;altere
P3B14, P3B15 ]

S3c4, S3C5, S3E1 ]
INST4, NINST5S ]

BG, NEQ ]

P4A2, P4A3, + ]
P4A3, P4A4, +

NEQ, NINST1, + ]
INST4, NINSTS ]

NBG, INSTO 1]

P4A6, P4AT7, + i
P4A7, P4A8, +

NEQ, + ]

NENY, INSTO, NINST1, + ]
NINST3, INST4, NINST5S ]
NBG ]

P4A11, +

P4A11, P4A12, + ]

+



;P7, P8

: 67,29) NAND4 P4A13, NINST1, NINST2, NINST3, NINST4 ]
32123: 69,29§ NANDA4 t PR4A13, INST1, INST2 INST3, INST4 ]
4A14: 71,29) NAND2 P4A14, NINSTO, NENY j
4B7: 69,30) NOR2 [ P4B7, NINSTO, P4A1i3 ]
4B8: 71,30) NOR2 P4B8, PR4A13, P4A14
. 9 .
iF 4B9: 565,293 NAND4 E P4B9, NINSTO, INST2, 1INST3, NINST4 ]
4b9x: 668,30) 2inv np4bg,, pAbg, +] .
;P9, P10
4A15: 62,29) NAND2 P4A15, ENX, NoVv ]
4A18: 63,29) NAND4 P4A1s, NINSTO, INST1, INST2, NINST3 ]
4A17: 61,29) NAND2 P4Al7, NINST4, INSTS ]
4B10: 61,30) NOR3 P4B10, , P4A15, P4A16, P4A17, + ]
4B11: §63.303 NOR3 E P4B11, , P4A16, P4A17, NOV, + ]
;P12, P13
skilled 4A18: ) NAND2 P4Al9, NINSTO, INST1 ]
4A19: 79,28) NAND2 P4A19, NINSTO, INSTt j
;killed 4A20: ) NANDA4 P4A20, INST2, NINST3, NINST4, INSTE ]
R4A20: 79,27) NAND4 PR4A20, HINSTZ, INST3, INST4, NINSTS ]
s;killed 4B12: 2) NOR3 [ P4B12, ’ P4A18, P4A19, P4A20, + ]
4B13: 80,28) NOR2 P4B13, PR4A20, P4A19 ]
;P14, P15
4A21: é77,28; NAND2 [ P4A21, NINST4, INSTS 1]
4A22: 77,27) NAND4 P4A22, NINSTO, INST1, NINST2, INST3 ]
;8crubbed 4A23: :
4B14: (78,28) NOR2 [ P4B14, P4A21, P4A22 ]
;8crubbed 4B156:
;P18
4A24: €75,28; NAND2 E P4A24, NINSTO, INST1 ];enx,eny removed
4A25: 75,27) NAND4 P4A25, NINST2, INST3, NINST4, NINSTS ]
4B18: (78,28) NOR2 [ P4Bis, P4A24, P4A25 ]
;P17, P18
4A28: 273,28; NAND2 E P4A28, ninsgt3, MAN l;enx replaced ($error site$)
4A27: 73,27) NAND4 P4A27, NINSTO " INST1, . NINS 2, INST4 ]
;scrubbed 4A28:
4B17: (74,28) NOR2 [ P4B17, P4A28, P4A27 ]
;8crubbed 4B18:
; P19, P20 .
4A29: 70,28) NAND2 P4A2G, NZERO, NINSTO 1]
4A30: 71,28) NAND4 P4A30, INST1, NINST2, NINST3, NINST4 ]
R4A30: 71,27) NAND4 PR4A30, NINST1, INST2, INST3, INST4 ]
4A31: 70,27) NAND2 P4A31, NEG, NINSTS ]
4B19: 567,28; NOR3 [ P4B19, , NINSTS, P4A29, P4A30, + ]
4B20: 87,27) NOR3 P4B20, , P4A29, PR4A30, P4A31, + ]
;P21, P22 .
4A32: 689,34) NAND4 P4A32, NZERO, NNEG, NINSTO, INSTS ]
4A33: 69,33) NAND4 P4A33, NINST1, INST2, NINST3, INST4
4A34: 68,34) NAND2 P4A34, NINSTS, NINSTO ]
4B21: (87, 34; NOR2 [ PAB21, P4A32, ©P4A33
4B22: (67,33) NOR2 P4B22, P4A33, P4A34
; P23, P24 '
4A35: (65,32) NAND4 P4A35, MEMR, NINST3, NINST4, INST5 ]
4A38: 64 32) NAND2 P4A38, NINSTO, NINST1 ]
4A37: 65 31) NAND3 P4A37, R NMEMR, NINST2, INST4, + ]
4B23: §63 323 NOR2 [ P4B23, P4A35, P4A38
4B24: 63,31) NOR2 P4B24, P4A38, P4A37
f
; P25, P28
4A38: 588,323 NAND2 E P4A38, INST4, NINST5 ]
4A39: 89,32) NAND4 P4A39, MEMR, NINSTO, NINST1, NINST2 ]
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4A40:

4B25:
4B28:
;P27 new
4a41:
4a42:

4b27:
; SUMMATION

4AC1:
AC2:
4C3:
4C4:
4C5:
4C8:
4C7:
4C8:

4D1:
4D2:

4E1:
4F1:

;0UTSTE*=*=""°"

;P1, P2
5Al:
DA2:
BA3:

bBA4:

6B1:
BB2:

;P3, P4
BAb:
5A8:
R5A8:
BAT:

6B3:
BB4:

:P5, P6
BAS8:
BAQ:
5A10:
BA11l:

5B5:
5B8:

;P7, P8
5A12:
BA13:
bA14:
5A15:

6B7:

5B8:
: P9

bA18:

;jingserted ninst2

BA17:
5B9:

(69,31) NAND3

(67:513 NoRs

125

(72,31) nor2

nand2
nand4

82,32
82,31
79,32
79,31
81,32
81,31
77,32) NOR4
77,31) NOR4

275,32) NAND4
75,31) NAND4

GRE

NOR2
NOR2
NOR4
NOR3
nor2
NOR2

NOR2
2INV

aamananasnanmasaansaana Aaacananananaana

g5,34
93,34
91,34
91,33

E
2
593,33
|

NAND4
NAND4
NAND4
NAND3

NOR3

95,33) NOR3

89,33) NAND4
NAND4
NAND4

NAND3

NOR3
NOR2

3
89,34;
87,34;
85,34
(87,33%
(88,33

NAND2
g NAND4
;

NAND2
NAND4

‘NOR2
NOR3

89,29
91,29
90,29
93,29

§90,30
91,30

§81,29 NAND3
83,29) NAND2
585,29 NAND4
87,29) NAND2

8333

NOR3
NOR3
(78,29) NAND2
(79,29) NAND4
(79,30) NOR2

;P10, P11 (pil scrubbed )

BA18:
5A19:

6B10:

;P12 scrubbed

583,343 NAND3
83,33) NAND4

(85,33) NOR2

;P13, P14 gcrubbed

i
[
E

m—

[ g |

Lo T " |

P4A40, )
P4B25, P4A38,
P4B28, P4A39,
pdait, NINSTO,
pdad2, INSTZ2,
p4b27, pdaii,
SAC1, PABY, P4B2
SAC2, P4B3, P4B4
S4C3, P4B6, P4B7,
sac4, P4B10,
SAC5, P4B14, p4b27 ]
SACS, P4B18, P4B17
S4C7, PAB19, P4B20,
SAC8, P4AB23, P4B24,
SAD1, S4C1,  S4c2,
S4D2, S4C5,  SA4cCs,
SAE1, S4D1, S4D2 ]
QUTST4,, S4E1,+ ]
P5A1, MAN, INY,
P5A2, NINST2, NINST3,
P5A3, BG, NEQ,
P5A4, , MAN,
P5B1, , P5A1,
P5B2, , P5A2,
P5A5, NEQ, BG,
P5A8, INSTO, NINST1,
PR5AS, NINSTO,
P5A7, , ENY,
P5B3, , INSTS
P5B4. PR5A8, PS5SA7 |
P5A8, INY, INST4 ]
P5A9, NINSTO, INST1,
P5A10, NENX,
P5A11, INY,
P5B5, P5A8, PSA9 ]
P5BS, , P5A9,
P5A12, s
P5A13, NINSTO,
P5A14, INST2,
P5A15, ov,
P5B7, , P5A12,
PS5BS, , P5A13,
P5A18, NINSTO,
P5A17, NINSTZ2,
P5B9, P5A16, PSA17 ]
P5A18, ,
P5A19, NINSTO,
P5B10, P5A18,
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INST3,

P4A39 ]
P4A40

INST1 ]

NINST3, NINST4, NINSTS ]

p4a42 ]

NINST4,

INSTS,

];fixed (see kill

P4B8, NP4B9

P4B11, P4B13,

; p4bl8 scrubbed

P4B21, P4B22 ]

P4B25, P4B26 ]

SAC3, S4C4 ]

S4C7,  SAcs

NENX, ENY ]

INST4, NINSTS ]

INSTO, NINST1

ENX, INX, + ]
P5A2, P5A3, + ]
P5A3, P5A4, +
INST4, NMAN ]

NINST2, NINST3 ]

INST1, INST2, INST3 ]
INY, INST4, + ]
P5AS, P5A6, + ]
INST2, NINST3 ]

ENY ]

NOV, NINST4, INSTS ]
P5A10, P5A11, + ]
ENX, INX, NOV,
INST1 ]

NINST3, NINST4, INST5 ]
INX ]

P5A13, P5A14, + ]
P5A14, P5A15, +

INST1 ]

NINST3, NINST4, NINSTS ]
cis, INST4, NINSTS
INST1, NINST2, INST3 ]
P5A19 ]

+ ]

+ ];fixed(see kill

+ ]

+ ]



+ ]

.

st ]

+ 1]

;P15, P16 (pl5 scrubbed )
5a2g: 92,28) nand?2 5a28, INST4, nman ]
BA29: 93,28) NAND4 5A29, NINSTO, INST1, NINST2, NINST3 ]
5A30: (93,27) NAND4 PBA30, NINST4, INSTS, NZERO, NEG ]
5b15: §91,28; nor2 E 5b15, 5a28, 5a29 ]
5B18: 91,27) NDR2 5B18, 5A29, 5A30
; P17, P18
BA31: 88,28) NAND2 P5A31, INST4, INSTS ]
5A32: 89,283 NAND4 P5A32, NINSTO, NINST1, INST2, INST3 ]
SA33: 89,27) NAND3 P5SA33, , NZERO, 1INST4, NINSTS,
5B17: (87,28; NOR2 E P5B17, P5A31, PS5A32 i
5B18: (87,27) NOR2 P5B18, P5A32, PBSA33
; P19, P20
BA34: 85,28) NAND4 PBA34, ZEROQ, NNEG, INST4, INSTS ]
5A35: 85,27) NAND4 PSA35, NINSTO, NINST1, INST2, NINST3]
5A38: 84,28) NAND2 P5A38, MEMR, NINSTS ]
5B19: (83, 28; NOR2 E P5B19, P5A34, PS5A35 ]
5B20: (83,27) NOR2 P5B20, P5A35, PEA3S
; P21, P22
BA37: 93,25) NAND2 P5A37, NINST3, NINST4 ]
BA38: 93,26) NAND4 P5A38, NMEMR, NINSTO, NINST1, INSTS ]
BA39: 94,25) NAND2 P5A39, NINST2, INST3 j
5B21: 592,26; NOR2 [ P5B21, P5A37, P5A38 ]
5B22: 92,25) NOR2 P6B22, P5A38, PB5A39
; P23, P24
5A40: 89,26) NAND3 P5A40, R MEMR, INST3, NINSTS,
5A41: 89,25) NAND3 P5A41, , NINSTO, NINST1, NINST2
BA42: 87,25) NAND4 P5A42, NMEMR, NINST3, INST4, INSTS j
5B23: 588 ,28) NOR2 [ P5B23, P5A40, PSA41l
5B24: 87,268) NOR2 P5B24, PSA41, PS5A42
;P25, P28
5A43: 85,26) NAND3 P5A43, R MEMR, INST4, NINSTS
5A44: 85,25) NAND4 P5A44, NINSTO, NINST1, NINST2, NINST3 ]
BA45: 83,25) NAND3 P5A45, R BACK, NINST4, NINSTS,
5B25: 583 26; NOR2 [ P5B25, P5A43, P5A44 ]
5B286: 84,26) NOR2 P5B28, P5A44, P5A45
; SUMMATION
5C1: §2,32) NOR2 P5C1, P5B1, P5B2 ]
5C2: 91,31) NOR3 P5C2, , P5B3, P5B4, PEBS, + ]
5C3: 89,31) NOR4 P5C3, PS5BS, P5B7, P5B8, P5B9 ]
5C4: 91,32) 2inv P5C4, P5B10, + ] ;P6b11/12/13 scrubbed
; 5C5: scrubbed with pSb14/15
5C8: 89,32) NOR4 P5C8, p5bi5, P5B18, P5B17, P5B18 ];fixed
5C7: 87,32) NOR4 P6C7, P5B19, P5B20, P5B21, P5B22
5C8: 87,31 NOR4 PSC8, P65B23, PEB24, P5B25, PSB26
5D1: (85,31) NAND4 [ Ps5D1, P5C1, P5C2, P5C3, P5C4 ]
;altered
5D2: (85,32) NAND3 [ P5D2, outst5, P5CS8, P5C7, P56C8, p5Sel ]
6E1: (84,32) NOR2 [ P5E1, P5D1, P5D2 ]
;the end of new nsl
;output forming logic “**+**==~"rascaaana fAAssssanaa e R N
;BR ~*=="
‘AAl: (99,2) NAND3 PAAl, |, INSTO, NINST1, NINST2, +
AA2: (101 2) NAND3 PAAZ, |, NINSTS, INST4, NINST5, +
AB1: 5102,1) NOR2 [BRu, PAA1 PAA2 ]
acl: 99,1) inv4 nbr, bru j ’
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s RXY
BA1l:
BA2:
BA3:
BA4:
BAG:

BB1:
BB2:

BC1:
BD1:

;FIVEB
CAl:
CA2:

CB1:
CB1X:
CB1X1:

,SRA araaaan
DA1:
DA2:

DB1:
DB1X:
DB1X1:

e wmo e wa wa W

;DIV and ASHA1
EAL:
EA2:

EB1:
EC1:

;clearc was here

;BA or AB
GAl:
GA2:

GB1:

GC1:
gdl:

HA1l:
HA2:
HA3:
HA4:

HB1:
HB2:

HC1:

BA2

e Ws be B we ®s be wo we Be

;AAL
IAL:
IA2:

IB1:
ici:
idi:

RB
JAl:
JA2:
JA3:
JA4:

JB1:
JB2:

JC1:

e %a %o Be Mo we We Mo W W

;Y2A2
KA1:
KA2:

and TA2 *°*°°

113,23;

115,24
115,23
113,24

(114,23

5112,23)
111,23)

111, 24;
109,24

107,23

106,24)
105, 24
105, 23

2
2107 24;
Z

i) NAND3
105,34)

(105,33)

NAND2
NAND3
NAND4
NAND3
NAND2

NOR2
NOR2

NOR3
INV4
NAND3
NAND3
NOR2

2INV
INV4

[PDA1,
NAND3

NOR2

2INV ENSRA,, SRAU, +]

INV4

2103,243
103,23

2102,243
101,23

§100,24)
89,23) NAND4

(99,24) NOR2

(98,24g 2INV
(97,23) 1inv4
2 NAND2
NAND3
i NAND2
NAND4

53 NOR2
NOR2

Q) NOR2
$98,243 NAND2
95,23) NAND3
(94,24) NOR2
593,24 2inv
93,23) inv4
( NAND2
NAND4
NAND3
NAND2

ég NOR2
NOR2

O NOR2
592,233 NAND2
91,24) NAND3

SRA,NSRA]

NAND3
NAND3

NOR2
INV4

NAND2
[PGAZ2,

[ABBAU,

[ébba,

PHA1L,
PHA2,
PHA3,
PHA4,

[PHBI,
PHB2,

[sHCl,

EPIAI,
PIA2,

AAlu,
naal,
aal,

PJAL,
PJA2,
PJA3,
PJA4,

EPJBl,
PJB2,

[sJc1,

EPKAI,
PKA2,

PBA1, INSTO,
PBA2. NPBA3,
PBA3. NINSTO,
PBA4. |,

PBA5, NINST3,
PBB1, PBA1,
PBB2, PBA4,
SBC1, ,

RXY,  SBC1 ]
EPCAl, ,

PCA2.
FIVEBU,
NFIVESB.,
FIVEB,NFIVEB]

NINSTO,

fppaz, |,
[SRAU, PDA1,
PEAL, ,

PEA2, NDIV,
DIVU, PEA1,
DIV, NDIV ]
[PGA1, NINSTO,
NINST2, NINST3,
PGA1, PGA2 ]
NABBA, +,
nabbaj

NINSTO, INST1 ]
BA2, NINST3
NINSTO, INST1 ]
NINST2, INST3,
PHA1, PHA2 ]
PHA3, PHA4
PHB1, PHB2 ]
NINSTO, INST1 ]
, NINST3,
PIAl, PIA2 ]
, aalu,+ ]
naal]

NINSTO, INST1 ]
INST2, NINST3,
RB, NINSTO
INST3, INST4 ]
PJA1, PJA2
PJA3.,  PJA4
PJB1, PJB2 ]
NINSTO, NINST1 ]
, INST2,
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NINST1 ]
NINST2, NINST3,
INST1, 1INST2,
NINSTO, INST1,
INST4 |

PBA2 ]

PBAS

PBB1, NPBA3,
NINSTO, INST1,
NINST3, NINSTA4,
PCAi, PCA2 ]
FIVEBU, +]
INST1, NINSTZ,
INST3, 1INSTA4,
PDA2 ]

NINSTO, INST1,
INST3, INSTA4,
PEA2 ]

INST1 ]

INST4, INSTS5 ]
ABBAU ]

NINST4, INSTS,
INST4, NINSTS ]
NINST4, INSTS,
NINST4, INST5 ]
NINST1, INSTZ2,
INST3, INST4,

NINST4
INST3 |

INSTZ2,

PBB2,

INST2,

NINSTS,

+ ]
INSTS,

NINSTZ2,
NINSTS,

SHC1 ]

+ 1]

SJC1 ]

+ ]

PBA3 ]
+ ]

+
—

+
[

+
[

+

DIVU ]



;Y1A1

We e Bo Be We Ws B Ne Mo W b

;s SINY

s SENY

; SENX

; SMAN

;LB

; SUBA1

KB1:
KBiX:
KB1X1:

LAl:
LA2:
LA3:
LA4:
LAS:

LB1:
LB2:
LB3:

LC1:

and SINX
MA1L:
MA2:
MA3:

MB1:
MB2:
mci:
mdl:
md2:

NAl:
NA2:
NA3:
NA4:

NB1i:
NB2:
NB3:

NC1:
nclix:

DAl:
0A2:
0A3:

0B1:
0B2:

Qc1:
oclx:

89,23

90,23§
89,24

PN NSNS SNINITNSTNSTS NN

111,213
111,22

108,22
109,22
108,21
109,21

NOR2
2INV
INV4

NAND2
NAND3
NAND2
NAND3
NAND2

NOR2
NOR2
NOR2

NOR3

NGR2
NOR2

NOR2
inv4d

NAND2
NAND3
NAND4

NOR2
NOR2

NOR2
inv4

NAND2

.NAND4

NAND3
NAND4
NAND2

NOR2
NOR2
NOR2

NGCR3
inv4

Y2A2U, PKA1,
NY2A2,
Y2A2,NY2A2]
PLA1, INSTO,
PLA2, ,
PLA3, INSTi,
PLA4, Y1iA1l,
PLAS5, NINST1,
PLB1, PLA4,
PLB2, PLA3,
PLB3, PLA4,
[sLc1, |,
NAND2 PMA1,
NAND4 PMA2,
NAND2 PMA3,
NOR2 SINYu,
NOR2 SINXu,
2inv nsinx,
inv4 sinx,
inv4d siny,
NAND2 PNA1L,
NAND4 PNA2,
NAND2 PNA3,
NAND4 PNA4,
NOR2 PNB1,
NOR2 PNB2,
NOR2 PNB3,
NOR3 SNC1i,
inv4 seny,
NAND2 POAL,
NAND3 P0OA2,
NAND4 POA3,
EPOBi, POAL,
P0OB2, POAl,
ESOCl, POB1
senx, soclj
PPA1, NINSTO,
PPA2, ,
PPA3, NINST1,
[PPBi, PPA1,
PPB2, PPAl,
ESPCi, PPB1
sman, spcij
PQA1, NINSTO,
PQA2, 1INST1,
PQA3, ,
PQA4: ninstS,
PQAS5, NINSTO,
PRB1, PQA1,
PQB2, PQA1l,
PQB3, PQA4,
[SQCi, ,
1b, sqci]
NAND2 EPRAI,
NAND4 PRAZ2,

PKA2 ]

NINST2, NINST3, NINST4, + ]

INST3, SLCi ]

PLB3, + ]

INST2, INST3 ]

sinyu]

NINSTZ2, NINSTS ]
INST2, INSTS ]

PNB2, PNB3, + ]

NINST4, NINSTS, + ]
INST4, INST5 |

NINST5, + ]
INST5 |

insgt5 J];refixed
INST4, '+ ]
INSTS ];refixed

PQB3, + ]

Y2A2U, +]

NINST1 ]

NINST4 ]

NINSTO, INSTZ2,
INST4 |

PLA2

PLA4

PLAS

PLB1, PLB2,
INST4, INSTS ]
NINSTO, NINST1,
NINST4, NINSTS |
PMA1,  PMA2
PMA2,  PMA3
nsiny sinxu,
nsinx}

nsiny

INST3, NINST4 ]
NINSTO, INSTH,
NINST3, INST4 ]
NINSTO, NINST1,
PNA1,  PNA2
PNA2, PNA3
PNA1, PNA4

, PNB1,
sncl]

NINSTO, INST1L ]
, NINST2,
NINST2, NINST3,
POA2 }

POA3

POB2 ]

NINST4 ]

INST1, NINSTZ2,
INST2, 1INST3,
PPA2 ]

PPA3

PPB2 ]

INST2 ]

NINST3, NINST4,
NINST1, INST3,
NINST2, INSTA4,
INST1 |

PQA2

PQA3

PQAS

PQB1, PQB2,
NINSTO, INST1 ]
NINST2, NINSTS3,
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; SUBA2

;RA or

;X1A1

; CLEARFF

;LY2L an

RA3: 113,20;
RA4: 115,19
RAS5: 113,19)
RB1: 112,20
RB2: 111,20
RB3: 111,19
RC1: (109,20)
RD1: (109,19)
SA1: (108,20
SA2: (107,20
SA3: 105,20
SA4: 107,19
SA5: 104.202
SAB: 105,19
SA7: 103,20
SA8: 102,20
SA9: 103,19
SA10: 101,20
SB1: 100,20)
SB2: 99,20
SB3: 99,19
SB4: 98,20
SB5: 97,20
SBS: 97,19
SC1: ggs,zo;
5C2: 95,19
SD1: (94,203
SEt1: (93,19
TAL: 91,20)
TA2: 91,19)
TA3: 89,20
TA4: §89,19
TAS5: 87,20
TAS: (87,19)
TB1: 86,20
TB2: 85,20
TB3: 88,19
TB4: 85,19)
TC1: '583,203
tecix: 83,19
65%2 get germs
: 86,18
UD1: 585,18§
UE1: 85,17
VAL: 115,18
VA2: 115,17
VA3: 113,18
VA4: (113,17
VBi: 5112.18g
VB2: 112,17
VC1: é109,18)
velx: 109,17)
WAL: 587,233
WA2: 87,24
¥B1: 86,23
wcl: 85,23
wdl: 85,24
d LY2U
XAL: (108,18)
XA2: (107,17)

PRA3,

NAND2 INST4, INSTS ]
NAND4 PRA4, NINSTO, NINST1,
NAND2 PRA5, NINSTS5, NINST4 ]
NOR2 PRB1, PRA1, PRAZ2
NOR2 PRB2, PRA3, PRA4
NOR2 PRB3, PRA4, PRAS
NOR3 ESRCi, R 'PRBi,
INV4 SUBA1, SRC1 ]
NAND2 PSA1, INSTO, NINST1 ]
NAND4 PSA2, NINST2, NINST3
NAND2 PSA3, NINSTO, INST1 j
NAND3 PSA4, , INST2,
NAND2 PSA5, INST2, NINST3 ]
NAND4 PSA8, NINSTO, INST1,
NAND2 PSA7, NINST2, INST3 ]
NAND2 PSA8, 1INST3, NINSTS ]
NAND4 PSA9, NINSTO, NINST1
NAND2 PSA10, NINST3, INSTS j
NOR2 [PSB1, PSAL, PSA2 ]

NOR2 PSB2, PSA3, PSA4

NOR2 PSB3, PSAS, PSA8

NOR2 PSB4, PSAs, PSA7

NOR2 PSB6, ©PSAS, PSA9

NOR2 PSB6, PSAg, PSA10 ]

NOR3 ssci, , PSB1, PSB2,

NOR3 S8C2, NSUBA2, PSB4, PSBS,

NAND2 SUBA2U, Ssci, 88¢2 ]

INV4 SUBA2, NSUBA2 ]

NAND3 PTA1, |, NINST2, INST4,

NAND2 PTA2, NINSTO, INST1 j

NAND3 PTA3, , NINST2, INST3,

NAND3 PTA4, , NINSTO, NINSTi,

NAND3 PTAS5, , INST3, NINSTA4,

NAND3 PTA8, , NINST3, INSTA4,

NOR2 PTB1, PTAl, PTA2

NOR2 PTB2, PTAZ2, PTA3

NOR2 PTB3, PTA4, PTAS

NOR2 PTB4, PTA4, PTAS8

NOR4 ESTCI. PTB1 PTB2, PTB3,

inv4 la, stclj

from above

NOR2 NXRAU, PTB3, PTB4 ]

2INV X2A2, XRAU, NXRAU, NXRAU ]

INV4 NXRA,XRAU ]
NAND4 PVA1, NINSTO, INST1,
NAND3 PVA2, , NINSTO,
NAND3 PVA3, R INST3,
NAND3 PVA4, NPVAL, NINST3,
NOR2 [PVBi, PVA2, PVA3 ]
NOR2 PVB2, PVA2, PVA4
NOR3 [SVCI, R NPVA1L,
inv4 xlal, svci]

NAND2 EPWAI, NINSTO, NINST1 ]

NAND4 PWA2, 1INSTZ2, NINST3, INSTA4,

NOR2 CLEARFFu, PWA1, PWA2 ]

2inv nclif, , clearffu,+ ]

inv4 clearf?,nclff] :
NAND2 EPXAl, INST4, NINSTS ]
NAND4 PXA2,

INST2,

PRB2,

NINST4,
INST3,
INST4,

INST2,

PSB3,
PS5BS,

INSTS,

INST4,
INST2,
NINSTS,
INSTS,

PTB4 ]

INST2,
NINST1,
NINSTA4,
INST4,

PVB1,

INSTS ]

NINSTO, NINST1, INSTZ2,
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INST3 ]

PRB3, + ]

NINSTS ]
NINST5, + ]
NINST5S ]

INST4 ]

+ ]
SUBA2U ]

++ 4+

INST4 ]
INST2,
NINSTS,
INSTS,

+ ]

+

PVA1 ]

PVB2, +]

NINST3 ]



XA3: (107, 18) NAND2  [PXA3, NINST4, INSTS ]
XB1: 106,18; NOR2 LY2UU, PXA1, PXA2
XB2: 108,17 NOR2 LY2LU, PXA2, PXA3
XB1X: 105,18 2INV NLY2U, NLY2L,
XB2X: 103,18 INV4 LY2U, NLY2U ]
XB3X: 103,17) INV4 LY2L, NLY2L

. 2U

sLX2L an%A%¥ 100,18 NAND2 PYA1, NINSTO, NINST1 ]
YA2: 101,18 NANDA PYA2, NINST2, INST3,
YA3: 101,17 NAND4 PYA3, INST2, NINST3,
YB1: €99,18g NOR2 LX2LU, PYA1, PYA2 ]
YB2: 99,17) NOR2 LX2UU, PYA1, PYA3
YB1X: 98,18) 2INV NLX2U, NLX2L, LX2UU,
YB2X: 97,17) INV4 LX2U, NLX2U :
YB3X: 95,17) INV4 LX2L, NLX2L

;LY1U
ZAl: (114,186 NAND2 PZA1, NINST3, NINST4 ]
ZA2: 115,186 NAND3 PZA2, , INSTO,
ZA3: 115,15 NAND3 PZA3, NINSTO,
ZA4: 113,18 NAND2 PZA4, INST3, NINST4 ]
ZAB: 113,15 NAND2 PZA5, NINSTO, NINST1
ZAB: 111,18 NAND4 PZA6, NINST2, INST3,
ZB1: 110,186) NOR2 PZB1, PZA1, PZA2
ZB2: 109, 16 NOR2 PZB2, PZA3, ©PZA4
ZB3: 109, 15 NOR2 PZB3, PZAS5, PIZA8
Z01: 2107 15; NOR3 - szc1, |, PZB1,
201X: 107,15 INV4 LY1U, SzC1 ]

;LY1L
AAAL: 593,17; NAND2 EPAAAi, NINSTO, NINST1 ]
AAA2: 93,18) NAND4 PAAA2, NINST2, INST3, NINST4,
AAB1:  (92,18) NOR2 [PAAB1, PAAA1L, PAAA2 ]
AAC1: §91,17; NOR3 SAAC1, , PZB1, PZB2,
AACiX: (89,18) INV4 LY1L, SAAC1 ]

;LX1U
abAl: 2105 186 NAND4 PabAl, NINSTO, INST1,
abA2: 104,186 NAND2 PabA2, NINSTO, NINST1 ]
abA3: (105,15 NAND4 PabA3, NINST2, INST3,
abBi:  (104,15) NOR2 [PabB1i, PabA2, PabA3 ]
abB2: (103,15) 2INV [NPabAl, s
abCi: gioz ,15) NOR2 SabCi, NPabAl, PabBi ]
abC1X: (101,18) INV4 LX1U, SABC1 |

;LX1L  two terms swiped from LX1U
acAl: (103,14) NAND4  [PacAl, NINST2, NINST3,
acB1: (105,14) NOR2 [PacB1, PabA2, PacAl ]
acB2: (106,14) 2INV [NabAt, , PabA1l,
acC1: §1oe,133 NOR2 ESacCi, NabAl, PacB1 ]
ACC1X: (103,13 INV4 LX1L, SACCi ]

;BREQ
adAl: (111, 3; NAND2 [PadAl, NINSTO, NINST1 ]
adA2: (111,4) NAND4 PadA2, NINST2, NINST3, NINST4,
adB1: 5112,3; NOR2 BREQu, PadAl, PadA2 ]
adCi: 113,3) INV4 NBREQ, BREQu ]

;RDR
AEA1: 5103,2; NAND3 [PAEAi NINSTO, NINST1,
AEA2: 103,1) NAND4 PAEA2, NINSTO, NINSTi, INST2,
AEB1:  (105,2) NOR2 (PAEB1, PAEA1, NINST3 ]
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LY2UU, LY2LU ]
INSTA, INST5 ]
NINST4, NINST5 ]
LX2LU ]

NINST1, NINSTZ2, + ]
INST1, INST2, + ]
INST4, NINSTS ]
PZB2, PZB3, +]
INSTS ]

PAAB1, +]

INST2, INST4 ]
NINST4, NINST5 ]
PabAl, +]

INST4, INST5 ]

+]

NINSTS ]

NINST2, + ]

NINST3 ]



AEB2: 106,2) NOR2 [PAEBZ, PAEA1, NINST4 1
AEB3: 107,2) NOR2 PAEB3, PAEA1, NINSTS
AEB4: §108,2) NOR2 PAEB4, PAEA2, INST4 ]
AEBS: 109,2) NOR2 PAEBS, PAEA2, INSTS
AEC1: 105,13 NOR3 [SAECl, NRDRU, PAEB1, PAEB2, PAEB3, RDRU ]
AEC2: 107,1) NOR2 SAEC2, PAEB4, PAEBS ]
AED1: 2108,1; NAND2 RDRU, SAEC1,_ SAEC2 ]
AEE1l: 109,1) INV4 RDR, NRDRU ]
;81 .
° afAl 5111,2; NAND4 PafA1, nINSTO, nINST1, nINST2, nINST3 ]
afA2 111,1) NAND2 PafA2, nINST4, INST5 j
afBi: §112,1; NOR2 ESiu, PafAl, PafA2 ]
afCl 113,1) INV4 NS1, Siu ]
;89
aghAl: E113,23 NAND4 EPagAi, nINSTO, nINST1, INST2, =nINST3 ]
agA2: 115,2) NAND2 [PagA2, nINST4, INST5 ]
agB1: 5116,2) NOR2 S9u, PagAl, PagA2 ]
agC1: 115,1) INV4 NS9, S9u ]
;810

ahAl: §113,4g NAND4 . EPahAl, nINSTO, nINST1, INST2, =nINST3 ]°
ahA2: 115,4) NAND2 PahA2, INST4, =nINSTS ]

ahB1: §116 ,4) NOR2 [SiOu, PahAl PahA2 ]
ahC1: 115,3) INV4 NS10, §Si0u j

;extra bits and clearb,fiveb sync

ex0: (46,29) clka [exckb, exck, clock]

exi: 53,29 , sinxb, exck,exckb, sinx ]
ex2: 53,31 rsnand ,ninxu, clt, sinxb]

exbui: 5§3,32) inv4 inx,ninxu]

ex3: 55, 29 d? sinyb, exck,exckb, siny ]
ex4: 55, 31 rsnand ,ninyu, clzt, sinyb]

exbu3: 55,32) inv4 iny,ninyu]

exb: 47,28) d4f , senxb, exck,exckb, senx |
ex8: 47,31) rsnand enxu,nenxu, clft, senxb]

exbub: 47,32) inv4 enx,nenxu

exbuf: 47,33) inv4 nenx, enxu

ex7: 49,29) d4df senyb, exck,exckb, seny ]
ex8: 49,31) rsnand enyu nenyu, clf, senyb]

exbu?: 49,32) inv4 eny,nenyu

exbu8: 49,33) inv4 neny,enyu

ex9: 51,29) df R smanb, exck,exckb, sman |
ex10: 51,31) rsmpnand manu,nmanuy, clt, smanb]

exbud: 51,32) inv4 man, nmanu]

exbul0: (51,33) inv4 nman,manu

exli: 43,29) df cl?f, exck, exckb, clearff]
exi2: 57,29) d4df NFVB exck, exckb, FIVEB]
EXBU12: (57,31) INV4 FVB, NFVB]

; new logic to ensure busses are defined all the time :8 sept 86

;8Ta

nsra0: (81,24) nor3 srau, ,ra,asha,abba, +]
neral: E81,23 2inv nsra,, srau,+
nsra2: 80,24) inv4 sra, nsraj
;dxy
ndxy: (93,18) 2inv [dxy,, rxy,+]
;b
nrb: (91,18) 2inv [rD,, abba,+]
;ylal (Div IS ASHA1)
nylaiO: §89,163 nor3 [ tatu, , div, aal, xlal, +
nylaii: (89,15) 2inv gyial,, ylaiu,+] 2 ]
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;ba2

nylai2: (87,16) inv4
rxy is IA2 )

nba20: 85,16) nor3
nba2i: 85,15) 2inv
nba22: 83,16) inv4

;WHEW!H!I Y

END

[

|

yilai,

ba2u,
nba2,
ba2,

nyial]

"ba2u,
nba2]

x2a2,y2a2,rxy,
+]
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options

techlib=cla5000

arraysize=6000
connect/nets/count

; iolist

; timing/alpha/all
units=10ps
summ

; netlist

define

H i

subcir/ucatal
drvb [0180 14]
dvi: (2,1) inv4d [i11,14]
dv2: 0,0; inv8 iZi,ili]
dv3: 4,0 inv8 i22,1i11
dv4: paral [0160,121,122]

endm

;@ TSI YSSeTYTYS

subcir/ucatal

COUNTER [SXT : EXCX,EN ]

declare/c<0:2>,d<0:3>,9<0:3>
cecO: (10,3§ 2invy [ , enb, +,en |
ccOx: (14,3 inv4 eni, enb ]
ccl: (2,0; dfrs2 E <0>,, ck,ckb, d<0>,eni,+ ]
cc5: (4,2 hadd <0>,, c<0>, , +,q<0>, +
cec?2: €6,0) dfrs?2 [ 3<1>,, ck,ckb, d<i>,eni,+ ]
cchB: 8,2) hadd <1>,, c<i>, , c<0>,q<1>, + ]
cc3: é1o,og dirs2 E <2>,, ck,ckb, d<2>,eni,+ ]
ce7: 12,2 hadd <2>,, c<2>, , ¢<i>,q<2>, + ]
cc4d: 514,0; dfrs?2 E <3>,, ck,ckb, d<3>,eni,+ ]
cc8: 16,2 hadd <3>,, , s €<2>,g9<3>, + ]
cc9: 0,33 nand?2 inck, exck,eni ]
cx9: 1,3 2inv ickb, ,inck,+]
cx9x: 0,2; inv4 ick,1ickb]
cciO: 0,0 clkb ck, ckb, ,ick ,+]
cell: 516,13 nand4 E nsxt, q<0:3> ]
cxii: 17,0 2inv sxt,, nsxt,+

endm

[QumTeeesseseacaaae v —————— v~ —————

o

]

D L R e

oy o oy 2 my oy oy v ay

P L

subcir/UCATAL
pgB [pi,éiB:ai,bi]
1: NAND2 iB,AI,BI]

G2: NAND2 ABI,AI,giBi
G3: NAND2 ABBI,giB,BI
G5: NAND2 PI,AABI,ABBI]

endm

; SINGLE PG CELL :

subcir/UCATAL

pg [pi,gi:ai,bi]
G1i: NAND2 ABI,AI,BI]
G2: NAND2 AABI,AI,ABI%
G3: NAND2 ABBI,ABI,BI
G4: 2INV ,GI,+,ABI]
G5: NAND2 PI,AABI,ABBI]

endm
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;@ ; emmmm——e
;18 BIT PG BLOCK usig§~eg§grted~high gi

;subcir/UCATAL

: PGBLAH [PI<0:15>,GI<0:15>: AI<0:15>,BI<0:15>]
;using the pg block from library create a 18 bit pg block
SUPPLIES/+VDD

1y co : PG [PI<0>,GI<0>, AI<0>,BI<0>]
; CO__G1 : NAND2[CO__ABI,AI<0>,BI<0>]

; CO__G2 : NAND2 CO__AABI,AI<O>,CO__ABI]

; CO__G3 : NAND2[CO__ABBI,CO__ABI,BI<0>

; CO__G4 : 2INV[,GI<0>,VDD,C0_ ABRI]

; CO__G5 NAND2fPI<O>,CO__AABI,CO__ABBI]

i3 el PG [PT<1>,6I<1>, AI<1>,BI<1i>]
; C1__G1 : NAND2[C1__ABI,AI<1>,BI<1>]

; C1_ G2 : NAND2 C1__AABI,AI<1>,01__ABI]

; C1__G3 ~: NAND2[C1__ABBI,C1__ABI,BI<1>

; C1__G4 : 2INV[,6I<I>,VDD,Ci_ ABI]

; C1__G5 NAND2(PI<1>,c1__AABI,01__ABBI]

i c2 : PG [PI<2>,GI<2>, AI<2>,BI<2>]
; C2__G1 : NAND2{C2__ABI,AI<2>,BI<2>]

; C2__G2 : NAND2[C2 _AABT,AI<2>,C2__ARI

; €C2__G3 : NAND2[C2_ _ABBI,C2__ABI,BI<2>

; C2__G4 : 2INV[,GI<2>,VDD,C2__ABI]

; C2__G5 : NANDZEPI<2>,02__AABI,c2__ABBI]

I c3 : PG [PI<3>,GI<3>, AI<3>,BI<3>]
; C3__G! : NAND2[C3__ABI,AI<3>,BI<3>]

; C3__G2 : NAND2 C3__AABI,AI<3>,03__ABI]

; C3__G3 : NAND2[C3__ABBI,C3__ABI,BI«3>

; C3__G4 : 2INV[,GI<3>,VDD,C3__ABI]

; C3__G5 NANDZfPI<3>,CS;_AABI,CS__ABBI]

¥ c4d : PG [PI<4>,GI<4>, AI<4>,BI<4>]
; C4__G1 : NAND2[C4__ABI,AI<4>,BI<4>]

; C4__G2 : NAND2[C4_ _AABI,AI<4>,C4__ABI

; C4__G3 : NAND2[C4__ABBI,C4__ABI,BI<4>

; C4__G4 : 2INV[,GI<4>,VDD,C4__ABI]

; C4__G5 NANDZfPI<4>,C4__AABI,c4__ABBI]

33 ch PG [PI<E>,GI<5>, AI<5>,BI<E>]
; C6__G1 : NAND2[C5__ABI,AI<5>,BI<5>]

; C5__G2 : NAND2 CS__AABI,AI<5>,CS__ABI]

; C5__G3 : NAND2[C5__ABBI,C5__ABI,BI<5>

; C5__G4 : 2INV[,GI<5>,VDD,C5__ABI]

; C6__G5 NANDZ(PI<5>,cs__AABI,cs__ABBI]

i3 cB : PG [PI<6>,GI<6>, AI<8>,BI<8>]
; CB__G1 : NAND2[CB__ABI,AI<8>,BI<8>]

; C6__G2 : NAND2[C6__AABI,AI<6>,C6__ABI

; C6__G3 : NAND2[CB__ABBI,C6__ABI,BI<8>

; C6__G4 : 2INV[,GI<8>,VDD,C8__ABI]

; C8__G5 NAND2fPI<6>,ce__AABI,cs__ABBI]

i: c? : PG [PI<7>,GI<7>, AI<7>,BI<7>]
3 C7__G1 : NAND2[C7__ABI,AI<7>,BI<7>]

; C7__G2 : NAND2 c7__AABI,AI<7>,c7__ABI]
; C7__G3 : NAND2[C7__ABBI,C7__ABI,BI<7>

; C7__G4 : 2INV[,GI<7>,VDD,C7__ ABI]

; C7T__G5 NAND2fPI<7>,c7__AABI,c7__ABBI]

;s c8 : PG [PI<8>,GI<8>, AI<8>,BI<8>]

; C8__G1 : NAND2[C8__ABI,AI<8>,BI<8>]

; C8__G2 : NAND2 CS__AABI,AI<8>.08__ABI]

; C8__G3 : NAND2[C8__ABBI,C8__ABI,BT<8>

; C8__G4 : 2INV[,GI<8>,VDD,C8  ABI]

; €8G5 : NAND2[PI<8>,C8_ AABT,C8  ABBI]

I c9 : PG [PI<9>,GI<9>, AI<9>,BI<9>]

; C9__G1 : NAND2[C9__ABI,AI<9>,BI<9>]

5 €9__G2 : NAND2[C9__AABI,AI<9>,C9_ ABI

5 C9__G3 : NAND2[C9__ABBI,C9__ABI,BT<9>

; C9__G4 : 2INV[,GI<8>,VDD,CJ_ ABI]

; C9_ @65 NANszPI<9>,CQ__AABI,CQ__ABBI]

3 ci0: PG [PI<10>,GI<10>, AI<10>,BI<10>]
; €10_G1 : NAND2[C10_ABI,AI<10>,BI<10>]

; C10_G2 : NAND2

C10_AABI,AI<10>,C10 ABI
; C10_G3 : NAND2 C10_ABBI,C10_ABI,BI<10>
; C10_G4 : 2INV[ GI<10>,VDD,C10_ABI]
; C10_G5 : NAND2[PI<10> C10_AABI,C10_ABBI]
HH cli: PG fPI<11>,GI<11>, AI<11>,BI<1i1>]
; C11_G1 : NAND2 C11_ABI,AI<11>,BI<11>]
; C11_G2 : NAND2 C11_AABI,AI<11>,011 ABI
; C11_G3 : NAND2 Cil_ABBI,Cil_ABI,BI?11>}
; C11_G4 : 2INV[ GI<11>,VDD,C11_ABI]

; C11_C5 NANDZfPI<11>,Cii_AABI,Cil_ABBI] 178



3 ci2: PG [PI<12>,GI<12>, AI<12>,BI<12>]
1'612.61 : NAND2[C12 ABI,AI<12>,BI<12>] .

i €127G62 NANDZECiZ AABI,AI<12>,C12 ABI]

: ¢12°G3 : NAND2[C12 ABBI,C1i2 ABI,BI<12>

: ¢12°G4 : 2INV[,GI<12>,VDD,CI2_ABI]

: €12°65 : NAND2[PI<12>,C12 AABT,C12_ABBI]

s c13: PG fPI<13>,6I<135, AI<13>,BI<13>]
17013 G1 : NAND2[C13_ABI,AI<13>,BI<135>]

: €137G2 : NAND2[C13 AABI,AI<135,C13_ABI

P ¢13°G3 : NAND2[C13_ABBI,C13_ABI,BI<13>

: ¢13°G4 : 2INV[,GI<I3>,VDD,CI3_ABI]

P ¢137e¢5 : NAND2[PI<13>)€13 AABT,C13_ABBI]

i el PG [PI<T4>,G6I<145, AI<14>,BI<14>]
1’014 G1 : NAND2[C14 ABI,AI<145>,BI<145]

1; C14.G62 : NAND2[C1Z AABI,AI<14>,C14 ABI]

;7014 _G3 : NAND2{CG14_ABBI,C14_ABI,BI<14>]

P C147G4 : 2INV[,GI<I4>,VDD,CI4 ABI]

: C14°G5 : NAND2[PI<14>,C14 AABI,C14_ABBI]

i c15: PG (PI<15>,GI<155, AI<15>,BI<15>]
1’c15_G1  : NAND2[C15_ABI,AI<15>,BI<155]

1 C15°G2 : NAND2[C15 AABI,AI<15>,C15 ABI]

{ €15°G3 : NAND2([C15 ABBI.Ci5_ABI,BI<15>

; C15°G4 : 2INV[,GI<15>,VDD,CI5_ABI)]

i C15°G5 : NAND2[PI<15>,C15 AABI,C15_ABBI]

subcir/UCATAL
PGBL [PI<0:15>,GB<0:15>: A<0:15>,BI<0:15>]

;using the pg block from adderlib create a 16 bit pg block

H cO : Q) pgB [PI<0>,GB<0>, A<0>,BI<0>]
co1 0,1; NAND2[GB<0>,A<0>,BI<0>]

co2 : (0,0 NAND2{CO_L,A<0>,GB<0>]

co3 : (1,0 NAND2[CO_M, GB<O> BI<0>]

cos : (1,1 NAND2[ PO, co L,co M]

c08 : §1,2 2inv npO,,pO +

c07 : (0,3 1nv4 pi<0>, npO

; cl : pgB [PI<i>,GB<1>, A<1>,BI<1>]
c11 : (2,1) NANDZ GB<1>,A<1>,BI<1>]

ci12 : (2,0 NAND2[C1_L, A<1> GB<1>]

C13 : (3,0 NAND2[C1 M, GB<1> ,BI<1>]

€15 : (3,1 NAND2[P1, CH _L,C1_M]

cig : (3,2 2inv [n ,,pi +

cl7?7 g,s inv4 §<1> npi ;

H c2 : B PI<2>,GB<2>, A<2>,BI<2>
c21 : (4,1 NANDZ GB<2> A<2£8BI<2>] 2, BL<2>]
€22 : (4,0 NAND2{CG2_L, A<2> GB<2>]

c23 : (5,0 NAND2[C27¥, GB<2> ,BI<2>]

c26 : (5,1 NAND2[ P2, c2 L,C2 M]

c26 5,2; 2inv 2,,p2 +

c27 g,3 inv4 p£<2>,np2

H c3 : B PI<3>,GB<3>, <3>,BI<3>
€31 : (8,1 NAND2 GB<3>,A<3§?BI<3>][ A<s>,BI<3>]
€32 : (8,0 NAND2[C3_L,A<3>,GB<3>]

€33 : (7,0 NAND2[C3_M, GB<3> ,BI<3>]

c3s : (7,1 NAND2[P3, 3 L,C3_M]

c38 §7,2 2inv 3,,p3 +

c37 2,3 inv4 p§<3> np3

; cd : gB PI<4>,GB<4>, <4> <4>
c41 : (8,1) NANDZ GB<4>,A<4§,BI<4>][ hed>, BLed>]
c42 8,03 NAND2[C4_L,A<4>,GB<4>]

C43 9,0 NAND2[C4 M, GB<4> ,BI<4>]

c45 9,1 NAND2[P4,C4_L,C4 M]

c48 9,2 2inv 4,,p4 +

cA7 g,s inv4 p£<4> np4]

; cb : B PI<5> <5>

c51 10,1 NANDZ cB<5>,A<5§§BI<5>][ 1GB<5>,  A<G>,BI<5>]
Cc52 10,0 NAND2[C5_L,6A<5>,GB<5>]

€53 11,0 NAND2[C5_M, GB<5> ,BI<5>]

C55 11,1 NAND2[ PS5, cs L,C5 M]

c58 11,2 2inv [n 5,,p5 +

cB87 éO,S (%nv4 pi<s> npS
H c8 : gB PI<6>,GB<6> <

Cc81 12,1 NAND2 GB<6>,A<6g,BI<6>][ GB<6>.  A<t>,BI<6>]
C82 12,0 NAND2[C8_L,A<8>,CB<6>]

C83 13,0 NAND2[CB8 ™ M, GB<8> ,BI<8>]

€85 13,1 NAND2[ P8, cé L,C8 M]

c68 : (13,2 2inv np6,,p6 +

c87 : (12,3 inv4 p1<6>,np6
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. c? O gB [PI<7>,GB<7>, A<7>,BI<7>]
"e71 : (14,1 NAND2[ GB<7>, A<T>oBI<T>]
c72 : (14,0 NAND2[C7_L,A<7>,GB<7>]
c73 : (15,0 NAND2[C7 M,GB<7>,BI<7>]
c75 : (15,1 NAND2[P7,C7_L,C7 M]
c78 : 15,2; 2inv nP7,,p7 ;
. 3 >
.C” ) cé4§3 (%nM pI<7>.ap pgB [PI<8>,GB<8>, A<8>,BI<8>]
‘c8t : 516,1 NAND2[GB<8>,A<8>,BI<8>]
c82 : (18,0 NAND2[C8_L,A<8>,GB<8>]
c83 : (17,0 NAND2[C8 M,GB<8>,BI<8>]
€85 : (17,1) NAND2[P8,C8_L,C8 M]
c86 : (17,2) 2inv [np8,,ps. g
. 5 <8>
;C87 ' césis) (ﬁnV4 pl<d>,up pgB [PI<9>,GB<9>, A<9>,BI<9>]
c91 : (18,1 NAND2[GB<9>,A<8>,BI<9>]
c92 : (18,0 NAND2([C9_L,A<9>,GB<9>]
c93 : (19,0 NAND2{ CO M,GB<9>,BI<G>]
c95 : (18,1 NAND2[P9,C9 _L,C9 K]
c96 : (19,2 Zinz n 96;p9 ;
. <
R gig§3 %nv pEemT.np gB [PI<10>,GB<10>, A<10>,BI<10>]
"c101 20,1 NAND2 Gg<10>,A<10> BI<10>]
€102 20,0 NAND2[C10L,A<10>,CGB<10> ]
€103 21,0 NAND2[ C10M,GB<10>,BI<105]
€105 21,1 NAND2[P10,C10L,C10M]
c108 gé gg Einz nngé;piolai
: R 1 ,0
;CI°7 Te11: ) RTR AP p[PI<11> GB<11>, A<11>,BI<11>]
c111 22,1 NAND2 c§<11>,A<11> BI<11>]
c112 22,0 NAND2[C11L,A<11>,CB<11>]
€113 23,0 NAND2[C11M,GB<11>,BI<115]
C115 23,1 NAND2[P11,C11L,C11M]
nE o bebei]
11 : R nv n
;c cl2: ) P p[PI<12> GB<12>, A<12>,BI<12>]
c121 24,1 NAND2 GB<12> A<12>,BI<12>]
c122 24,0 NAND2[C12L,A<12>,GB<12>]
€123 25,0 NAND2[C12M,GB<12>,BI<125]
€125 25,1 NAND2 P12 C12L,C12M]
c126 gi,g finz 1§é,p121;
127 , nv <12>,n
;c c13: ) [PI<13> GB<13>, A<13>,BI<13>]
c131 26,1 NAND2 Gg<13> A<13>,BI<13>]
€132 26,0 NAND2[C13L,A<13>,GB<13>]
€133 27,0 NAND2[C13M,GB<13>,BI<13>]
€135 27,1 NAND2 P13 G13L,C134]
c138 2;,3 finz 1§é,p131;]
c137 28, nv <1i3>.n
; cl4: ) B [PI<14> GB<14>, A<14>,BI<14>]
c141 28,1 NAND2[GB<14>,A<14>,BI<14>]
c142 28,0 NAND2[C14L,A<14>,CB<145]
€143 29,0 NAND2[ C14M,GB<14>,BI<145]
€145 29,1 NAND2 P14 C14L,C14M]
c146 29,% 2inv 1%,,p14 Z]
cl47 28, inv4 <14>,npil
; ci5: ) pg p[PI<15> GB<15>, A<15>,BI<15>]
€151 go,é NAND2 g <i5; A;15>BBI<1?>]
€152 0, NAND2{ C15L,A<15>,GB<15>
€153 31,0 NAND2[C15M,GB<15>,BI<15>]
C155 31,1 NAND2[P15,C15L, C15M]
c156 31,2 2inv (npi5,,p15, +]
c157 30,3 inv4 [p <15>,npi1b
ENDM
1§-§EI-§9¥!§5-§L9°§-(iuzs-é-sﬁzies ofxor gates) ... .lI11IC
subcir/UCATAL
SUMBL [gI<o 15>o g§<o 15>,CIN, gI<o 4;] 3
) XOR[ SI<0> ,,,,PI<0>, CIN ,-,-,-
G1i: 2,0 EXOR[ S8I<1> ,,,,PI<1>, CI<0>,-,<, ]
G2: 4,0 EXOR[ SI<2> ,,,,PI<2>, CI<i>.,~ ' -
G3: 8,0 EXOR|[ SI<3> ,,,,PI<3>, CI<2> vmem— ]
G4: 8,0 EXOR[ SI<4> ,,,,PI<4>, CI<3>,—,-,—‘
G5: 10,03 EXOR{ SI<5> ,,,,PI<5>, CI<4>,-,-.-]
G8: 12,0 EXOR| SI<8> ,,,,PI<B6>, CI<5>,-.— -
G7: 14,0 EXOR[ 8I<7> ,,,,PI<7>, c1<6>,-,-,-‘
G8: 16,0 EXOR[ SI<8> ,,,,PI<8>, CI<7>.,-.~. -
G9: 18,0 EXOR[ SI<9> ,,,,PI<9>, CI<8> -~ -]
G10: 20,0 EXOR[ SI<10> ,,,,PI<10>, CI<9>.,- - -
G11: 22,0) EXORL SI<11> ,,,,PI<11>, €I<105,2,2,-]



G12:
G13:
Gl4:
G15:

24,0

EXOR
EXOR
EXOR
EXOR

SI<12>
SI<1i3>
SI<i4>
SI<16>

I!IJPI<12>I
'IJDPI<13>I
'IJIPI<14>D
» 20, PI<15>,

CI<ii>, -,
CI<12>,-,
CI<13>,-,
CI<i4>,-,

o]
7]

-]

PSSP PN UIPIppEpTPRP PP PR e e e e R L A e R A A e e e fe i g

;@
;18 BIT SUMMER BLOCKX WITH ACTIVE LOW OUTPUTS

P L e N T P L L L Rl

;ubcir/ucatal
NOTSUM

G2:

P e e e L L L L T

subcir/UCATAL
bela [ci<0:2>, pstr, gstB :

Gi:
G2:
G3:
G4:
G5:

[SIB<O:1
GO:

|
;
%

(8,1

E
2

7o)
8,0
12,0)
2,0)

EXNOR
EXNOR
EXNQOR
EXNOR
EXNOR
EXNOR
EXNQOR
EXNOR
EXNGR
EXNOR
EXNOR
EXNOR
EXNOR
EXNOR
EXNOR
EXNOR

NAND2
NAND2
NAND2
NAND2
NAND2

; use extra inverters from the first
;three 3nands to produce high asserted g0 gl g2

G6: 6,1; NAND3
G7: 4,1 NAND3
G8: 12,1) NAND3
G9: 0,1) NAND3
G10: 10,1; NAND4
Gitl: 10,0 NAND4
G12: 2,1 NAND4
G13: 4,0 NAND4
Gil4: (0,0 NAND4
G15 (9,1) 2INV

endm

Hitatadntadaing REGISTERS VARIOUS

-

SUBCIR/ucatal
SHR [ QB<0O:15> : EXCK, SLI ]

;declare/ Q<0:14>,QD<0:14>,QI<0:14>

declare/ @D<0:15>
g0x 217,2 2inv

0: 18,2 inv4
1: §16,0 clkb

Gix 18,0 clkb
DO: 20,0 df
D1: 2,0 df
D2: §4,0 daf
D3: 8,0 df
D4: 8,0 df
D5: 10,0 af
D8: 12,0 df
D7: 14,0 df

I<0:15>,CIN,CI<0:14>]

SIB<0O>
SIB<1>
SIB<2>
SIB<3>
SIB<4>
SIB<5>
SIB<6&>
SIB<7>
SIB<8>
SIB<g>
SIB<10
SIB<11
SIB<12
SIB<13
SIB<14
SIB«<15

llllPI<o>l
100, PI<1>,
v 202 PI<2>,
»a02PI<3>,
,IIJPI<4>O
»24,P1<6>,
22, P1<6>,
IDDIPI<7>I
»25 2 P1<8>,
250, PI<9>,

> ‘,“PI<10>,
> ,,,,PI<11>,
> ID"PI<12>I
> ,,,,PI<13>,
> llllPI<14>l
> II‘IPI<15>J

CI<5>,-
CI<B>,-
CI<7>,~-
CI<8>,-

CI<11>,
CI<12>,
CI<13>,

pi<0:3>, giB<0:3>,cin]

»

»
CI<4>,-,~,-]

’

CI<g>,~-
CI<10>,-,-,-

ci<0>,giB<0>
pc,cin,pi<0>
pg0,g0,pi<i>
pgl,gl,pi<2>
P82,82,pi<3>

pcl

ci<i>, g0 , giB<1>, Sgo,

ppc, gl , pi<1>, pi<0>, cin, giB<1>
PpPg0, g2 , pi<2>, pi<1>, g0, giB<2>
ppgl, pstr, pi<3>, pi<2>, gl, pstB

pgpc, pi<2>, pi<i>, pi<0>, cin]
[ >, pgi. gPBo: ngc]
pi<2>, pi<3>]

3pg0]
pstB, pi<0>, pi<i>, pi<2>, pi<3>]

<2>, giB<2

3pg0, g0, pi
getl, giB<g>

<1>,
» P82, ppgl,

2
?
>

’
» s

»

’
»

» "
)
P

ppC,

Ay ap v A Gr G v Py By Bty B Sy Bt Y PY e oy Br B2 B o O ot vy ot e D v By - By p A0 oy ¢y ¢ hy oyt v Wy oy Ay~ -~ ;s " St > oy By v oy wr ot b

L R R R R R g

xck,icku, icku,exck ]

inck , xck

CK1l, CX1b, ,inCK ,+]
CKu, CKub, ,inCX ,+

QD< 0>, , ckl, cklB, SLI
QD< 1>, , ckl, cklB, @D«
QD< 2>, , ckl, cklB, @D«
QD< 3>, , ckl, cklB, @D«
@D< 4>, , ckl, ck1lB, @D«
QD< 5>, , ckl, cklB, QD<
QD< 6>, , ckl, cklB, QD<
QD< 7>, , ckl, ck1lB, @D<

A 0 v N AT s By By B Aty Ay Bt ot Go 0y a9 v By A By s oy oy oG ot BT O0 e Ay w9 oy MO Sy me or Be Be Be By Oy By B Sy 0 @ =t 2t v a0 B Ay S my ww oy~

0>
1>
2>
3>
4>
5>
6>

R R

-1

-l

CI<14>,-,-,~]

giB<0>

Lmu oW u_nono

]
]
]

1



Wa W ME %o M %e W Mo Mo We Mo W e Wo We Wo W

dli:

dli9:
dlii:
dl12:
dl113:
dli4:
dl1l15:

I P
a
=
[+¢)

ENDM

SUBCIR/UCATAL

ABREG [ QB<0:15>
DECLARE/Q<0:15> ¢

G1:
glx1i:
glx2:

G3:
G3x:

DO:
D1;
D2:

é

CTNSTNITNTTNITINI NSNS NS NN NN N

%

€

(0,0
2,0
4,0

BNORANO

" e e s e e

28,2

HEHODERNO WWW

BPIOY = v v o

R R QONOTRWNFO

BWIIA O, = % = % % v % ow

- .

- v OO0O00OO

18,2
17,2
18,2

18,0
18,0

2

0O O O s [ o] %]
[

N

E
z

NAND2
2inv
inv4

clkd
clkb

df
df
df

|
|

|

QD< 8>,
QD< 9>,
QD<10>,
QD<11>,
gh<12>,
QD<13>,
QD<14>,
gn<15>,

QB< 0>,
QB< 1>,
QB< 2>,
QB< 3>,
B< 4>,
@B< 5>,
QB< 8>,
QB< 7>,

QB< 8>,
QB< 9>,
@B<10>,
@B<11>,
QB<12>,
QB<13>,
QB<14>,
QB<15>,

[+
[+
[o]
Cc
Cc
[+
Cc

- e % e % W ow W

1>,QB< 1
2>,QB< 2
3>,QB< 3

Q< 8>,QB< 8
Q< 9>,8B< 9

Q<10>,QB<10>,

Q<11>,Q@B«11
Q<12>,QB<12

Q<13>,QB<13>,
Q<14>,QB<14>,

,QB<15

i<
gi<
qic<
i<
31<
qi<
qic<
i<
31<
i<
i<
qi<
qic<
qi<
qic<

d<
gd<
qd<
qd<

d<
aa<
d<
g
qd< 8>,
qd< 9>,
qd<10>,
qd<11>,
qd<12>,
qd<13>,
qd<14>,

0>,
1>,
2>,
3>,
4>,
5>,
68>,
7>,

D<0:15>, EXCK, LOAD ]

INCK, EXCK,
ickb,, inck
ick, 4ickb

CK1, CK1B,
CKu, CKuB,

cku,

0>,QB< 0>,

4>,QB< 4>,
5>,QB< 5>,
8>,QB< 6>,
7>,QB< 7>,

ckuB,
ckuB,
ckuB,
ckuB,
ckuB,
ckuB,
ckuB,
ckuB,

QD< O>
QD< 1>
QD< 2>
QD< 3>
Qb< 4>
QD< 5>
QD< 6>
QD< 7>

QD< 8>
Qb< 9>
QD<10>
QD<11>
@D<12>
QD<13>
QD<14>
QD<15>

ckl, cklB,
>, ckl, cklB,
>, ckl, ckl1B,
>, ckl, cklB,
ckl, cklB,
ckl, ckl1B,
ckl, ckl1B,
ckl, cklB,

ckuB,
ckuB,
ckuB,
ckuB,
ckuB,
ckuB,
ckuB,
ckuB,

QD< 7> ]
QD< 8>
QD< 9>
QD<10>
@D<11>
QD<12>
QD<13>
QD<14>

ku,
ku,
ku,
ku,
ku,
ku,
ku,

SLI
QD<
QD<
QD<
QD<
QD<
RD<
QD<

QD<
QD«<
QD«<

>, cku,
>, cku,
cku,
>, cku,
>, cku,
cku,
cku,
>, cku,

0>,
1>
2>
3>,
4>,
5>
6>,
7>,
8>,
9>,
10>,
11>,
12>,
13>,
14>,

gqi<
qi<
gqi<
qi<
gi<
qic<
qi<
qi<

O>,q<
1>,q¢
2>,q9<
3>,q¢<
4>,q<
5>,q¢<
5
qi< 8>,g< 8>
qi< 9>,q< 9>
qi<10>,q<10>
qi<11>,q<11>
qi<12>,q<12>
qi<13>,q<13>

1>
2>
3>
4>
5>
8>
T>

LOAD ]

+]
|

,ICK ,+}
,ICK ,+

Q< 0>,, ckl, ckl1B, D< 0>
Q< 1>,, ckl, cklB, D< 1>

@< 2>,, ckl,

-ck1B, D< 2>j

0> ]

qi<14>,q<14> ]

]

1>
2>
3>
4>
5>
6>

7>
8>
9>

o
v

QD<10>
QD<11>
QD<12>
QD<13>
gD<14>

M R T S
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D3: (6,0;
D4: 8,0
D5: 10,0
D6: 12,0
D7: 14,0
D8: EZ0,0%
D8 22,0
D10 24,0)
D11 26,0
Di2 28,0
D13 30,0
D14 32,0
D15 34,0
10: 0,2
I1: 2,2
I2: 4,2
I3: 8,2
I4: 8,2
I5: 10,2
16: 12,2
I17: 14,2
18 20,2
19: 22,2
I10 24,2
I11 26,2
I12 28,2)
I13 30,2;
I14: 32,2
I15: 34,2)
ENDM
""""" THIS REGISTER IS SET TO
UBCIR/UCATAL

$

BREG [ QB<0:15>

DECLARE/Q<0:15>

Gi: 18,3
glxi: 17,3
gix2: 18,2
G3: 516,03
G3x: i8,0
G2: (18,2)
DO: 0,0
D1: 2,0
D2: 4,0
D3: 6,0
D4: 8,0)
D6: 10,0
D8: 12,0
D7: 14,0
D8: 20,0
D9: 22,0
D10 24,0
D11 28,0
D12 28,0
D13: (30,0
D14 €32,0
D15: 34,0)
I0: 0,3
I1: 2,3
I2: 4,3
I13: 68,3
I4: 8,3
I5: 10,3;
18: 12,3
17: 14,3)
I18: 20,3
19: 22,3
I10: 24,3
I11 28,3
I12 28,3
I13 30,3
I14:; 32,3

D<0:

Q< 3>,, ckl, ck1B, b< 3>
Q< 4>,, ckl, cklB, D< 4>
Q< 5>,, ckl, cklB, D< 5>
Q< 6>,, ckl, cklB, D< 6>
Q< 7>,, ckl, ckl1lB, D< 7>
Q< 8>,, cku, ckuB, D< 8>
Q< 9>,, cku, ckuB, D< 9>
Q<10>,, cku, ckuB, D<1i0>
Q<11i>,, cku, ckuB, D<1ii>
Q<12>,, cku, ckuB, D<12>
Q<13>,, cku, ckuB, D<13>
Q<14>,, cku, ckuB, D<14>
Q<15>,, cku, ckuB, D<ib5>
@B< 0>, Q< 0>
g@B< 1>, g< 1>
@B< 2>, Q< 2>
@B< 3>, g¢< 3>
QB< 4>, Q< 4>
QB< 5>, Q< 5>
QB< 6>, Q< 6>
QB< 7>, Q< 7>
QB< 8>, Q< 8>
QB< 9>, Q< 9>
QB<10>, g<10>
QB<1i>, Q<it>
QB<12>, Q<1i2>
@B<13>, Q<13>
QB<14>, Q<14>
QB<15>, Q<15>

8000 HEX BY S15

15>, EXCK, LOAD,S15 ]

INCK, EXCK, LOAD ]
ickb,, inck,+]
ick, '1ckb ]

CK1, 'CK1B,
CKu, CKuB,

NS15, Si5 ]

CK1,
CK1,
CK1,
CK1,
CK1,
CK1,
CK1,
CK1,

CKu,
>,, CKu,
CKu,
CKu,
CKu,
CXu,
CXu,
CKu,

,ICK ,+]
,ICK ,+

cklB, D«
cklB, D«
cklB, D«
cklB, D«
cklB, D«
cklB, D«
cklB, D«
cklB, D«

0>,
1>,
2>,
3>,
4>,

6>,
7>,

ckuB, D< 8>,
ckuB, D< 9>,
ckuB, D<10>,
ckuB, D<11>,
ckuB, D<12>,
ckuB, D<13>,
ckuB, D<14>,
D<15>,

0>, Q< 0>
Q< 1>
< 2>
3>, g< 3>
4>, Q< 4>
5>, Q< 5>

) Q< 6>
7>, Q< 7>

8>, Q< 8>
Q< 9>
Q<10>
Q<ti1>
Q<i2>
Q<13>
Q<14>

NS15,
NS15,
NS15,
NS15,
NS15,
NS15,
NS15,
NS15,

NSi5,
NS§1i5,
NS15,
NS15,
NS15,
NS15,
NS15,
+, NS1

R R

G4+ + 4+ o+
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I15: (34,3)
ENDM

~ o o

SUBCIR/UCATAL
XYREG [ QB<0:15>
DECLARE/Q<0:15> '
Gl:
G2:
e

G3:
G4:

P N

- -

OO0 s OO BPOON

[NV N 4

28,0

=N o

e v RNDNNNDN ~ -

RRRNN DN A OO0

N e et

NN HEREREORNO WWww
DO BDNO- = v v =
- W e g

n
@D
-

o
-
-S)

-~ ay a oy ar oy

INV4

[QB<15>,

Q<i5>

D<0:15>, EXCK, LUPP, LLOW ]

XY1REG [ Q<0:15>,QB<0:15>

DECLARE/QI<0:15>,QIB<0:15>

G1: 18,2)
G2: 16,2)
gix: 17,2;
g2x: 19,2
G3: §18,03
G4: 16,0
DO: (0,0
D1: EZ,O
D2: 4,0
D3: S,Og
D4: 8,0
D5: 10,0
D§: 12,0
D7: 14,0
D8: 20,0;
Dg: 22,0
D10: 24.0;
Di1: (28,0

NAND2
NAND2
2inv
2inv

clkb
clkb

df
df
df
df
df
df
df
df

icku, EXCK, LUPP ]
ickl, EXCK, LLOW

iclb,ickl
icub,icku

k1,
ku,

CKU
CKL

QB<

QB<

qB<

QB<1
@B<1
QB<«1
QB<1
@B<1
QRB<«1

iclb,
icub,

, CKBU, ,
, CKBL, |,

0>,, CKL,
i>,, CKXL,
2>,, CKL,
3>,, CKL,
4>,, CKL,
6>,, CKL,
6>,, CKL,
7>,, CKL,

8>,, CKU,
9>,, CKU,
0>,, CKU,
1>,, CKU,
2>,, CKU,
3>,, CKU,
4>,, CKU,
5>,, CKU,

7>,

8>,
9>,
0>,
1>,
2>,
3>,
4>,
5>,

ku ,+]
kl ,+

CKBL,
CKBL,
CKBL,
CKBL,
CKBL,
CKBL,
CKBL,
CKBL,

CKBU,
CKBU,
CKBU,
CKBU,
CKBU,
CKBU,
CKBU,
CKBU,

< 0>
Q< 1>
Q< 2>
Q< 3>
Q< 4>
Q< 5>
Q< 6>
Q< >

Q< 8>
Q< 9>
Q<10>
Q<11>
Q<12>
Q<13>
Q<14>
Q<15>

1

D«
D«
D<
D«
D«
D«
D<
D«

D<
D<
D<
D<
D<
D«
D<
D«

]

0>
1>
2>
3>
4>
5>
6>
7>

8>

g>
10>
11>
12>
13>
14>
15>

D<0:15>, EXCK, LUPP, LLOW ]

E
J
E

icku, EXCK, LUPP

ickl, EXCK, LLOW
iclb,ickl ]

icub,icku

k1,
ku,

CKU
CKL

QI<
QI<
QI<
QI«
QI<
QI<
QI<
QI<

QI<
QI<

icldb,
icub,

, CKBU, ,
,» CKBL, ,

0>,QIB<
1>,Q1IB<
2>,81IB«<
3>,QIB<
4>,QIB<
5>,QIB<«
6>,QIB<
7>,QIB<

8>,QIB<
9>,QIB«<

ku ,+]
kl ,+

0>, CKL
1>, CKL
2>, CKL
3>, CKL
4>, CKL
5>, CKL
6>, CKL
7>, CKL

8>, CKU
9>, CKU

QI<10>,QIB<10>, CKU
QI<11>,QIB<11>, CKU

»
»
2
14
?
»

4
»

»
»
»

CKBL,
CKBL,
CKBL,
CKBL,
CKBL,
CKBL,
CKBL,
CKBL,

CXBU,
CKBU,
CKBU,

,» CKBU,

D<
D«
D<
D<
D«
D<
D<
D«

D«
D<

0>
1>
2>
3>
4>
5>
6>
7>

8>
9>

D<10>
D<11>

]
|
|



QI<12>,QIB<12>, CKU, CKBU, D<12>

. df

Bi%' 5%8'8; df QI<13>.QIB<13>, CXU, CKBU, D<13>

D14: (32.0) dt QI<14>.QIB<14>, CKU, CKBU, D<14>

D1i5: (34,0) df QI<15>,QIB<15>, CKU, CKBU, D<15>

. INV4 QB< 0>, QI< 0>

%21 g'g INV4 QB< 1>, QI< 1>

12: 42 INV4 QB< 2>, QI< 2>

13: 6.2 INV4 @B< 3>, QI< 3>

14: 8,2 INVA QB< 4>, QI< 4>

15: 10,2 INVA gB< 5>, QI< 5>

18: 12,2 INV4 9B< 6>, QI< 8>

17: 14,2 INVA QB< 7>, QI< 7>

: ,2 INVA QB< 8>, QI< 8>

%g: %g,z INV4 QB< 9>, QI< 9>

I10: 24,2 INV4 QB<10>, QI<10>

I11: 26,2 INVA QB<11>, QI<11>

112: 28,2 INV4 QB<12>, QI<12>

I13: 30,2 INV4 QB<13>, QI<13>

T14: 32,2 INVA QB<14>, QI<14>

115: 34,2 INV4 QB<15>, QI<15>

1186: 0,3 INV4 [Q< 0>, QIB< 0>

117 2,3 INVA Q< 1>, QIB< 1>

118: 4,3 INV4 [Q< 2>, QIB< 2>

I19: 8,3 INVA [Q< 3>, QIB< 3>

120: 8,3 INVA (Q< 4>, QIB< 4>

I21: 10,3 INVA [Q< 5>, QIB< 5>

122: 12,3 INVA [Q< 6>, QIB< 6>

123: (14,3 INVA [Q< 7>, QIB< 7>

124: 20,3 INV4 Q< 8>, QIB< 8>

125: 22,3 INV4 Q< 9>, QIB< 9>

128: 24,3 INV4 Q<10>, QIB<10>

127: 26,3 INV4 Q<11>, QIB<11>

128: 28,3 INV4 g<12>, QIB<12>

129: 30,3 INVA @<13>, QIB<13>

130: 32,3 INV4 Q<14>, QIB<14>

131: 34,3 INVA Q<15>, QIB<15>
EN DM
H- et ethainahehh Attt ToTTTTTTEEEmEmmmemmEsmEmeme
3IOCITTIIIC TRISTATE BUFFER oo e —————— RS
SUBCIR/UCATAL :

TRI [ OB<0:15> : IN<0:15>, SELECT ]

glx1i: 510,1) 2inv [ ickb,, SELECT,+]

glx2: 10,0) inv4 ick, ickb ]

G3: siz,o) clkb E €K1, CK1B, ,ICK .+]

G3x: 8,0) clkb CKu, CKuB, ,ICK ,+
DECLARE/0B1<0:15>,0B2<0:15>

DO: §0,0) tm [ 0B1< 0>, cku, ckuB, IN< 0> 1

DOX: 0,1) tm 0B2< 0>, cku, ckuB, IN< O>

PO: PARAL [ 0B< 0>, 0B1< 0>,0B2< 0> ]

D1: gl.og tm E 0B1< 1>, cku, ckuB, IN< 1> ]

D1X: 1.1 tm 0B2< 1>, cku, ckuB, IN< 1> ]

P1: PARAL [ 0B< 1>, 0B1< 1>,0B2< 1> ]

D2: 52,03 tm E 0B1< 2>, cku, ckuB, IN< 2> ]

D2X: 201 tm 0B2< 2>, cku, ckuB, IN< 2>

P2: PARAL [ 0B< 2>, 0B1< 2>,0B2< 2> ]

D3: (3,0; tm E 0Bi< 3>, cku, ckuB, IN< 3> %

D3X: (3.1 tm 0B2< 3>, cku, ckuB, IN< 3>

P3: PARAL [ 0OB< 3>, 0B1< 3>,0B2< 3> ]

D4: 54.03 tm [ 0Bi1< 4>, cku, ckuB, IN< 4> ]

DAX: 4,1 tm 0B2< 4>, cku, ckuB, IN< 4>

PA: PARAL [ 0B< 4>, 0B1< 4>,0B2< 4> ]

D5: 55.03 tm 0B1< 5>, cku, ckuB, IN< 5> ]

D5X: 5.1 tm 0B2< 5>, cku, ckuB, IN< 5> ]

P5: PARAL [ 0B< 5>, 0B1< 5>,0B2< 5> ]

D8: EB,O; tm 0B1< 6>, cku, ckuB, IN< 6> }
D6X: 6,1 tm 0B2< 6>, cku, ckuB, IN< 6>



ENDM

end

P6:

D7:
D7X:
P7:

D8:
D8X:
P8:
D9:
D9X:
P9:

D10:

D10X:

P10:
D11:

D11X:

P11:
D12:

D12X:

P12:
D13:

D13X:

P13:
Di4:

D14X:

P14:
D15:

D15X:

P15:

PARAL

(7.9
PARAL

(119
PARA

(159
PARAL
a9
PARAL
(179
PARA

{12:9)
PARAL
giQ,O)

19,1)
PARAL

(30:73
PARA
21,0)

21,1)
PARAL

[

[

[

0B< 6>,

tm
tm
0B< 7>,

tm
tm
0B< 8>,

tm
tm
0B< 9>,

tm
tm
0B<10>,

tm
tm
0B<11>,

tm
tm
0B<12>,

tm
tm
0B<13>,

tm
tm
0B<14>,

tm
tm
0B<15>,

0B1< 8>,0B2< 8> ]

0Bi< 7>, cku, ckuB,
0B2< 7>, cku, ckuB,
0Bi< 7>,0B2< 7> ]

E 0B1< 8>, ckl, cklB,
0B2< 8>, ckl, cklB,
0B1< 8>,0B2< 8> ]

0Bi< 9>, ckl, cklB,
0B2< 9>, ckl, cklB,
0B1< 9>,0B2< 9> ]

0Bi< 10>, ckl, cklB,
0B2< 10>, ckl, cklB,
0B1<10>,0B2<10> ]

0B1< 11>, ckl, ckl1B,
0B2< 11>, ckl, cklB,
0B1<11>,0B2<11> ]

[ 0B1< 12>, ck1l, cklB,
0B2< 12>, ckl, cklB,
0B1<12>,0B2<12> ]

[ 0B1< 13>, ckl, cklB,
0B2< 13>, ckl, cklB,
0B1<13>,0B2<13> ]

E 0B1< 14>, ckl, cklB,
0B2< 14>, ckl, cklB,
0B1<14>,0B2<14> ]

[ 0Bi< 15>, ckl, cklB,

0B2< 15>, ckl, cklB,
0B1<15>,0B2<15> ]

186

IN<
IN<

IN<

IN<

IN<
IN<

IN<
IN<

IN<
IN<

IN<
IN<

IN<
IN<

IN<
IN<

IN<
IN<

7>
7>

8>

8>

9>
9>

10>
10>

11>
11>

12>
12>

13>
13>

14>
14>

15>
15>

]



options
ALL
PERIOD=200ns
XPROP
TMAX=2000
NPARAL=2

! NPARAL=1

SIM$13=MAX

SIM(2)=MIN

1faults

! clas

! AUTO

! STROBE

inputs

XCLOCK=Q
XRESET=0>1,1>800

;1
XBACK=1>3,0>5,%
1>200

;1
XBG= 1>50,%
0>200

XMEMR= 1>7, 0>8, 1>8, 0>10,$ ‘
1>11, 0>12, 1>13, 0>14, 1>15, 0>18, 1>17, 0>18, $§
. 2c1><>)19' 0>20, 1>21, 0>22, 1>23, 0>24, 1>25, 0>28, $

> . .

;1 ' :
DATAEX<T:0>/HEX=00>11, é§_>13, AA >15, C€C >17, C€C >19, CA >21, AA >23, EE >25, CC >27,
; co-ord ( xil xiu , yil yiu ) ( x21 x2u

005200 S o y2u )

end

187



CLASSIC DISPLAY EDITEOR
ECLASSIC E2.6 17-JUL-86 18:37 04-00

Circuit compiled usinE CCLASSIC E2.8 17-JUL-88 13:03 04-00 on 18-SEP-88 at 17:11:39
Circuit file spec DISK$PSCUK_TS:[IZZARD_M.CLASSIC.ROUT2]Z.CCL;30

Circuit name Z

Compilation time units 10PS

Technology library CLAS5000 version ViR5

Circuit simulated using SCLASSIC E2.8 17-JUL-86 168:34 04-00 on 18-SEP-88 at 18:12:42
Simulation file spec DISK$PSCUK_TS:[IZZARD_M.CLASSIC.ROUT2]Z.SCL;1

Simulation name Z

Simulation period 200NS

Min_mask(01) Typ_mask(00) Max_mask(10)

Simulation to spec : Supply = b5V 10§ Temp = 0-> 70

Error nodes have been simulated if present

Circuit simulated with X propagation ON



IZZARD_M 18-SEP-86 18:46:01 ECLASSIC E2.6 17-JUL-86 16:37 04-00 Page

Terminal CLA5000 ViR5 DISK$PSCUK_TS: [IZZARD_M.CLASSIC. ROUTZ]Z DAT;1
o ——— e
I P P Q Q B B S S B B Q @ N 0 S N
NODE N I I X Y U U I L U U A B E V L X
S X X 2 2 S S I S S B B G I R
T E E B B A A A B A A A
L L A A 1 2 R R
R R
o ———— e — = +
H H H H H
INDX E E E E E E E E E E E E E E E E E
X X X X X X X X X X X X X X X X
Fo e —————— e e e e e e e e ettt e o e +
SIM
1 1 1 1 1 1 1 1 i 1 1 i 1 1 1 1 i
B e et e e e e e e e e o o 2 P 8 P e e e 0 e 2k o e T o e e o o o o o o o e i -i-
I /0 |
o ——— e e e — e — +

810000 1A AAAA CCCC 6535 3311 0008 0022 FFES
830000 1A AAAA CCCC 6535 3311 0010 0022 FFEE
850000 1A AAAA CCCC 55635 3311 0020 0022 FFFE
870000 1A AAAA CCGC 5635 3311 0040 0022 OO01E
890000 1A AAAA CCCC 5535 3311 003C 0022 001A
910000 1A AAAA CCCC 56535 3311 0034 0022 0012
930000 1A AAAA CGCC 5535 3311 0024 0022 0002

[+3}
AN
o
o
o
o
[
['-§
- ]
>
3
>
(1]
(]
Q
(2]
o
(42}
[N
o0
o]
>4
[
-
Q
Q
(21
Q
<
el
e
<
el
<
>
>
R OQOOORFHE OO H O R S D DG D e b4 D D D DA DS bl b bE DI D ¢
totel
< <
[etel
<
Hate]
[ote]
totel
<
felel
< <
<<
EaXad
tetel
fote]
tote
E et
OCOOCORFRFHFPOOOCOHRHROOHOR MM MM PP M MMM IR M MMM NK
PREBREPOQOOOFRRPREPPOORFOROMMMMIIPIPINP I M DI NN
HE R OOOOR QO O HE P4 HE PSP 3 D DG A DG pE D P4 DS PS4 < <

O T T T T - Y = ] T Y T Y S i g N N N N




950000
970000
990000
1010000
1030000
1050000
1070000
1090000
1110000
1130000
1150000
1170000
1190000
1210000
1230000
1250000
1270000
1290000
1310000
1330000
1350000
1370000
1390000
1410000
1430000
1450000
1470000
1490000
15610000
15630000
1650000
1670000
1690000
1610000
1630000
1650000
1670000
1690000
1710000
1730000
1750000
1770000
1790000
1810000
1830000
1850000
1870000
1890000
1910000
1930000
1950000
1970000
1990000
2010000
2030000
2050000
2070000
2090000
2110000
2130000

AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAA
AAAB
AAAB
AAAB
AAAB
AAAC
AAAC
AAAC
AAAC
AAAD
AAAD
AAAD
AAAD
AAAE
AAAE
AAAE
AAAE
AAAF
AAAF
AAAF
AAAF
AABO
AABO
AABO
AABO
AAB1
AAB1
AAB1
AAB1
AAB2
AAB2
AAB2
AAB2
AAB2
AAB2
AAB2
AAB3
AAB3
AAB3
AAB3
AAB4
AAB4
AAB4
AAB4
AABb
AABb
AABS
AABbH
AABS
AAB8
AABS
AAB6

CCCC
CCCC
CCCC
CCCC
CCCC
CCCC
CCCC
ccce
CCCGC
CCCC
CCCD
CCCD
CCCD
CCCD
CCCE
CCCE
CCCE
CCCE
CCCF
CCCF
CCCF
CCCF
CCDhO
CCDhO
CCDO
CCDO
CCD1
CCDh1
CCD1
CCD1
¢cCch2
€CDh2
cCDh2
¢CD2
cch3
cch3
cCh3
CCD3
CCh4
cCh4
cCh4
CCD5
CCD5
CCD5
CCD5
ccDé
CCD6

cCbs-

cCh8
CCD7
CCD7
cCcD7
CCD7
CCD8
cCDh8
¢Ch8
cCD8
CCD9
CCD9
CCD9

55356
6535
5635
5535
5535
5535
5535
5535
5535
5535
5535
5635
5535
5535
55635
55356
6535
5535
5635
5536
5535
5535
55356
6635
55635
5535
5535
5535
5535
5635
5535
55635
5535
5535
5535
65635
6536
5535
5635
5535
5635
55356
55356
55356
5535
5535
5535
55635
55356
5535
55635
5535
5535
5535
55635
5535
5535
6535
5535
6535

3311
3311
3311
33114
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311
3311

(01010
0008
0010
0020
€CCC
CCCC
CCCC
FOFO
AAAA
CCCC
CCCD
FOFO
AAAB
CCCD
CCCE
FOFO
AAAC
CCCE
CCCF
FOFO
AAAD
CCCF
CCDO
FOFO
AAAE
CCDO
CCD1
FOFO
AAAF
CCD1
CcCh2
FOFO
AABO
cch2
CCD3
FOFO
AAB1
CCD3
CCD4
FOFO
CCh4
CCDb
FOFO
AAB2
CCD6
cch8
FOFO
AAB3
cCD8
CCD7
FOFO
AAB4
CCD7
cCD8
FOFO
AABb
cchs
CCD9
FOFO
. AAB8

UUZY
0022
0022
0022
0022
0022
8000
8000
0001
0001
70F0
70F0
0001
0001

B1E0

61E0
0001
0001
52D0
52D0
0001
0001
43C0
43C0
0001
0001
34B0O
34B0O
0001
0001
25A0
25A0
0001
0001
1690
1690
0001
0001
0780
0780
0001
F870
F870
0001
0001
EQ60
E960
0001
0001
DAGO
DABO
0001
0001
CB40
CB40
0001
0001
BC30
BC30
0001

Prred
FFE6
FFEE
FFFE
CCEE
CCEE
4CCC
70F0
AAAB
CCCD
3DBD

61E0 .

AAAC
CCCE
2EAE
52D0
AAAD
CCCF
1F9F
43C0
AAAE
cCDO
1090
34B0O
AAAF
ccD1
0181
25A0
AABO
CCD2
F272
1660
AAB1
CCD3
E363
0780
AAB2
cCch4

- D454

F870
CCD5
€545
E980
AAB3
cCD8
B636
DASO
AAB4
CCD7
A7T27
CB40
AABS
CCD8
0818
BC30
AAB6
GCD9
8909
AD20
AAB7
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options

PERIOD=200ns

XPROP

TMAX=2000
NPARAL=2
! NPARAL=1
SIM(13=MAX
=MIN

SIM(2
1faults
! clasp
! AUTO
! STROBE

inputs
XCLOCK=Q

XRESET=0>1,1>800

;1
XBACK=1>3,0>5,$
1>200, §

1>+3,0>+2,$

1>400,$%
3

1>+3,0>+2,$

1>600,$%

1>+3,0>+2,$

1>800,$%

1>+3,0>+2,$%

1>1000, $

1>+3,0>+2,$

1>1200, $

1>+3,0>+2,$

1>1400, $

1>+3,0>+2,$

1>1800,%

1>+3,0>+2,%

1>1800, $
0

1>+3,0>+2,$

1>2000

;1
XBG= 1>50,%
0>200,$

1>+50,$

0>+92, $
1>+7
0>400, $

1>+50,$
0>600,$

1>+50,%
0>800,$

1>+50,$
0>1000,$

1>+50,$
0>1200,$

1>+50,$
0>+9,8$
1>+3,$
0>1400,$%

1>+50,%
o 0>1800,$

.
r

1>+50,$
o0>1800,$

.
I
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1>+50,$
0>2000

= 1>7, 0>8, 1>9, 0>10,$%
XUEMR 1>11, 0>12, 1>13, 0>14, 1>15, 0>186, i>17, 0>18, $
1>19, 0>20, 1>21, 0>22, 1>23, 0>24, 1>25, 0>26, $
1>200,9%
1>+7, O>+1, 1>+1, 0>+1,8%
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>+1, 0>+1, 1>+1, 0O>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>400, $
1>+7, 0>+1, 1>+1, 0>+1,$%
1>+1, 0>+1, 1>+1, 0O>+1, 1>+1, 0>+1, 1>+1, O>+1, $
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>800, §
1>+7, 0>+1, 1>+1, 0>+1,8$
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, O>+1, 1>+1, 0>+1, $
1>800, §
1>+7, 0>+1, 1>+1, 0>+1,$
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, §
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $

1>+7, 0>+1, 1>+1, 0>+1,%
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $

1>1200,$
1>+7, 0>+1, 1>+1, 0>+1,$%
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, i>+1, 0>+1, §
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, §
1>1400,$
1>+7, 0>+1, 1>+1, 0>+1,%

1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $

1>+7, 0>+1, 1>+1, 0>+1,$%

1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, §

1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>1800,%

1>+7, 0>+1, 1>+1, 0>+1,%

1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $

1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, 1>+1, 0>+1, $
1>2000

;1
DATAEX<7:0>/HEX=00>11, AA >13, AA >15, CC >17, CC >19, gé >21, AA >23, gg >25, CC >27,

; co-ord ( =x11 xlu , 7yil yiu ) ( x21 x2u , y21 y2u )
00>200,$
;2
00>+11, b5 >+2, 55 >+2, 33 >+2, 33 >+2, B8C >+2, 55 >+2, 4§ >+2, 33 >+2,
i co-ord ( =x11 xiv  , yi1l yiuv ) ( x21 x2u , y21 y2u )
00>400,$
;3
00>+11, 77 >+2, 77 >+2, 44 >+2, 11 >+2, BD >+2, 77 >+2, 3A >+2, 11 >+2,
i co-ord ( x11 xiu  , yil 1u ) ( x21 x2u 21 2u )
00>600, $ . y y y y
;4
00>+11, 8§ >+2, 88 >+2, BB >+2, EE >+2, 78 >+2, 88 >+2, A2 >+2, EE >+2,
; co-ord ( xil xiu , 11 1w ) ( x21 x2u |, 21 2u
00>800, % y ¥ ¥ y )
;5
00>+11, gg >+2, FF >+2, FF >+2, FE >+2, B3 >+2, FF >+2, FF >+2, FE >+2,
; co-ord ( x11 xiu  , yil 1u ) ( x21 x2u 21 2
00>1000,$ y v v y2u )
;8
00>+11, 99 >+2, 00 >+2, 00 >+2, 00 >+2, 03 >+2, 00 >+2, 03 >+2, 00 >+2,
; co-ord ( x11 xtu , yil 1u ) ( x21 12u 21 2
00>1200, $ v y ( y y2u )
;7
00>+11, 99 >+2, 00 >+2, 00 >+2, 00 >+2, 05 >+2, 00 >+2, 00 >+2, 00 >+2,
; co-ord ( x1l xiu , 11 1u x21 2 ,
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00>+11, 07 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2,!

; co-ord ( =x11 xlu , yil yia ) ( x21 x2u |, y2l y2u )
00>1600,$
;9
00>+11, 99 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2, 08 >+2, 00 >+2,!
; co-ord ( =x11 xiu , Jyil yinw ) ( x21 x2u , y2l y2u )
00>1800,% : '
;10
00>+11, 99 >+2, 00 >+2, 03 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2, 00 >+2,!
; co-ord ( x1l xiu , 11 1iu ) ( x21 x2u |, 21 2u )
00>2000 y y y v
end

o
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Appendix 6.
CLASP data.

This appendix consists of a set of results from a CLASP analysis
of the full system.
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4ol AlALIOLVIO RELVLILNW

Uncontrollable nodes

BUSA21<1>

BUSAA<O> BUSA11<0> BUSA21<0> BUSA21<2>
BUSA21<4> BUSA21<5> BUSA21<6> BUSA21<7> BUSA21<8>
BUSA21<10> BUSA21<11> BUSA21<12> BUSA21<13> BUSA21<14>
Ti__0B1<0> Ti__0B2<0> T5__0B1<0> T6__0B2<0> T9__0B1<0>
T9__0B1<2> T9__0B1<3> T9__0B1<4> T9__0B1<5> T9__0B1<8>
T9__0B1<8> T9__0B1<9> T9__0B1<10> T9__0Bi<ii> T9__0B1<12>
T9__0Bi1<14> T9__0B1<15> T9__0B2<0> T9__0B2<1> T9__0B2<2>
T9__0B2<4> T9__0B2<5> T9__0B2<6> T9__0B2<7> T9__0B2<8>
T9__0B2<10> T9__0B2<11> T9__0B2<12> T9__0B2<13> T9__0B2<14>
Total number of uncontrollable nodes 64

Unobservable nodes
Total number of unobservable nodes ]
Max value for com cont 30517 Node name P5C4
Max value for seq cont 4447 Node name P5B10
Max value for com obsv : 30675 Node name CC1_INCK
Max value for seq obsv : 4467 Node name CC1i_ENB
TEST ANALYSIS SUMMARY
Number of circuit nets = 2495

Total number of uncontrollable or unobservable nodes = b4
This is 2.1% of total number of nodes

Combinational uncontrollable O nodes = 3

Combinational uncontrollable 1 nodes = b1

Combinational unobservable nodes = 0

Sequential uncontrollable 0 nodes 3

Sequential uncontrollable 1 nodes 51

Sequential unobservable nodes = 0

Number of primary inputs = 13

Number of primary outputs = 44

Number of test points = 0

Number of fanout branches = 5552

Number of feedback loops or reconvergent fanouts = 3057

Total fault population = 4990

BUSA21<3>
BUSA21<9>
BUSA21<15>
T9__0B1<1>
T9__0B1<7>
T9__0B1<13>
T9__0B2<3>
T9__0B2<9>
T9__0B2<15>



COMBINATIONAL O-CONTROLLABILITY PROFILE
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COMBINATIONAL 1-CONTROLLABILITY PROFILE

# OF NDDES
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Appendix 7.
Design review.

This is a reprint of the final design review.

212



Page 1 of 5

GATE ARRAY DESIGN REVIEW 3 Date: {C]-&gp-]{

CLAST24

Those present:

Name Function

M.:.I}Zci‘rd... Designer

...@.a'..ﬁ?f)f:f...... Reviewer

S0 009009 s 0009 cses

1.1 Company Name : e E ¢ LA
1.2 Device Title : Lo kar ver
1.3 Commercial No :

1.4 Mask No

1.5 Has an ‘order been placed ? :

1.6 Differences between actual device and
previous esimate in design review 2 :

Des. Rev. 2 Actual
Array Type CLA;gzﬁ
Utilization ' 7&2

Package : Dev 6gLCC
: Prod ERLcc.

Quantity : Dev IO&V{Z& P,\r&g
: Prod Re, Ax\% Qlus
Release Cor~etced



Page & of

2 : SOFTWARE STATUS CM:J:LA ct  Suinden

2.1 Autorouter Software &Cﬂ{\’(’ Isgue Status : V4 RS_S

2.2 Autorouter Technology Library Isgue Status : CLASOOO

3 : DEVICE DETAILS

3.1 Have the Peripheral Cell Locations been -
{ndicated on the Schematic Blank ? : Y€

3.2 Have the Peripheral Cell Locations been Ve s
_checked against the Netlist 7 :

3.3 Have all extra Supply Pads been added to the Netlist ? : — U(ﬂ
3.4 Has the Pin Identification Table been completed ? : \/6

3.5 Are the Peripheral Cells placed in the recommended positions
per the prefered Bonding Diagram ? YES

3.6 Have the I/0 Port Components been placed at the same Position ? :—

* PSL will produce a plot and the Bonding Diagram. ‘ *
* Bonding problems must be resolved before starting Maskmaking. *

3.7 What is the Pin-Out Mix

Inputs = (=
OQutputs - @4
1/0 Ports —
+VE Supply ___3
~VE Supply e

12
3.8 Is any O/P Cell placed more than ¥ Peripheral Cell
locations from the nearest =-VE Supply Pad ? : no

5
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3.9 Has the circuit been compiled and simulated with

the track loads included ? : YES
ERecks

Result of Mm@l Analysis NO tAcES . ONLO HEDP-S r-’if"”"l
, Qre. Che_(kEw 6 Srepniion
N Result of GLITCH Analysis : oK yatz /;
. né \-@Lﬂ—(/t
. ok Tae ke ‘Qﬁ"

Result of Max Speed Simulation

Critical Timing Paths : £ N ot ’S'MH?,) A t
Critical set-up & hold Times  : / o€ Arign ey

3.10 Have any Nodes exceeded the fan-out recommendations ? :AO

3.11 Are there any differences between min and max
simulation table outputs. ( 90% period sample ) ? MO

3.12 Does the circuit use a Xtal Osc maintaining cell ? :AD
Placement coordinates : -

3.13 Will a further Design Review 3 be necessary ? : — MO
New review date

4 : VAX FILES AND AUTOROUTING INFO

4,1 Directory Name : TS:.[/224ed_M CeAsSic Rourz 7

4.2 TFile Names

Compiler Source Input ( .CCL ) : 2.ceLl

Userlidb ( .CCL ) P 2LIB. cell

Systemlib ( .CCL )
Include files :

Track Loading file ( .CTL ) ! RACTENETT CAST . CT L
Simulator Source Input ( .SCL ) ! VEe .scL
Layout file ( L.CLM ) g~ WP €OSTL . CLr
Routing file ( R.CIM ) G A €AsTe . CL

Priority route file ( PRICRITY.NET ) :
NONE

4.3 Where any Manual Modifications made ? : NO



6 : TIMSCALES

EENSoaSSsS==Ess

6.1 Date Files to be received by PSL.
10 TesGd P pes

6.2 Estimated Delivery date of

Pl
6.3 Estimated date for Customer Approval 1ls.

o) W o pki ices.

:?age 4 of 5

‘B - Sekf
)6 ww‘ze

L 4ok

Design Reviewerzu/q/s

Designer
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PACKAGE PIN IDENTIFICATION TABLE

1 TPIN | LIBRAKY | NODE NAME 'Efi""Hé{;}{;"?éé{&;{é—\ PIN | LIBRARY | NODE NAY
CELL CELL CELL-
| ees e || 2L oes ey | 6| o | e
2| ops | aseea || 22| /] <Rl | Sl oks | n <5
3 es HBACK 33 J Q> 63 | v X&R
s | Ps Jxee ] | <235 1| 64 | Vag —e
e | xee > A A
6 Jas | —ve 36 < 5> 66 | op< XRDR.
7 IfS | RemeT 37 < 6> \ 7 | oprs |_xsi_
8 | oPS |kinNeTs || B <,27>_‘ 8| ops | xs9
S | o lxwstg 1| ¥ RNt \ 69 »
10 ¢« K B -] 40 V54 —ve. I| 70 i ]
11 y : R W | 295 7
121 | 42 <205 72
13| Vg —Vve. 431 <31> 73 _
14| ofs  |xnetp II i <p> 74
B T L= N B a> 1
16| 175 | amaex T 46 | - 2> e |
174 b It Y ¥ss —ve. 77
18 R I AR roe 78
19 . « 4 49 &a@ 2> 79
20 A w3 50 > 80
| ) PP T e
22 WM ’ 52_ } LS ’ _82—
23 | Yo —ve ‘ 53 <7>-| 3 o
24 | 1pg ) Mmexg > 54_ 225 " -
R 5 e
2 | RS |Pxgeciey || 56| | <lo> ’__ ’
27 - ATy |‘— 57_ -“%55 _( —Ue. i i ‘] i
sl B <oy || <Us |
29 “ Z19% ' 59 jf S ‘ | ’-— —:_
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