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The Integrated Machine for Processing

Asychronous Cellular Transac tions
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Introduction

The I[ntegrated Machine for Processing Asychronous Cellular
Transactions (IMPACT) is a new type of general purpose digital computer.
The adjectives that hest describe IMPACT are:

Cellular — The IMPACT machine consists of an arbitrary number of
identical cells capable of communicating only with their immediate
neighbors in a rectangular array. This organization is ideally
suited to utilizing Very Large Scale Integration (VLSI) and wafer
scale integration. To make large IMPACT machines, however,
requires very high density interconnection between wafers.

Progremmeble — Each IMPACT cell contains a personality or operation

' code register that determines the behavior of the cell appropriats
to a specific program. Because of this feature IMPACT is a
general purpose computer. All or part of the array can be loaded
(see Loading IMPACT) with a set of personalities that determine
one program and then later loaded with a different set of
personalities that determine a different program. Each IMPACT
cell is eapable of performing all of the personalities supported
in the IMPACT machine.

Data-Flow — The programming of the IMPACT machine uses a data—flow
[1] discipline at the lowest hardwere level. Once a cells
personality is loaded, each cell only processes data when it haes
room in its output buffers for new results and when the input
required for a new computation is available from its neighboring
cells. IMPACT cells operate asychronously and independently.

Parallel — Because IMPACT cells operate asychronously and
jndependently, IMPACT iz a highly parallel computer.

High Speed — A small single wafer machine with todays conservative
CMOS technology (2-3 micron) can support 10,000 cells (1000
gates/cell) and can process 10! bits/sec with an input/output
capacity of 10° bits/sec. A somewhat larger IMPACT machine with
1,000 wafers of 100,000 cells each would have an [/C capacily of
10!! bits/sec and a processing capecity of 10'® bits/sec
(equivalent to about 10'® instructions/sec or about 107 MIPS}.

Fault Tolerant — IMPACT can be programmed in spite of inoperabis
cells by programming "wiring” around the bad cells (see Mapping
Out Defects below).
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The IMPACT Cell

Because of the cellular nature of IMPACT, the entire machine can be
described by describing a single cell and the way it interconnects tc
ite four immediate neighbors.

The general structure of the IMPACT cell is pictured in figure 1.
The major compenents of an IMPACT cell are the four 1-bit eutput dats
buffers (these also serve as input buffers for the cells neighbors) and
the personality register (generally about 4-B8 bits wide allowing between
L8 and 256 personalities).

Each output data buffer actuelly consists of two flip—flops (see
figure 2). The Ready flip-flop indicates whether the output buffer is
full or empty. If the Ready flip—flop is set, then the Data flip—-flap
indicates the value of the data bit in the buffer. The values of these
flip-flops are made available to the neighbor cells with the Ready and
Data lines.

The personality regisier is the closest IMPACT analog to the
operation code of a Von Neumenn type computer. The personality
registers of the cells are loaded to effect the load of a program into
IMPACT. This loading mechanism is deseribed in the section "Loading
IMPACT." .

The Interconnection of each cell to its neighbor uses 8 wires; 3
for data transfers in each direction, and one for load signaling in each
diraction. The operation of the load line is described in the section
"Loading IMPACT.” The operation of the data lines is now deseribed.

Each cell personality has a set of firing rules. In general each
firing rule will require that some set of neighboring cell data buffers
be full (input available) and that some set of the cells own data
buffers are empty (space available for output). When & firing condition
occurs, the cell computes its output, fills its output buffers with the
results, and signals Resume to the inputting nelghbor buffers to inform
them that their output buffer is now empty. The details of this
mechanism are illustrated in what follows for the very important Pass
personality.
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Example IMPACT Personalities

The Pass personality (figure 3) essentially acts like four erossing
wires. Indeed, it is used along with the Right and Left Turn and ShijT
personalities to "wire” togsther programs in IMPACT. Pass differs from
crossing wires in its data-flow operation. The Pass personalily has
four firing conditions:

Fi: input right full, output left empty.
F2: input left full, output right empty.
F3: input top full, output boltom empty.
F4: input bottom full, output top =mpty.

The logic for F2 is shown in figure 2. As illustrated there, when
the firing conditions are met (Ready from the cell at left is set and
Ready in the right output buffer is clear), the left data is jam
transferred to the right, resume iz sent to the left, and ready is =el
in the right output buffer. In reality there may have to be a firing
flip-flop to avoid a loading hazard, but the data—flow functioning is
still logically as pictured in figure 2.

The personalities Right Turn, Left Tumn, Right Shift, and Leyt
Shift are pictured in figure 4. With Pass as a comparative example,
these personalities should be self explainatory. The Pass and Right
Turn (or Left Twrn) personalities alone suffice to link (or wire) any
two IMPACT program modules (figure 5). The complementary turn
personality is used to make linkage more efficient. The Right and
LeftShift personalities are used to help make mapping out of defective
cells more efficient (see Mapping Out Defects).

The Copy personality (figure 6) ls used to obtain the effect of
fan-out. Copy waits until one input buffer is full and itwo output
buffers are empty before moving data from the input buffer into both
output buffers.

In addition to the "wiring" personalities, functional operaltors are
required for general purpose programming. By adding a Nor perscnalitr
(figure 7), arbitrary combinatorial (n-input m—output boolean logic} can
be programmed in IMPACT. In fact, any such boolean function can be
programmed in a fully pipelined manner. That is, in such a way that i
input. bits are supplied as fast as the program can accept them, then
ultimately output bits will be generated m at a time in parallel at a
rate essentially equal to the slowest individual cell firing time (less
than 5 gate times for the cells described so far). '

If a personality is supplied that allows conditional Selection
(figure 8), then IMPACT becomes truely general purpose in thal it can be
programmed to mimic any other computer program (given a large enough
array). This can be demonsirated by simulating a Turing machine with
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_IMPACT. This particular Selection personality is useful for programming
if~then—else constructs in IMPACT.

While the personalities ogutlined so far are sufficient for gener:zl
purpose programming. They are far from convenient or efficient for
practical programming. Additional personalities are supplied to mak:
programming more practical. Choosing effective personalities for an
IMPACT machine is an art similar to that of choesing effective
instructions for a Von Neumann architecture. Some additional exampis
personalities will be described to illustrate this art with
personalities that have been found useful in past IMPACT simulations.

The Full Adder personality can be used to conveniently consiruct an
n-bit 2's compliment ripple carry adder simply by placing n Full Adders
side by side (figure 9). It should be noted that because of the
data—flow nature af the IMPACT cells, such a program iz automatically
tully pipelined. Execution of the add program is illustrated in figure
10. The result of the n—bit add is an n+l bit integer.

Another example of personality optimization is llustrated in
figure 11. Here 3 optimized personalities are used together to
construct an n—bit x m—bit natural number multiply (shown here as a
4-bit x 4-bit example). As can be seen in the figure, this algorithr: is
constructed by repeating a basic 2-cell x 2-cell module. The multiply
can also be constructed by using a more highly optimized single cell
repitition block, but the repeated cell is required to keep intermal
state by chenging its own personality. This type of optimization 13
illustrated with the sort program below.

The sort program illustrated in figure 12 uses a sget of highly
optimized personalities. The basic idea of the sort is to build up from
& 1%2 cell module which accepts two streams of bits as input and oulpuisz
the same two streams but interchanged if the lexicographly larger siream
was on the bottom. The cells do this by remembering if they are in &
compare state. If in a compare state, they compare two input bits. I
the input bits sre the same, they are both output and the cell remains
in the compare state. If the input bits are different, the L bil is
output from the upper cell and the cells remember that they now loaow
which string is larger. All bits from the larger string exit the top
cel]l and those of the smaller stream exit the bottom cell until the
compare state is reset.

To support input strings of any length, contrel bits are alternaied
with the input bits in such a way that a 1 control inicates the
beginning of a new bit string and a 0 control bit indicatez continuction
of existing strings. To accomplish this sorting function, 8
personalities are utilized: HighContrel, HighPass, HighCompare,
LowControl, LowPass, and LowCompare. The two cells are initialized io
HighControl and LowContrel. They then successively becom HighPass,
LowPass, and HighCompare, LowCompare as bits pass through them and
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. _finally return to HighControl and LowControl. Figure FIG illustrates
how unused output buffers are pressed into service to store intermediaie
state information without setting the Ready flip—flops in the output
buffers.

By tiling with this 1x2 cell exchange module a sort of any number
of strings can be performed (figure 13). This sorting algorithm is
somewhat similar to the type of exchange sort suggested by Batcher ral.
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Loading IMPACT

The loading sequence for an IMPACT cell is initiated when a load
line is raised from a neighboring cell (or from an edge of the array}.
After the load line is raised, the cell locks out all firing conditions,
locks all its Ready output lines to zero, waits for any active firing to
complete, and then raises the load line back to the direction Irom which
the load was initiated, indicating completion of the initialization.

After initializing for a load, a cell outputls its current state
(data buffers and personality). To do this it needs one additional
flip~flop to temporarily store its current ready state in the directicn
of the load. The state is output one bit at a time threugh the output
buffer in the direction the load was ipitiated from.

After oubputting its current state, a cell being loaded is ready lo
receive a lpad. The first two bits of the load are interpreted as a
path value:

0: Loed self.

1: Load right.
2+ Load straight
3: Load left.

If the path value is 1, 2, or 2 then the cell raises the load line
for the cell designated, waits for its load ready, and then acts as a
Shift Right, Pass, or Shift Left (for path values of 1, 2, or 3
respectively). This has the effect of passing previous state and new
load state back and forth through the loading eell. This condition
terminates when the next cell along the path lowers its load line. When
that occurs the loading cell behaves as it would if its Initial path
value was 0. Namely, it loads itself. To do this it shifts input bits
into the personality registers and bit buffers flip—~flops until they are
full and then lowers its load line.

This loading mechanism is actually less complicated than it sounds.
It iz most easily understood simply by following through figure 14.
Simpler loading mechanisms are possible. For example, the cells current
state need nmot be output. Outputting the current state is needed for
swapping programa or dynamically debugging them. Other simplified
loading mechanisms place more control responsibility on the loading cell
(or outside control element).

The important aspect of the loading mechanism is its distributsd
path nature. It i necessary that loading remain possible as long as
there exists a path to a cell consisting of operational IMPACT cells.
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Mapping Out Defects

IMPACT was designed to exploit Very Large Scale Integration (VLSI
and wafer scale integration with high density wafer to wafer
interconnection. In this environment it is a fact that many of the
cells in an IMPACT machine will not be operational. It is therefore
very important that machines with large numbers of inoperable cells
still be capable of :xecuting programs. This is handled in TMPACT br
essentially wiring around bad cells. There are at least three ways io
handle this as illustrated in figures 15, 18, and 17.

With only a single bad eell to load ever, a module can be split
like s pie with Pass cells along the split (figure 16). Such a split
module will work just like the originel but may be as much as one czll
time slower across the split.

If there are more than 2 inoperable cells in a module load area,
the number of slices lost can he reduced (in some cases) by using ihe
shift personalities as in Fgure 18.

Finally, when modules are being linked together, there is no need
to propogate "slices” beyond the module houndary (see ligure 17)
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Comparable Features of Other Architectures

IMPACT shares some features with several currently unrelated iypss
of digital architecture. It shares the purely cellular properties of
the so called Systolic Arrays [2,4,5]. It differs from the Systolic
Arrays in that it is a programmable general purpose computer and that
the cells operate asychronously (i.e. they are not "systolic”).

The IMPACT machine is programmed using data-[low graphs [1]. In
this regard it is similar to a number of general purpose data—flow
computers [1]. It differs from the existing data~flow architectures in
its sellular structure, in that it is not a "packet" architecture, and
in that it hes no random access memory.

IMPACT is somewhat more distantly related to a variety of other
parailel computer architectures [1,3,6,7,8]. The closest resemblance is
with those that are basically cellular, hit—wise processors with
rectangular nearest neighbor interconnection []. The weakness of the
gimilarity is most apparent when the programming of IMPACT is compared
with these other machines. Each of these machines have some form of
sequential control that must be mixed in some way with ils pearallel

capabilities during programming.
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Variations

The MPACT design is rich with possible nonessential variations.
Certainly many personality sets are possible that are complete and
useful. As mentioned earlier, there are other possible loading
mechanisms. In addition, the machine topology can be varied without too
much effect on the essentials of the architecture. TFor example,
triapgular, hexagonal, and other interconnection topologies are
possible. Also, three dimensional interconnections are nossible (though
currently this possibility is fraught with technical difficulties).
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Conclusions

IMPACT is very different from any architecture that I am familar
with in the literature. Its essential contribution is a novel
combination of the idea of data—{low programming with thal of the
cellular automaton. This is a case where the combination is greater
than the sum of its parts. IMPACT combines some of the best featurcs of
hardware design (parallelism) with those of software design (timing
independence and modular programmability). It provides a novel
programming environment (initially a detriment) which [ expect to
eventuly expand to include most high speed computing. The ultimale
limitations on the computing speed of an IMPACT machine are the uliimate
physical limitations on the speed of computing, switching speed and the
speed of light.
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