
Addendum
This document is an addendum to the book ‘How Computers Work: Processor and Main 
Memory’  and continues that explanation to cover how the new computer chips work  (My 
invention.)  These should soon replace microprocessors and memory for general-purpose 
computing.



Transistors

In that book, transistors were occasionally mentioned.  An n-channel transistor works like 
a normally open relay.  Below is a picture of an n-channel transistor.

The n-channel transistor is in the upper left of the picture and consists of two ‘n-doped 
connection pads,’  a layer of glass, and a layer of metal.  A normally-open relay has four 
connections: an input on the left which corresponds to the n-doped connection pad on the 
left above, an output on the right which corresponds to the n-doped connection pad on the 
right above, an electromagnet connection that controls whether the input and output wires 
are connected which corresponds to the ‘ layer of conductor (metal)’  in the diagram above, 
and a connection from the electromagnet to ground which corresponds to the ‘strongly p-
doped connection pad’  that is connected to ground in the diagram above.

N-doped silicon has one type of impurity and p-doped silicon has another type of 
impurity.  Though pure crystalline (The silicon above is a crystal.) silicon is an insulator, 
adding n or p doping makes it a conductor.  However, where n-doped silicon and p-doped 
silicon meet, a layer of silicon becomes insulating.  To make sure that those junctions of 
n-doped and p-doped silicon stay an insulator, the p-doped part is connected to ground 
through the strongly p-doped connection pad.  (Where strongly p-doped and lightly p-
doped silicon meet there is NO insulation.)  



No electricity can get from the n-doped connection pad on the left to the n-doped 
connection pad on the right because, where n-doped silicon meets p-doped silicon, there 
is an insulating layer.  No electricity can get from the layer of metal (called the gate) to 
anywhere because of the layer of insulation under the layer of metal.

However, when the gate (the ‘ layer of conductor (metal)) is connected to power (the top 
of the battery (or batteries)), then the gate becomes positively charged compared to the 
substrate, which is connected to ground (the bottom of the battery) through the strongly p-
doped connection pad.  The gate then attracts electrons from the substrate and n-doped 
connection pads into the lightly p-doped silicon just under the layer of insulation.  This 
makes the silicon under the layer of insulation act like it was n-doped and electricity can 
flow from one n-doped connection pad to the other just like electricity can flow from left 
or right (or right to left) through a relay when the electromagnet is connected to power.  

When the gate is connected to ground, electricity can NOT flow under the insulating layer 
under the gate.  The gate should be connected to power or ground.  If the gate is 
connected to power and then connected to nothing, it will stay charged for a short while at 
least and the transistor will continue to conduct, but after a while, small leaks of current 
may change its value to ground.  This can take very roughly a millisecond.  Similarly, if 
the gate is connected to ground and then connected to nothing, it may change after a short 
while.

As a last comment on n-channel transistors, the n-doped connection pads are often called 
the ‘source’  and the ‘drain.’   Which is called which depends on what they are connected 
to in the circuit.  

A p-channel transistor acts like a normally closed relay.  A p-channel transistor is just like 
an n-channel transistor except that all ‘p’  doping is replaced by ‘n’  doping and all n 
doping is replaced by p doping.  Also, the connection to ground is replaced by a 
connection to power.  Furthermore, when the gate is connected to power, NO electricity 
can flow under the gate, but when the gate is connected to ground, electricity can flow 
under the gate.

Obviously, the smaller you can make transistors, the more transistors you can put on a 
chip.  Chips can only be made so big because pieces of perfect crystal are only so big.  
However, there is another reason that there has been so much effort and money expended 
to shrink transistors.  The smaller one makes transistors the faster a circuit is that is made 
with those transistors.  That is because a transistor shrunk in its width and length 
dimensions by a factor of 10 can carry as much electrical current (charge (electrons) per 
second) as its larger twin!  That’s because it’s easier to push electrons through a shorter 
gap under the gate.  However, it only takes a much smaller charge to operate the smaller 
transistor (or charge wires between the transistors).  Therefore, the circuit with the 
smaller transistors is much faster.  A circuit with the length and width of transistors (and 
wires) shrunk by 10 will have its speed increased by a factor of perhaps 10.

That is all that will be written about transistors (for now, anyway).





Finite State Machine

Recall the ‘Truth Table Generator’  circuit from the beginning of the ‘Memory’  chapter of 
‘How Computers Work’ , which is reproduced below.



  

Truth Table Generator



The truth table for the circuit above is shown below.

A B G H
0 0 1 0
0 1 0 1
1 0 0 0
1 1 1 1

Now consider the ‘ Increment Circuit’  below.  It is the almost the same as the circuit 
above, but has a different truth table.



Increment Circuit

The truth table for the ‘ Increment Circuit’  is shown below.

Increment Truth Table

A B G H
0 0 0 1
0 1 1 0
1 0 1 1
1 1 0 0



The following table indicates how we can represent the numbers 0 through 3 with values 
of A1 and A0.

Number Representations Table

A1 A0 Number
0 0 0
0 1 1
1 0 2
1 1 3

Substituting the numbers from the ‘Number Representation Table’  for the 1 and 0 
patterns in the ‘ Increment Truth Table’  above, gives the following table in place of the 
Increment Truth Table.  This table shows that if you enter the number 0, 1, or 2 (as the 
patterns 00, 01, or 10) then the output is 1 greater than the input.  If the input is 3 (pattern 
11), then the output is 0.  ‘ Increment’  means ‘add 1’  and that’s what this circuit does 
(except that it makes 3 into 0 instead of 4).  Thus, this circuit is called an increment 
circuit or an incrementer. 

Increment Number Truth Table

A B G H
0 1
1 2
2 3

    3 0



Finite State Machine

Counter  Circuit
Next, we will consider a counter circuit.  This counter circuit is an example of a finite 
state machine.

In the circuit below, one can store a 1 in ‘LOOP A’  by simply pressing the key of loop A 
down.  One can clear loop A back to value 0 by lifting up the key of loop A or  by 
pressing the normally closed clear key, C1.  

One can copy the value in ‘LATCH 1’  (loop A and loop B) to ‘LATCH 4’  (loop C and 
loop D) by temporarily pressing clear key C4 to clear latch 4 and then pressing key E4 to 
connect loop A to loop C and connect loop B to loop D.



In the circuit below, one can make the data flow in a circle as indicated by the oval with 
arrows.  Initially, the data goes in latch 1.  Then one temporarily presses C4 to clear latch 
4.  Next, E4 is temporarily pressed to copy the data in latch 1 to latch 4.  Now the data is 
(also) in latch 4.  Next, C1 is temporarily pressed to clear latch 1.  Then E1 (not E4) is 
temporarily pressed to copy data from latch 4 to latch 1 through the top wires.  Now, one 
can repeat the process to make the data go around again.  



Below is a counter circuit.  This counter circuit is an example of a finite state machine.  It 
consists of an increment circuit (The increment circuit was shown a few pages back.) in 
the middle with latch 1 on the left and latch 4 on the right. 

Initially, the number 0 is put in latch 1.  The number 0 is represented by D1 = 0 and D0 = 
0.  The number 0 passes through the increment circuit and becomes number 1 at the 
output of the increment circuit.  Number 1 is represented as D1 = 0 and D0 = 1.  Next, C4 
is temporarily pressed to clear latch 4.  Then E4 is pressed to let the number 1 go into 
latch 4.  Finally, C1 is temporarily pressed and then E1 is temporarily pressed to copy the 
number 1 (D1 = 0 and D0 = 1) from latch 4, through the top wires, to latch 1.  All of this 
has incremented (increased by 1) the value in latch 1 from number 0 to number 1.

If one now repeats this process by temporarily pressing C4 then E4 then C1 then E1, the 
value in latch 1 will be incremented from number 1 (D1 = 0, D0 = 1) to number 2 (D1 = 
1, D0 = 0).  If we repeat the process again, then the number in latch 1 will be incremented 
from number 2 to number 3 (D1 = 1, D0 = 1).  Thus the circuit is counting.  It started with
number 0 in latch 1, then made it number 1, then number 2, then number 3.  If one 
temporarily presses C4, then E4, then C1, then E1, the number 3 will be ‘ incremented’  to 
number 0 (D1 = 0, D0 = 0) and the counting will begin again.  This circuit can only count 
to 3.





The circuit above is an example of a ‘ finite state machine.’   A finite state machine is a 
latch (like latch 1) followed by a circuit that does some function (like the increment 
circuit that does an increment) followed by another latch (like latch 4) that sends its value 
back to the first latch (as through the top wires in the circuit above).

The finite state machine is the circuit that one should usually use when one wants to 
update a state over and over again.  The state of the finite state machine is the value in the 
latch.

The two diagrams below mean the same thing.  The second diagram below just uses a 
more compact notation.  In the more compact diagram, a block of logic is represented as a 
square, a latch as an L shape, a buffer as an arrow (that points in the direction the data 
goes), and a bus as a line.  The bus is represented as a line and represents two wires, but 
between the blocks of logic it represents four wires.  





The finite state machine is a simple and usually efficient circuit.  However, it is not as 
efficient if the function being done is complex.  In the example above, the increment 
circuit was simple and consisted of two parts, an address decoder part on the left and a 
table on the right.  But suppose a much more complicated function than increment was 
being done.  Then there might be a left part of the circuit that took some time to calculate 
because (like in a delay line as we saw when considering a clock) the inputs to the circuit 
might have to power relays that have to power relays that have to power relays, etc.  
Because each relay takes time to change from open to closed or from closed to open, it 
might take some time before the first part of the calculation was done.  Similarly, the 
second part of the calculation could take some time to do its part of the calculation after 
the first part of the calculation was complete.  The reason that this is inefficient is that the 
second part of the circuit is doing nothing useful until the first part of the calculation is 
complete.  Similarly, the first part of the circuit is doing no new useful calculation while 
the second part of the circuit is completing the calculation.  The solution is to use a 
pipelined finite state machine.

The circuit below is an example of a pipelined finite state machine.  All that has been 
added to the circuit is latch 2 and latch 3 (along with the usual enable keys E2 and E3 that 
power the enable relays right before the latches).  The object of the extra latches (the 
pipelining) is to allow us to process two numbers at once.  While one number is going 
through the first part of the increment circuit (‘ incrementer’ ) from latch 1 to latch 2, the 
other ‘number’  is going through the second part of the increment circuit, from latch 3 to 
latch 4.

To see how this works, put the number 0 (D1 = 0 and D0 = 0) into latch 1 while leaving 
the rest of the latches empty (all 0’s).  Next, clock the state from latch 1 to latch 2 by 
temporarily pressing key C2, then key E2.  Next, clock the state from latch 2 to latch 3 by 
temporarily pressing key C3, then key E3.  Next, put the number 2 (D1 = 1, D0 = 0) (for 
example) in latch 1.  Now we have two states in the machine.  The first state is the 
decoded value in latch 3, while the second state (the number 2) is in latch 1.  Now, 
simultaneously temporarily press C2 and C4 to clear latch 2 and latch 4.  Next, 
simultaneously temporarily press E2 and E4 to clock the processed value in latch 1 into 
latch 2 and the processed value in latch 3 into latch 4.  There is now a state in latch 2 and 
another state in latch 4.  The value in latch 4 is the number 1 which has been incremented 
from the number 0.  The value in latch 3 is the decoded number 2 that was in latch 1.  
Next, simultaneously and temporarily press C1 and C3, then E1 and E3.  

To keep both of these states going around and around and being updated to the next 
number with each trip around the circuit, keep pressing the keys in this order, C2 and C4, 
then E2 and E4, then C1 and C3, then E1 and E3.  The point of pipelining is to is to allow 
one increment circuit to process two numbers at a time instead of just one number as can 
be done without pipelining.  Another way to look at what pipelining does is it allows 
more of the circuitry to be usefully processing data at any given time.  In the case of the 
simple counter, the simple increment circuit was so simple that pipelining wasn’ t really 
practical but for a more complex operation than increment it could lead to more 
efficiency.



The following diagram is a more brief representation (that means the same thing) of the 
diagram above.





If the logic were more complex, it could also be broken up into three parts instead of two 
parts (‘First Part of Logic’  and ‘Second Part of Logic.’   The first third of logic could then 
go where the ‘First Part of Logic’  is in the diagram above.  The second third of logic 
could go between latch 2 and buffer 3.  The third third of logic could go where the 
‘Second Part of Logic’  is in the diagram above.  In fact, for a very complex block of logic 
to be broken up into seven parts, there could be eight buffers and eight latches.



Pros and Con of the Von Neumann 
Architecture

The overall design of the computer that is explained in the book is called the ‘Von 
Neumann architecture’  after a man involved in its creation who wrote about it.  The 
overall design (architecture) consists of a memory and processor with an address bus and 
data bus connecting all the latches in memory and registers in the processor.  It also has a 
logic unit in the processor that manipulates data from the memory before the data is 
returned to memory.  A clock controls the whole thing.  Instructions in memory determine 
what happens in each set of clock cycles: where in memory data is gotten from, how it is 
processed, and where the results are stored in memory.

The Von Neumann architecture has been wildly popular and is used in all personal 
computers because it is very suited to complex tasks.  What it does can be changed by 
changing the data stored in it (the program).  Furthermore, it is relatively very easy to 
determine how to change it.  That is, it is relatively very easy to program.  The fourth 
advantage of the Von Neumann Architecture is that it is very efficient with respect to the 
amount of wire needed for a particular application.  The recurring cost of a chip is 
proportional to the area of the chip.  (The initial cost of the (first) chip is its design cost.)  
The area of a chip is mainly determined by the area taken up by wires (as opposed to the 
area taken up by transistors).

For example, consider a competing design that uses ROM’s (the read only memories 
described in the ‘Memory’  chapter of the book).  Each ROM would do a calculation on 
some input data and send the output (result) to some of the inputs of another ROM or 
ROM’s for further processing.  This would require many long wires connecting the 
various ROM’s.  To simulate this circuit on the computer described in the book, a lookup 
table would replace each ROM and each group of wires running from the output of one 
ROM to the input of another ROM would be replaced by an instruction moving data from 
one latch to another latch.  An instruction takes up a fixed amount of room – the amount 
of room taken up by the latches that hold the instruction.  This can be much less than the 
amount of room taken up by the wires that they are ‘simulating.’   

Of course, the ROM’s could not be (easily) changed (unless replaced by regular 
memories) and the wires could not be (easily) changed, but the tables and instructions in 
the Von Neumann computer are easily changed.  Also, programming the Von Neumann 
computer would be much easier than designing the ROM circuit.  It’s much easier to 
write an instruction saying ‘move data from this address to that address’  than it is to route 
a group of wires.  Whole books are written on how to route wires without taking up too 
much area on a chip.

With all these wonderful advantages, why don’ t circuit designers always use the Von 
Neumann architecture for every complex circuit and why should one look for any 
improvement?  The reason is that there is one very serious problem with the Von 



Neumann architecture.  The Von Neumann architecture is inherently slow.  In many 
applications, speed is unimportant and the Von Neumann architecture is called for.  A 
personal computer can do a billion instructions per second and, often, that is enough.  
Sometimes it’s not nearly enough.  Those applications must simply be abandoned as 
impossible or some other solution must be chosen or found.  

The reason the Von Neumann architecture is inherently slow is that it suffers from what is 
called the ‘Von Neumann bottleneck.’   Consider again the circuit made of interconnected 
ROM’s.  The Von Neumann computer could simulate it by simulating each group of 
wires.  However, it simulates only one group of wires with each instruction.  If there are 
many groups of wires in the ROM design, it takes the Von Neumann computer many 
instructions and so much time to do the same calculation.  

If the ROM design is pipelined (latches are added so that more than one set of data can be 
processed at once), then the ROM design is using its transistors efficiently.  That is, the 
transistors are processing new data much of the time.  (It’s not a finite state machine 
unless you want to feed the output of the ROM design back to its input with a set of 
wires.)  However, the Von Neumann computer is not using a large fraction of its 
transistors to process data.  A 32-bit computer as described in the book could, like many 
32-bit personal computers, have billions of transistors, but only a very small fraction, 
usually perhaps a few hundred, would be processing data.  The great strength of the Von 
Neumann architecture is its data bus that can take data from anywhere to anywhere.  The 
Von Neumann bottleneck is also the data bus.  Much data needs to be moved, but it must 
be moved a few bits at a time over the data bus.  Some pipelining can be added to the 
Von Neumann computer to make it able to work on a few instructions at once, but it’s 
difficult to make it work or make it help much.

Consider a Von Neumann computer searching its memory for a pattern of bits (a 
commonly desired operation).  Each few instructions might compare 32 (or 64) bits to 32 
(or 64) other bits.  But, of the billions of transistors in the computer, only a few hundred 
are actually processing data.  Before, we said that a finite state machine could be 
inefficient without pipelining because only a fraction of the transistors were actually 
processing data at any given time.  The Von Neumann architecture can be far worse by 
utilizing less than a millionth of its transistors on data at a time. 

This addendum is about a design (architecture) that maintains all of the advantages of the 
Von Neumann architecture while using the transistors efficiently on data to provide 
massive processing power / great speed by allowing utilization of a large fraction of its 
transistors on data at a time.  It is clear that one could put a billion gates on some chips 
and do a billion operations per second with each gate (if we could get data to and from 
them) and that we could therefore do a billion billion (1,000,000,000,000,000,000) simple
(gate) operations ON DATA per second  (a similar cost personal computer could perhaps 
a hundred billion (100,000,000,000) (one ten millionth as many) if doing comparisons).  
However, how could we achieve nearly the 1,000,000,000,000,000,000 simple (gate) 
operations per second while getting the data to where it needs to be and while maintaining
the suitability for complex calculations, the easy programmability, and nearly the 
compactness of the Von Neumann architecture?  The rest of this addendum will answer 



that question.   Before looking at the solution, however, some of the things that have 
already been tried will be mentioned.

Two main things that have been tried to improve the speed and efficiency of the Von 
Neumann architecture are pipelining and powerful and complex instructions.  Pipelining 
allows a computer to work on a few instructions at a time.  One thing that limits the 
effectiveness of pipelining and adds to the complexity of implementing pipelining is the 
fact that, often, succeeding instructions require the results of immediately instructions 
before the preceding instructions are completed.  Pipelining has the potential to speed a 
computer by a few times.  

Implementing powerful and complex instructions has been more effective at speeding the 
Von Neumann architecture.  For example, a modern microprocessor may have a complex 
circuit that does a high precision floating point multiply operation very quickly.  This 
operation takes a high precision (many digit) number in scientific notation, like 1.379265 
X 10^23, and multiplies it by another such number, like 3.479213 X 10^12, and produces 
a high precision number in scientific notation as a result.  The sub-circuit that does this 
calculation does not use the Von Neumann architecture and so can be made very fast and 
efficient.  However, because this sub-circuit does not use the Von-Neumann architecture, 
it does not have the advantages, like reprogrammability, which the Von-Neumann 
architecture provides.  For that reason, if the program (application) that the computers is 
running does not often require that operation, then all that chip area is (mostly) wasted.  If 
a computer without this circuit was running an application that spent 10% of it’s time 
doing such multiplies had this sub-circuit added, then the computer would speed up by 
about 11% (even if the high precision floating point multiply operation was speeded up 
by 100 times).  However, if the computer was spending 90% of its time doing a certain 
group of operations, like high precision floating point arithmetic, then making all of those 
operations very fast would speed the computer up by about 10 times.

In spite of pipelining and complex specialized sub-circuits, computers have tended to 
become increasingly inefficient as the number of available transistors has increased.  For 
example, as the number of transistors in a computer has gone from 250,000 to 
2,500,000,000 (mainly in memory), the number of transistors actually usefully processing 
data at any given time on the average has gone up by a much smaller factor, say from 100 
to 2000, to take a somewhat educated guess.  This does not mean that processing speed 
has gone up by only a factor of 20 mainly because transistors have become, say, a 
thousand times as fast as circuit dimensions have shrunk, but it does mean that computers 
have become much less efficient, that is, that a smaller fraction of transistors are actually 
processing data at any given time.



Parallel Processors
It would seem that the way to get back to the efficiency of the 250,000-transistor 
computer is to have the 2,500,000,000-transistor computer composed of 10,000 
computers of 250,000 transistors each.  A computer (or processor) consisting of multiple 
smaller computers (or processors) working in parallel (at the same time) is called a 
parallel computer (or processor).  This would work, of course, but today we want 
computers to do much more complex things that require much longer programs and so 
much more memory, not to do a simple task 10,000 times as often (as fast) on 
independent data (separate data in each processor).

The next step toward a solution is to somehow allow the 10,000 sub-computers to 
communicate with each other so that they can work together on large, complex tasks with 
each smaller computer (processor and memory) doing part of a large, complex task.  
Perhaps the simplest way to enable computer A to send data to computer B is to connect 
outputs of computer A to inputs of computer B.  Inputs and outputs were explained in the 
last, ‘Miscellaneous,’  chapter of the book.  The diagram from that chapter is reproduced 
below.

The diagram below shows the outputs of computer A connected to the inputs of computer 
B.  The memory latches are not drawn in the diagram below, but are part of the blocks 
labeled ‘Computer A’  and ‘Computer B.’   



The words ‘processor’  and ‘computer’  are often used interchangeably.  That is, a 
computer (processor and memory) is often called a processor, especially if it is part of a 
larger computer.



This allows computer A to send data to computer B.  Computer A simply puts data in 



computer A’s output latch.  Then computer B can copy data from computer B’s input 
latch to any other latch in computer B for processing.  Therefore, computer A can send 
data to computer B for processing.  However, to allow computer B to send the results of 
computer B’s calculation back to computer A, the outputs of computer B would have to 
be connected to the inputs of computer A.  (Those wires are not shown.)  Thus, computer 
B can help computer A with calculations.  To save circuitry and provide synchronization, 
computer A and computer B can use the same clock.  Computer A would also have to 
send computer B a signal, by setting a bit that computer B could read to indicate to 
computer B that data was ready for computer B to work on.  Similarly, computer B would 
have to set a bit for computer A to read so that computer A would know when computer 
B was done and computer A could read the results.

The diagram above can be indicated more briefly as below.  The diagram below means 
the same thing as the diagram above, but with less detail shown.



This method, connecting inputs and outputs, of connecting computers so that they can 
communicate is common enough, but is not sufficient for a high performance, general 
purpose, parallel computer mainly because it makes programming much more difficult 
than for a single Von Neumann architecture computer.  Not only does that programmer 
have to write the program as for the Von Neumann architecture, but the programmer must 
also determine what part of the program goes in what processor and just how the 
communication is done and extra code must be written for that.  It also can mean a lot of 
chip area taken up if there are many inputs and outputs connected, especially if there are 
many interconnected processors.

Another method that has been tried for allowing processors to communicate with each 
other is called ‘shared memory.’   In this case, computer A and computer B each have 
some (the same) latches missing from memory.  One copy of these latches (the shared 
memory) is separate and can be connected to either computer.  

The diagram below shows computer A and computer B connected to some shared 
memory.  The shared memory is made up of latch 1100 and latch 1101.  When the control 
bit is 0, then the shared memory is connected to computer A through the closed, 
‘normally closed connecting relays’  and the shared memory is not connected to computer 
B because the ‘normally open connecting relays’  are open.  When the control bit is 1, then 
the shared memory is connected to computer B through the closed, ‘normally open 
connecting relays’  and the shared memory is not connected to computer A because the 
‘normally closed connecting relays’  are open.  Thus, computer A can store the value 0 in 
the control bit and put some data for computer B to work on in the shared memory.  Then 
computer A can store the value 1 in the control bit so that computer B can use the shared 
memory and work on the data.  Then computer A can take control of the shared memory 
again and access computer B’s results.

Computer B will read 0 values when it tries to read from the shared memory when 
computer B is not connected to the shared memory.  (It may not be immediately clear why 
but it will not read 1’s in that case.)  Therefore, if computer A stores a ‘1’  in the shared 
memory and computer B keeps checking (this is called ‘polling’ ) for that ‘1,’  then 
computer B will know when the input data (for computer B) in shared memory is ready 
for processing by computer B.  An output bit of computer B should be connected, as 
before, to an input bit of computer A so that computer B can signal computer A when 
computer B is done, but this is not shown in the diagram below.



Another kind of shared memory allows both computer A and computer B to access the 



memory simultaneously.  In this type of shared memory, computer A can write to and 
read from the shared memory, but computer B can only read from the shared memory.  
Below are two (four-bit) latches of this type of memory.  The wires labeled ‘A’  are 
connected to computer A while the wires labeled ‘B’  are connected to computer B.  The 
busses of the shared memory below are connected directly to the busses of computer A 
and computer B without any ‘connecting relays.’   This kind of memory is called ‘multi-
port shared memory’  or just multi-port memory.

To allow computer B to send data to computer A, there should be additional shared 
memory that computer B can write to and read from while computer A can only read 
from it.  ‘P’  is power and is the same power supply (the top of the same battery) for both 
computer A and computer B.  Notice that this is very closely related to connecting outputs 
of computer A to inputs of computer B.

So far, only two computers have been shown connected.  However, there have been many 
parallel designs with more that two computers (where a computer is a processor and 
memory).  There have been so many of these designs that they have been categorized in 
various ways.



Types of Parallel Processors

One way that these designs have been categorized is by ‘ topology.’   Topology indicates 
the overall connection scheme.  One example of a topology is the ‘hub and spoke’  or 
‘star’  topology.  An example of ‘hub and spoke’  or star topology has computer A using 
computer B1, computer B2, computer B3, and computer B4 as sub processors.  Computer 
A is connected to computers B1, B2, B3, and B4, but the ‘B’  computers are not connected 
to each other as shown in the diagram below.

Closely related to the ‘hub and spoke’  or ‘star’  topology is the ‘ tree’  topology sketched 
below.  If there are two sub computers connected to the computer above them as in the 
diagram below, it’s called a ‘binary tree.’



In the ‘grid’  topology, the computers are connected in a grid as below, where the 
computers are labeled with a ‘C.’  Usually, in grid topology parallel computers, no 
computer is innately the boss.  

The grid topology is often used with specialized computers (as opposed to flexible, 
general purpose computers) that solve some problem that naturally maps onto a grid.  A 
two-dimensional grid with each computer hooked to four others (except on the edges) is 
shown.  Three-dimensional computers, with each processor hooked to six others can be 
used for three-dimensional simulations of three-dimensional physical systems.



Closely related to the grid topology is the ‘hypercube’  topology.  Below we see a ‘ two-
dimensional square (with computers at the corners), a ‘ three-dimensional’  cube (made of 
connected squares), and a four-dimensional ‘hypercube’  (made of connected cubes).



The last topology considered here is the ‘ ring’  topology shown below.

One might wonder what kind of problem that the ring topology would suit, but I believe 
that it’s been tried for a reasonably general-purpose design.  To make it more practical, 
the bus is broken up with buffers and latches as in the diagram below.  If computer C0 
wants to send data to computer C3, it puts the data on the interconnecting bus along with 
some bits that indicate computer C3 and address bits indicating where to store the data in 
C3.  Then the data, the bits that indicate computer C3, and the address bits travel from 
latch to latch around on the bus to computer C3.  More than one such packet can be 
traveling around at once.  This might be called a ‘ token ring’  computer.



So far, parallel computers can be classified by communication method and topology.  
Communication methods discussed have been I/O (input / output), regular shared 
memory, and multi-port shared memory.  Parallel computer topologies discussed have 
been ‘hub and spoke’  or star, tree (including binary tree), grid, and hypercube.

Another way to categorize parallel computers is by ‘grain size.’   A ‘ fine grain’  parallel 
computer has many small, simple sub computers (often called processors even though 
each processor has its own memory).  A coarse grain parallel computer has fewer large 
complex ‘processors’  (actually sub computers).  Of course, a medium grain parallel 
processor is in between.  Because fine grain parallel processors have cheap processors, 
they usually have many processors.  Computers with many processors are often called 
‘massively parallel.’

Another way to categorize parallel computers is SIMD or MIMD.  MIMD stands for 



‘Multiple Instruction, Multiple Data.’   The parallel computers (with ‘computer A’  and 
‘computer B’ ) that we have considered so far are MIMD parallel processors.  Each 
processor can do a different instruction (multiple instruction) on different data (multiple 
data).  

Some parallel computers are SIMD (Single Instruction, Multiple Data).  In SIMD 
computers, each processor has only the ALU (arithmetic logic unit) and related registers 
and memory for data (but not instructions).  A single complete master processor with 
memory for instructions controls all the rest of the processors so that all processors 
execute the same instructions on data at the same addresses of their own memories.

Another way that parallel computers are categorized is by ‘distributed memory’  and 
‘shared memory.’   Distributed memory computers have some memory assigned to each 
processor.  Shared memory computers have blocks of memory that can be connected to 
various processors.  As we have seen, it is common to have both distributed memory and 
shared memory in a parallel computer.

I have said that the Von Neumann architecture has so far triumphed in personal 
computers in particular and in general purpose computers in general.  However, even 
personal computers use pipelining to some degree, a kind of parallel processing, and can 
also have at least one more processor to handle graphics.  

However, a distinction should be made between parallel processing and multi-processing. 
A single Von Neumann processor without pipelining can still work on more than one 
program ‘at a time’  by working on the first program for a while, then working on a 
second program instead, then working on the first program for a while, and continuing to 
switch back and forth so that both programs run effectively simultaneously.  That is 
called multi processing, I believe, to distinguish it from parallel processing where each 
program runs on a separate processor. 

As an example of a parallel processor design, suppose that one wanted to design a special 
purpose parallel processor so simulate airflow or water flow around an aircraft or 
submarine.  Suppose further that, in the model that one was using, the behavior of each 
air or water element depended only on its neighbors in a reasonably simple way and that 
all elements behaved similarly.  Then one might choose a three-dimensional grid 
topology because the cells depend on their three-dimensional neighbors.  Because the 
cells depend reasonably simply on their neighbors, one might choose input/output 
communication and, because all cells behave similarly, one might choose SIMD (single 
instruction, multiple data).

Special purpose designs (should) always perform better at the task they were designed for 
(usually much better) than general-purpose designs.  However, designing a special 
purpose system can cost a lot of money, so general purpose designs are still the most 
common design for the complex problems computers handle.  An example of a special 
purpose design (that may or may not be based on the Von Neumann architecture (I don’ t 
know.)) is the graphics coprocessor found in most computers today.  Its main use is for 
(graphic) games, but graphics operations are so common that it pays to make a processor 



specialized for handling them because of the performance gain.  (Also, that application is 
so common that design costs can be spread out over many units and a specialized design 
makes sense.)

It is reasonable to wonder why parallel computers haven’ t replaced Von Neumann (serial) 
processors so far.  Parallel processors offer much more computing power (for the same 
cost) and fine grain parallel processors offer very much more.  It’s because parallel 
processors (especially fine grain parallel processors) are much more difficult to program 
because the program must be broken up between the processors and there is the related 
problem that communication between processors is difficult.



The Solution
That is enough background.  The solution design will now be presented.

The new parallel processor is composed of thousands of processors of about 250,000 
transistors each.  This qualifies as massively parallel and medium grain size.  Each 
processor is a finite state machine, a latch followed by logic (including memory) followed 
by a latch that connects to the first latch as described earlier and as in the diagram below 
and as explained earlier.

In the diagram (processor) above, latch 1 is a large latch that holds 517 bits.  Each 
processor (which includes memory) simulates a microprocessor and memory.  Latch 1 
holds all the values that would be stored in the registers (latches) in the simulated 
processor.  One bit (the ‘valid state bit’ ) in latch 1 indicates whether the state (register 
values) of a simulated microprocessor is stored in latch 1.  When the ‘valid state bit’  is 
‘1,’  then the bit indicates that the state (register values) of a simulated microprocessor are 
stored in the latch.

When the state (data) (register values of a simulated microprocessor) is clocked from 
latch 1, through the block of ‘ logic and memory,’  to latch 8, the state is updated.  The 
new state in latch 8 is the state in latch 1 updated by one instruction.  That is, the state 
(register values of a simulated microprocessor) has been updated just like the register 
values in the simulated microprocessor would have been by an instruction.  Thus, every 
time the state goes around the finite state machine, an instruction is carried out 
(simulated).



In the Von Neumann computer described in the book, an instruction does 4 things.  It (1) 
reads ‘ from data’  into a register, (2) reads ‘ to data’  into another register, (3) stores the 
result into memory, and (4) ‘ jumps’  to a new instruction (stores the address of the next 
instruction in latch 0000).  In most microprocessors, this would take four instructions and 
step ‘ (4)’  would move the address of the next instruction to be executed to a register (the 
program counter register).  Thus, most instructions just change register values, though 
many write data to memory.  Thus, when simulating a microprocessor (all the time), the 
finite state machine will usually just update the state, but will sometimes copy data from 
the state (a ‘ register’  in the state) to memory.

Instead of using a plain finite state machine (with memory that can be written to), a 
pipelined finite state machine (with memory that can be written to) is used.  The pipelined 
finite state machine has eight latches and the logic is broken up into 7 blocks as in the 
diagram below.  The memory’s address decoder may be in one of those blocks, and the 
memory’s data in another one of those blocks.  

The pipelined finite state machine above has 8 latches and so can efficiently simulate four 
(simple) microprocessors.  For example, the state (register values) of one microprocessor 
can be in latch 1, the state of another microprocessor can be in latch 3, another state can 
be in latch 5, and another state in latch 7.  The four empty latches (2, 4, 6, and 8) provide 
somewhere for the states to advance to during the next clock cycle.  Timing is very 
simple in this design.  Logic detects when a latch with a valid state bit of 1 is followed by 
a latch with a valid state bit of 0 and then clocks the data forward, through logic, from the 
first latch to the second.

The state has 517 bits.  512 bits contain instruction registers and other general purpose 
registers.  1 bit is the valid state bit.  The remaining 4 bits indicate which of the 32-bit 
registers (There are sixteen 32 bit registers in 512 bits.) holds the instruction to be 
executed next.

One starts with a single state in the processor, but an instruction can instruct the state to 
split into two states.  Circuitry to allow this is sketched below.  When a state doing a split 
(or ‘create child state’ ) instruction goes from latch 6 to latch 7A, then it is also moved 
from latch 6 to latch 7B.  However, the ‘create child state’  instruction will also indicate 
different program counter bits (the four special bits in the state that say which 32 bits in 
the 512 main bits of the state is the instruction) for the state in latch 7B so that latch 7B 
does a different instruction next than the state in latch 7A.  An instruction can also 
terminate (effectively erase or eliminate) its own state by instructing the logic to erase (set 



to 0) (clear) the state’s valid state bit.  Normally, only an instruction that also writes to 
memory will terminate a state because there is no point in only updating the state (and not 
memory) and then eliminating the state.



All this will now be explained again in a slightly different way to make it clear.  
Repetition makes for confidence in understanding as well as making it easier to 
remember. 

A typical Von Neumann computer (or processor) has the following design at high level.

Breaking the processor into registers and logic, 

Drawing the logic and memory together gives the following design for a typical 
processor. 

As mentioned before, a finite state machine has the following design. 



In the diagram above, latch 1 holds data called a state. The state goes from latch 1, 
through the logic, to be clocked into latch 2. The new state in latch 2 is then clocked into 
latch 1 and the process repeats. 

A processor of the new, parallel processor has the following design. Latch 1 holds the 
entire state of the processor, that is, all the register values. Part of the state is the 
instruction register that holds the instruction to be executed. The difference between this 
processor and a finite state machine is that the state can change the memory if a store 
(write) instruction is being executed. 

Also as mentioned before, a pipelined finite state machine has the following design. 



In the diagram above, the state starts out in latch 1. The data that makes up the state then 
passes through the first half of the logic to latch 2. The data is then copied from latch 2 to 
latch 3. The data then passes through the second half of the logic to latch 4. Finally, the 
state in latch 4 is copied to latch 1 and the cycle starts again. 

The advantage of pipelining is that two states can be processed at once. For example, 
state A can start in latch 1 and state B can start in latch 3. While state A passes through 
the first half of the logic to latch 2, state B passes through the second half of the logic to 
latch 4. Then, while state A is copied from latch 2 to latch 3, state B is copied from latch 
4 to latch 1. In this case, the clock 1 and clock 3 signals are identical as are the clock 2 
and clock 4 signals. 

As explained twice before, the logic can also be broken up into more blocks as indicated 
in the diagram below.

All latches can use the same (enabled) clock signals if the state has a bit saying that it is a 
valid state. For example, suppose that only latch 1 has a valid state. Then it has a valid 



state bit with value 1. Logic can detect that latch 1 has a valid state and latch 2 does not. 
The data can be clocked into latch 2 because the clock signals to latch 2 are enabled. 
When this happens, the valid data (state) bit in latch 2 will be 1 and the valid data bit in 
latch 1 will be reset to 0 to indicate that new data can be copied to latch 1. 

The diagrams below show the valid data bit (with value 0 or 1) in each latch as clock 
cycles are executed. (The logic blocks are left out for clarity.)  (There are eight latches, 
but only four will be shown, also for clarity.) 



In the diagram for time 4, above, the updated state is in latch 1 and is ready to be 



processed through the logic again. 

If the instruction creates a new state for parallel processing, it creates a copy of itself with 
a different program counter number that points to a new instruction. When the new state 
is created, it is created with a valid data bit of 1, of course. The following diagrams give 
some idea how. 



The processor had been drawn as 



with logic between the latches implied. Representing a latch on a bus as 

the processor can be represented as 

By representing an enabled buffer on a bus as 



two connected processors can be represented as 



The latches and enabled buffers can be labeled to make it easier to refer to the parts, as 
below.

Suppose that latch L of the bottom processor has a state that is trying to get to latch D of 
the top processor (because the top processor has the data that the state in latch L wants to 
read). If latch D does not have valid data (a valid state with valid data bit (also called 
‘valid state bit’ ) value 1), then, during the clock cycle, enable buffer G is enabled and 
data is copied from latch L, through buffer G, to latch D. 

Now suppose that latch A has valid data trying to reach latch D, but latch L does not have 
data trying to reach latch D. If latch D does not have valid data, then, during the clock 
cycle, enabled buffer E is enabled and data is copied from latch A, through buffer E, to 
latch D. 

Finally, suppose that both latch A and latch L have states trying to reach empty latch D. 
Then, latch L gets priority and the state in latch L gets copied, through buffer G to latch 



D. 

As an example, consider the movement through the processors of the state in the 
diagrams below.  

The state (register values of a simulated microprocessor) starts out in the first latch of the 
bottom processor, latch ‘ I’ , in figure ‘FIG. 1’ .  To indicate this a ‘1’  is shown below latch 
‘ I’ .  To execute an instruction in the bottom processor, the state must proceed through 
logic to latch J, then latch K, then latch L.  The state is initially in latch I and is trying to 
get to latch J.  The 1 below latch I indicates that there is a state in latch I.  (The valid data 
bit in latch I would have value 1 to indicate this to the processor logic.)   The 0 below 
latch J indicates that there is NOT a state in latch J.  (The valid data bit in latch J would 
have a value of 0 to indicate this to the processor logic.)  Therefore, when the clock lines 
go through a full cycle, the state it copied from latch I to latch J.  The state passes through 
the logic not shown between latch I and latch J on its way from latch I to latch J.  This bit 
of logic might decode the instruction in the selected instruction register (bits in the state).  

There is logic (not shown) only between latch I and latch J and between latch J and latch 
K and between latch K and latch L in the bottom processor.  Similarly, in the top 
processor there is logic (not shown) only between latch D and C and between latch C and 
B and between latch B and A.  The not-shown logic blocks just described actually updates
the state (register values) just like a microprocessor would update its register values.  
There are no blocks of logic anywhere else (although there is a little logic to route the 
states).  

In FIG. 2, latch J now has the state as indicated by the ‘1’  below latch J and latch K is 
empty as indicated by the ‘0’  below latch K.  Therefore, during the next full clock cycle, 
the data is copied (through instruction processing logic) next from latch J to latch K.

The result is shown in FIG. 3 where the state (register values of a simulated 
microprocessor) is in latch K as indicated by the ‘1’  below latch K.  Latch L is empty, so 
the data can be processed to latch L during the next full clock cycle.

In FIG. 4, the state is now in latch L and the instruction has been completed.  The state of 
a simulated microprocessor in latch I has been updated as indicated by the instruction in 
the selected instruction register of the state.

As it happens, the next instruction to be executed is a read (load) instruction that copies 
data from the memory to the state (from the memory to a register).  The memory is in the 
logic between latch J and K.  The instruction in the state in latch L in FIG. 4 is therefore 
trying to get to latch I to begin executing the next instruction with the bottom processor.  
Latch I is empty, as indicated by the 0 below latch I in FIG. 4, so enable buffer H is 
enabled allowing data to pass from latch L to latch I during the next full clock cycle.



In FIG. 5, the updated state is in latch I again, ready to execute the next instruction.

In FIG. 6, FIG. 7, and FIG. 8, the next instruction is processed as the state goes from latch 
I to latch L through the logic (all the parts of a microprocessor) that executes an 
instruction just as before. 

In FIG. 8, the state in latch L is another read instruction, but this time the address to be 
read indicates that the data is in the top processor’s memory.  As it happens, latch D at the 
beginning of the top processor, does not have a state in it, as indicated by the ‘0’  below 
latch D, so during the next clock cycle, the state in latch L can travel through enabled 
buffer G to latch D.

In FIG. 9, the state is in latch D, ready to be processed by the top processor.  Notice that 
the programmer did not have to indicate that another processor was to be used for the 
next instruction.  The bus logic detected that the read instruction needed data in the top 
processor and directed the state that way.  The programmer just had to indicate what 
address the data was to be read from.  Therefore, the programmer, when using a single 
state, does not even have to be aware that more than one processor is being used.  The 
programmer can assume that it is all one big block of memory (always, if the programmer 
is using only one state).

In FIG. 10, FIG. 11, and FIG. 12, the state is processed through the top processor and the 
read instruction of data in the top processor’s memory is done.  

In FIG. 12, the state is in latch A, the end of the top processor, and the next instruction, 
perhaps a store (write) (from the state (register) to memory) is to access data in the 
memory of the bottom processor and latch I is empty.  Therefore, during the next clock 
cycle, the state will be copied though enabled buffer F to latch I.

 







Four processors can be interconnected as below. 

The processors, P1, P2, P3, and P4 are connected together on a binary tree as indicated 
below.  Note that the processors are at the leaves (at the bottom of the tree), but are not at 
the ‘nodes’ , where the branches branch (split), as was the case in the binary tree 
considered earlier.

Any number of processors can be connected with a binary tree. Eight processors are 
interconnected below. 



or



This can be a coprocessor, so it needs a way to connect to the other processor. The 
interface to the other processor can be via the top of the binary tree as indicated below. 





or

The instruction set will now be considered. 

The instruction set should use a small number of small registers so that the state (the 
width of the bus) is about 512 bits. 512 bits allows sixteen 32-bit registers. The state 
should also have 4 bits that are program counter bits and indicate which of the sixteen 
(32-bit) registers contains the instruction to be executed. Finally, there is one bit, called 
the ‘valid data bit’  (or ‘valid state bit’ ), that indicates whether the state in the latch is 
valid (that is, has not moved to the next latch yet). Therefore, the state consists of 517 
bits: sixteen 32-bit registers for 512 bits plus 4 instruction pointer (program counter) bits 
and one valid data bit for 512+4+1=517 bits. The state, therefore, is 517 bits long. There 
are 517 data lines moving data in each direction for a total of 1034 (= 2 X 517) wires 
going from processor to processor. The diagram below shows a ‘narrower, multiplexed 
bus off chip’  to keep the number of pins on both processing and, especially, glue chips 
small. Of course, you will have perhaps 32,768 such programmable gate arrays in a PC. 



Each processing chip has thousands of processors, each with it©s own memory. The vast 
majority of inter-processor communication is on chip. 

NOTE:  The following was originally written for those with some expertise in this field.  
Just keep reading if you don’ t understand.  It will all be explained in more detail later.

The instruction set should also be kept small with simple operations. This allows a 
processor to be simple and, so, small, which, in turn, allows a large number of processors 
to be put on each chip. The amount of memory that each processor has should be kept 
small (8 kilobytes (Kilo means 1024, so 8 kilobits is 8192 bytes and a byte means 8 bits 
so 65,536 bits) or 64 kilobits) for the same reason. A chip with 8 megabytes of memory 
would have 1024 processors. 

To allow a variety of operations with little specialized logic and few instruction types, the 
instructions should use the memory to do operations. One way to do this is to have 
instructions that make it easy to do lookup table functions. Another way to do this is to 
have instructions that use the memory to do (programmable) gate array operations. The 
memory is 8 kilobytes or 65536 bits arranged in 256 words of 256 bits each. Normally, 8 
address bits are decoded to one of 256 select lines and one 256-bit word of memory is put 
on the memory’s data wires. However, by modifying the memory, it is possible to put 256 
bits of data on the 256 select wires and ‘OR’  together all the selected words onto the data 
wires. (This will be explained in more detail later.)  This allows, for example, 256, 128-
bit comparisons (with don©t-cares) (for 32,768 exclusive OR©s) to be done every other 
cycle on one processor. That is, one exclusive OR can be done and used for each two bits 
of memory every other cycle, so parallelism is taken to the extreme for this kind of 
operation. Another example of what such a 256 X 256 bit programmable gate array can 
do in one full cycle (two clock cycles) is find all the single jumps in a 128 bit 



representation of a checkers game position. This would take a microprocessor many 
instructions. A reasonably priced PC would have perhaps 32,768 such programmable gate 
arrays. 

Normal dram memory is drawn below. Each bit uses one capacitor and one transistor. 

Three-transistor memory is drawn below. If both read 0 and read 1 have value 1, then data 
0 gets bit 00 NOR bit 10 and data 1 gets bit 01 NOR bit 11. Data 0 and data 1 can be 
inverted for bit 00 OR bit 10 and bit 01 OR bit 11 respectively. This is how three-
transistor memory allows (programmable) gate array operations.  (For those who are 
unfamiliar with one-transistor and 3-transistor memory, this is explained in detail later.)



Instead of one 256-bit OR to read the memory, the read can be pipelined with 16-bit OR©s 
(NOR followed by NOT), followed by a 16-bit OR to keep the clock rate very high. 

I can©t resist the temptation to engage in some unprofessional sensationalism here. 
Because of this coprocessor design, in a few years, you may have a computer on your 
desk with chips based on this design that can do a billion billion 
(1,000,000,000,000,000,000) very simple operations (EOR’s) per second and is 
programmed easily. This can be done because it can do a billion (four per byte of memory 
used and 256 megabytes used) operations per two cycles and do two billion cycles per 
second. A modern PC can do about 64,000,000,000 such simple operations (EOR’s) per 
second. (The speed up, even for a suitable application, would be thousands, unfortunately, 
not millions). 

More on the Instruction Set 

Of course, a wide variety of instruction sets can be used, but here, as an example, a 
simple base instruction set will be considered. 

One instruction is read data from memory to a register. The memory is 256 bits wide and 
the register set (state) is 512 bits wide (not counting five special bits). Thus, this 
instruction can read 256 bits from a word of memory to either of two 256-bit registers on 
the bus (in the state). The bits of the registers (and bus) can be interleaved so that long, 
area-consuming vertical wires are not needed as indicated in the following diagram. One 
register on the bus is bits 0 to 255 and the other register is bits 256 to 511. 



Similarly, 128 bits can be read from memory to a register (the bus). Bits 0-127 can be 
read to 0-127 of the bus or to 128-255 of the bus or to 256-383 or to 384-511. Also, bits 
128-255 can be read to those bits of the bus. In fact, blocks of data of size 1, 2, 4, 8, 16, 
32, 64, 128, or 256 can be read from the memory to the bus (registers). So that this can be 
done in very little chip area, the bits are in bit-reversed order on the chip. That is, instead 
of 0, 1, 2, ... , 126, 127 or binary 00000000, 00000001, 00000010, ... , 
11111110,11111111, the bits are in order 0, 128, 64, ... , 63, 127 or 00000000, 10000000, 
01000000, ... , 01111111, 11111111. 

Similarly, another instruction allows copying blocks of data from one part of the bus to 
another. For example, bits 0-127 of the registers (bus) can be copied to bits 384-511 of 
the bus. 

Generally, instructions are only 32-bits (or 64 bits) long unless they read data from 
another processor, in which case the higher address bits of the 64 bit extended addressing 
instruction indicate the processor to be read from, for instance. 

A 256-bit read can fetch eight 32-bit instructions to memory. There is no fetch cycle, so 
fetching is done this way. 

Of course, once the data to be operated on has been transferred to the registers, it can be 
operated on for a result. For example, a 32-bit number in register (bus) bits 256-287 can 
be added to a 32-bit number in bits 320-351 and the result stored in other bits of the 
registers (on the bus). I don©t want to get into details of implementing arithmetic as this 
has not been fixed yet (Only an example has been worked out.), but this could be a carry 
save add for speed. As usual, the same logic could be used for exclusive OR operations, 
etc. 

Another kind of easy to implement instruction is table lookup. For example, the first read 
operation could read the first operand onto the bus (registers), and the next instruction 



could read the second operand onto the bus. The third instruction would read the result 
from a lookup table in memory onto the bus. For this to work, the operands would be read 
into the read address of the third instruction on the bus.  This is how table lookup was 
done in the computer in the book except that in the book, instruction 3’s read address was 
changed in memory, not in a register.

Similarly, one way (of a number of ways) to conditionally branch is to change an address 
bit in a fetch instruction.  

Of course, the biggest problem with using table lookup to do operations is the large size 
of the table required when there are many input bits. For example, to do a simple 256-bit 
rotate operation with a lookup table would require a table with 2^256 X 256 bits. In such 
a case, a gate array would be much more efficient and practical. A 256 X 256 bit 
programmable gate array requires only 8K bytes of memory. To make it possible to do 
gate array operations, 3-transistor memory is used in place of 1-transistor memory. The 
extra two transistors allow bits to be read non-destructively and allow selecting multiple 
words to be read onto the data bus at once. The words are OR©ed together (technically 
NOR©ed then NOT©ed) onto the bus. When the memory is used normally, an address is 
decoded and one word is selected and read onto the data bus. To use the 3-transistor 
memory as a programmable gate array, the input data is put directly onto the memory 
select lines. Each bit with value 1 in the input data selects a word of memory. All those 
words of memory are OR©ed onto the data bus. Thus the 256 X 256 bit block of memory 
in each physical processor (as opposed to the logical (or virtual) processors represented 
by states (register values) on the bus) can be used as a 256 X 256 bit OR gate array. A bit 

in the instruction allows the outputs to be inverted, so it is also a NOR gate array. Of�
course, in this instruction, you can read 1, 2, 4, 8, 16, 32, 64, 128, or 256 output bits to 
the registers (state or bus) and so a smaller table with 256 input bits and 1, 2, ... or 128 
output bits can be used. This saves memory. In fact, you can select (with this 64-bit 
instruction) 1, 2, 4, 8, 16, 32, 64, 128 or 256 bits of inputs from a register (the bus) and 
put them on the select lines (with the rest of the select lines getting value 0) to use even 
less memory. Thus, gate array operations can range from 1X1 bits to 256X256ts for 1-bit 
to 65,536-bit (or 8-kilobyte) tables. 

Just as you can invert the outputs when you do a gate array instruction, you can invert the 
value that you read from memory as you copy the data to the registers (bus) in normal 
read instructions. You can also invert data as it is copied from one register to another 
(from one part of the bus to another). In all three cases, a bit in the instruction indicates if 
this inversion should take place. 



3-Transistor Memory
3-transistor memory is not simple to understand.  It took me a while to understand it.   
How it is used to do (programmable) gate array operations is not simple either.  
Furthermore, technical explanations are often very difficult because terms and symbols 
are not fully explained or agreed upon by author and reader.  

Therefore, this addendum is going to proceed by steps: 
1. How a relay-based memory works.  This is long and is explained in the first part 

of the book. 

2. How you can add two relays per bit to allow multiple words of memory to be read 
at once, ORing the selected words’  data together.

3. How you can use relay-based memory with two extra relays per bit to do gate 
array operations.

4. How a 1-transisor memory works.

5. How you can add two transistors per bit (for 3 transistors total) to allow multiple 
words of memory to be read at once, NORing (or ORing) the selected words’  data 
together.

How you can use transistor-based memory with two extra transistors (for 3 transistors 
total) per bit to do gate array operations. 



Let us go back to the address decoder, below.  This address decoder is a gate array.  For 
example, the bottom two relays form an AND gate with inputs A1 and A0 and output L.  
Relay AA and relay AB, together, are another kind of gate with inputs A1 and A0 and 
output I.  Similarly, BA and BB form a gate and CA and CB form another gate.  There are 
four gates in this gate array.



(Address) Decoder



Consider again the ‘ truth table generator’  below.

Truth Table Generator





Now, let us remove the address decoder on the left in the diagram above and add some 
connections to power and some keys to get the circuit below.  In the diagram below, the 
dashed box encloses a gate array.  D1 gets S0 OR S3.  D0 gets S1 OR S3.  There are two 
OR gates in this gate array.



Now, consider again the earlier diagram reproduced below.  If A0=0 and A1=0 and EN=
1, then E00=1 and AG is closed and AI is closed and D1 gets the value in loop AF and 

D0 gets the value in loop AH. 

Loops Added



Now let us remove the address decoder on the left above and insert connections to power 
(triangles) and keys S0, S1, S2 and S3, as below.  If we press S0 (and NOT S1, S2, or 
S3), then D1 will get the value in AF and D0 will get the value in loop AH.  Similarly, if 
we press S2 (and NOT S0, S1, or S3) then D1 will get the value in loop CF and D0 will 
get the value in loop CH.

Suppose, however, that we press BOTH S0 and S2 (but NOT S1 or S3).  Then D1 will 
get the value of AF OR’ed with the value in CF. Similarly, D0 will get the value in AH 
OR’ed with the value in CH.  That is, if AF is 1 OR CF is 1, then D1 will get 1.  
Similarly, if AH is 1 OR CH is 1, then D0 will get 1.

However, there is a problem.  If S0 and S2 are pressed at the same time then loop AF will 
be connected to loop CF and if either AF or CF is 1 then both AF and CF get value 1.  
Similarly, if AH is 1 or CH is 1, then both AH and CH will get value 1.  Thus reading the 
memory/gate array changes the values in the gate array and that is not desired.  



To correct this problem, we can add two relays to each bit as shown below.  Now, to read 
word 0 (loop AF and AH) and word 2 (loops CF and CH) we press R0 and R2 (R for read 
instead of S for select).  D1 now gets AF OR CF just as in the circuit above, but AF and 
CF do not change values no matter what because the relay leading to them (the relay just 
to the right of the loops) is never closed.  Therefore, to use the memory as a gate array, as 
well as memory, we must add two relays per bit.  Relays W and X can be considered an 
output (read) driver for loop AF.  This is a programmable gate array because what is does 
depends on the values stored (programmed) in the loops.



An analogous thing happens with transistor-based memory (DRAM). 



The relay-based memory above corresponds to the transistor-based memory below.  In the 
circuit below, the loop connected to power has been replaced by the capacitor connected 
to ground and the relays have been replaced by n-channel transistors.



Just as we had to add two more transistors (like W and X) to each bit of memory to allow 
multiple words (AF and AH are a word) to be read at the same time, so we have to add 
two transistors here.  However, because transistor W is connected to ground rather than 
power, the gate array does NOR operations instead of OR operations.  (For experts, the 
data lines are pre-charged to 1.)  We can just invert to outputs to get an OR operation as 
before.  (NOR is the same as NOT except that the output of a NOR gate is inverted.  That 
is, the output of a NOR gate is 0 only if either input is 1.)  Because each bit of memory 
uses 3 transistors, this is called 3-transistor memory as is well known.  However, what is 
new is using it to do programmable gate array operations in this architecture..



R0, R1, R2, and R3 are the inputs.  AF, AH, BF, BH, CF, CH, DF, and DH are the values 
in memory.  D1 and D0 are the outputs.

Let us arrange these as:

R0    -->   AF     AH
R1    -->   BF     BH
R2    -->   CF     CH
R3    -->   DF     DH

                  !          !
                  D1    D0

Suppose R0=1, R1=0, R2=1, and R3=0 as indicated below and that AF=0, AH=1, etc. as 
indicated below.  Then word AF/AH and word CF/CH are OR’ed together and the output 
is D1=0 and D0=1 (if the outputs of the gate array are NOT’ed so the array does OR 
operations instead of NOR’s).

1     -->    0          1
0     -->    1          0
1     -->    0          0
0     -->    1          1
           
                 !           !

1 1

Unfortunately, gate array operations, unlike table lookup operations, can only do certain 
functions. Fortunately, many of these functions are very commonly desired. My guess is 
that comparison will be a common operation done by gate arrays in this design, so we©ll 
consider this function in detail. However, before we look at types of comparison 
operations, lets look at what a single gate can do. 

Let©s consider a gate array with 16 inputs and one output (a single 16-input OR gate). The 
diagram below shows data 0000000010000000 being input to a table with 
111111111111111111 in the gate array. (The diagram below is tipped on its side 
compared to the diagram above so that the inputs are on top and the outputs to the left.)  
The star (* ) indicates that, in that column, there is a 1 in the input and a 1 in the table. 
That results in a 1 in the output. Whenever an input bit is 1, and the table value under it is 
also a 1, the output is a 1. A table with all 1©s does an OR operation on the inputs to 
determine an output. 
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Now let©s consider a table with some 0©s in it. The following table has 0©s in it. There is no 
column with a 1 in the input and a 1 in the table. Therefore, the output is 0. The operation 
done by the table below is an 8-input OR gate. The first 8 input bits are OR©ed together 
for an output. The inputs above 0©s in the table are irrelevant to the output and can be 
called "don©t cares." Interestingly, though simply, a 0 in an input makes the table value 
below it irrelevant, too, so you can say that a 0 on the input makes the table value below it 
a don©t care. 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	
� � � � � � � � � � � � � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 
 � 

� � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Next, we©ll consider ©inverted© data. Inverted data has all 1©s changed to 0©s and all 0©s 
changed to 1©s. For example, 11001010 can be inverted to 00110101. 

©Complemented© data is a little more complex. To complement data, add it©s invert to the 
end. For example, 11001010 is complemented to 11001010 00110101 (or 
1100101000110101). 

You can also complement data and invert the result. For example, 11001010 can be 
complemented to 11001010 00110101 and the result can be inverted to 00110101 
11001010. Simple. 

Now let©s do a comparison of 11001010 using a table (gate array). For the inputs, we©ll 
complement 11001010 and use 1100101000110101. For the table we©ll invert the result 
and use 0011010111001010. The following diagram shows how. 
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The output is 0. This is because; in no case is there a 1 in the input with a 1 below it, in 
the table. The inputs and table values fit together like a key in a lock. Every 1 in the input 
has a 0 in the table below it. Every 0 in the input has a 1 in the table below it. (This is 
because we created the table by inverting the input.)  Therefore, the output is 0. 

Let©s try the same table with a different input. Let©s use 11001011 for the input. We©ll 
complement the input and use the old table. 
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The star (* ) shows why the output is 1. That column now has a 1 on the input and a 1 in 
the table. 

Next we©ll replace a 1 with a 0 in the input. The input will now be 11001000 
complemented to 11001000 00110111. 
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The star (* ) shows where a collision (a 1 in the table under a 1 in the input) occurs. The 
output is therefore, 1. 

So what does this table, made of an inverted complemented value, do? It detects the 
original value. If a value is complemented and used as an input, the table outputs a 0 if 
and ONLY if the input is the value (complemented and inverted) used to construct the 
table. Thus, this table detects the value 11001010. 

Usually, when doing comparisons, we invert the output so that the output is 1 (instead of 
0) only when the input matches. 

Next, we©ll consider "don©t care©s" in more detail. 

The table (00110101 11001010) we constructed detects the pattern 11001010. It only 
outputs a 1 (with inversion, as mentioned at the end) when the input is 11001010. It did 
not output a 1 when the output was 11001011. Suppose we want a table (of the same 
size) that outputs a 1 when the input is 11001010 OR 11001011. What values should we 
store in the table? The correct answer is 00110100 11001010. Let©s see how this works. 
Originally we had this table. 
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It output 0 only when the input was 11001010. 

We said we should use an inverted output, in which case we have 
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Here (above), the (inver ted) output is 1 only when the input is 11001010 (complemented 
to 11001010 00110101). 



Below, the new table is used with input 11001010. 
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The star (* ) shows what table element is new. The pound sign (#) shows that that bit©s 
complement bit is also 0. There is no 1 in the table under a 1 in the input, so the 
(inverted) output is 1. Therefore, the table matches 11001010. 

In the example below, the input is 11001011 (complemented to 11001011 00110100). 
The output is 1, so it also matches the table. 
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How was the output table constructed? The two inputs to be matched were: 

11001010 and

11001011.

These were combined to: 

1100101X

where ©X© means 1 OR 0 (will match). 1100101X was complemented to 1100101X 
0011010X. Inverting gave 0011010X 1100101X. To get the table, both X©s were replaced 
by 0©s for 00110100 11001010. To make a bit a don©t care in a table, in the complement, 
use a 0 for the bit in both halves of the complemented value (the original value and the 
inverted value). 

You can make bits in the input don©t cares in the same way.  Just make the bit have value 
0 in both the regular and inverted parts of the complimented input.

Multiple Comparisons

With a larger table, you can do multiple comparisons at once. For example, to detect 
11001010, you use the table 00110101 11001010. To detect 11100011, you use the table 
00011100 11100011. To detect both at once, use a table with both rows as below. 
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The top table row detects 1100101. 



As seen below, the bottom table row detects 11100011. 
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A 256 X 256 bit array has 256 rows, so you can do 256 comparisons at once. Each 
comparison is 128 bits (256 bits when complemented), so you can do 256 128-bit 
comparisons at a time with one array. If you are using 4000 arrays this way and keeping 
them busy, you are doing a million 128-bit comparisons per two clock cycles. Of course, 
with a microprocessor-based system you can do one 32-bit or 64-bit comparison per 
cycle. 

As we saw previously, you can also have don©t cares in your comparisons with a gate 
array, which can be a big help. For example, consider the case of a simple little database. 
For example, the database may have 256 facts, each represented by a row in a table. The 
fact ©A bird can fly.© can be represented as 110X0101 where 110X means ©A bird© and 
0101 means ©can fly.© Suppose you query the database with the input ©A robin can fly.© 
Robin can be represented as 1101. The query (input) would then be 11010101, which 
would match 110X0101 ©A bird can fly.© In this example, ©A robin© has been represented as 
1101 which is a specific case of the representation for bird ©110X.© 

You can also have don©t cares in the input by having two 0©s represent the don©t care bit in 
the complemented input. Then you could query with ©A bird can fly.© to find out if any 
bird can fly and if ©A robin can fly.© were in the database, there would be a match. 

We will look at a few more examples of gate array design. Consider the gate array table, 
below, that leaves the data unchanged. 
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A table to reverse the order of the bits is shown below. 
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Similar tables can give any reordering of the bits like rotate or bit reversed order. (That 
the bits are in bit-reversed order on the chip is irrelevant to the programmer. Their 
physical position doesn©t matter. Only their logical connections.) 



We will now consider another example of gate array programming, tic tac toe (also 
known as naughts and crosses). 

Suppose that we have a tic tac toe position and we want to determine if ©x© has won. We 
can represent the position of the x©s above as 
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There is an x on space 0, an x on space 1, AND an x on space 2, so there are three in a 
row or tic tac toe and x wins. Therefore, we need an AND gate to detect this victory. We 
have seen that the gate array does OR operations. By negating the outputs, the gate array 
can be made to do NOR operations (OR©s followed by a NOT©s). Similarly, to make a 
NOR operation into an AND operation, you negate the inputs (a NOT followed by a 
NOR is an AND). (This is not at all obvious, but will be obvious to someone who has 
taken an introductory circuit design class.)  Thus, to make an OR gate array into an AND 
gate array, you negate the inputs to the OR array and the outputs from the OR array. The 
inputs are 00010111, so you negate them to 11101000. In this case the table would look 
like: 
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The top row of the table indicates that we want to AND the value of space 2 with the 
value of space 1 and the value of space 0. Thus, the top row of the table detects a tic tac 
toe along the top row of the tic tac toe board. The next seven rows detect the other seven 
possible tic tac toes. 

The outputs of this gate array can be the inputs to another gate array: 
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There is only 1 output bit from this gate array and it indicates if there was any tic tac toe 
for player x. 

The table here is small, but consider the game of checkers. In a program for that game, 
you might want to quickly determine if there is any (single) jump for white. You can 
represent the board with 128 bits: 32 bits indicate whether there is a white checker on any 
of the 32 spaces used, 32 bits indicate the location of white kings, 32 bits indicate the 
location of black men (kings or checkers), and 32 bits indicate which spaces are empty. 
Each row of an AND gate array can detect if there is a white checker, then a black man, 
then an empty space (or a white king, then a black man, then an empty space)- that is, a 
jump. (That won©t use up all the rows, so you could simultaneously see if any white 
checker was about to king.) The output can then be OR©ed to a one-bit result to show if 
there were any jumps. A microprocessor would require many instructions to do this 
operation step by step. Furthermore, a gate array coprocessor would have many thousands 
of such gate arrays without greatly increasing the cost of the PC. One reason that I chose 
this example was because I wrote assembly language chess and checkers programs for a 
personal computer and so I have a good idea of how slow a microprocessor can be. 



Continuing with the Instruction Set
The instruction set is the set of instructions that the computer makes available.  The 
instruction set for the computer in the book consisted of only one instruction.  That 
instruction was rotate and mask and jump (to a new instruction address).  Most computers 
have a number of different instructions in the instruction set.  The instruction set for this 
computer is aimed at general purpose computing using table lookup (as in the computer 
in the book) and gate array operations, but it also uses arithmetic, decrement, (the usual 
logic operations are done with gate array operations), jump (that allows branching), 
instructions for creating and deleting states (simulated microprocessors), no operation, 
and inter-state polling for ‘done’  bits.  The instruction set is designed to require little 
space on the chip so that the chip remains mostly memory (that can be used as gate 
arrays).  

The instruction set includes:

Write – Copy (move) a 256 bit ‘word’  of data from the state (a register) to a ‘ latch’  in 
memory.  The word of 256 bits in the state must be in bits 0 to 255 or in bits 256 to 511.

Read – Copy (move) a group of 1, 2, 4, 8, 16, 32, 64, 128, or 256 bits from memory to the 
state (a register).  A group of bits must be on a boundary.  For example, a 4-bit group of 
bits must be in bits 0,1,2,3 or in bits 4,5,6,7 or in bits 8,9,10,11, etc.  That is, a 4-bit word 
must start with a bit numbered with a number divisible by 4 (including 0).  It is possible 
to make the circuitry compact for this operation – 256 (N for experts) bits wide (of 
course) by (log N for experts) a short distance.  (For experts, this is because the bits are in 
bit-reversed order.)  This instruction is often used to fetch instructions from the memory 
to the state.  Instructions must be in the state to be executed.  A bit in the instruction 
indicates if the data should be inverted.

Register-to-Register Transfer – Copy (move) a group of 1, 2, 4, 8, 16, 32, 64, 128, or 256 
bits from one part of the state (register) to another part of the state (a register).  A group 
of bits must be on a boundary.  (For example, a 4-bit group of bits must start at a bit 
divisible by 4 (ending in 00)).  A bit in the instruction indicates if the data should be 
inverted (useful for compliment operations).

Gate Array Operation – This takes a group of 1, 2, 4, 8, 16, 32, 64, 128, or 256 ‘ input’  
bits from the state and puts them directly (without decoding) on the read lines of the 
memory / programmable gate array.  As always, the bits must be on a boundary of the 
state and are put on a boundary of the read lines.  Then a result of 1, 2, 4, 8, 16, 32, 64, 
128, or 256 (not necessarily the same as the number of input bits) ‘output’  bits is copied 
from the data lines to the state.  These bits must be on boundaries, too.  A bit in the 
instruction indicates whether the input data should be inverted before being put on the 
read lines.  Another bit in the instruction indicates whether the output data is inverted 
before being put in the state.  Another bit indicates whether the input data should be 
complimented.  With the proper inversions, an OR, NOR, AND, or NAND gate array 



operation can be done.  No inversions = OR.  Inverted output only = NOR.  Inverted input 
and output = AND, inverted input only = NAND.

Arithmetic Operations – (This part of the instruction set might be able to use some 
improvement and is not included in the example 128 X 128 bit processor in the diagram 
that follows.)  Test, add, fixed point multiply, and floating point mantissa multiply.  This 
uses a 32-bit carry save adder to do adds. The registers are fixed.  Variations allow for 
easy multiplying of fixed-point numbers and the mantissas of floating-point numbers 
through repeated application of the add circuit.  That is, if the instruction specifies 
multiply, then the state passes through multiple times, though only one instruction is 
used.  A carry save number can be converted to normal binary form with multiple passes 
by adding until all carry bits are 0.  On average, this takes five passes.  The ‘ registers’  
used are fixed.  Three 32-bit numbers are added by the adder.  Two 32-bit numbers make 
one carry-save number.  

Arithmetic is somewhat slow (on each processor), but arithmetic is considered secondary 
in this design.  Faster/more complex arithmetic circuits could replace this in later or 
specialized (for example, for signal processing) versions.)  For example, an entire 
processor could be replaced by a special purpose processor for speedy multiplying.  (For 
experts, this could be a pipelined systolic array multiplier.)  (Similarly, one could replace 
two processors with a special purpose processor that allowed ‘horizontal’  writes (for 
example, writing a word to bit 0 of all 256 words).)  Unless the reader is interested in the 
details of the arithmetic circuit, the reader may skip over the next about three pages and 
down to ‘Decrement.’   The next three pages are for experts.

Arithmetic 
Arithmetic can be done (very slowly) with tables; however, an adder circuit is included. 

The Adder 
A thirty-two-bit, carry-save adder speeds high-precision arithmetic. The adder consists of 
32 one-bit full (3 bit to 2 bit) carry save adders, four 32-bit shifters, and three 32-bit 
NOR©s for detecting all 0©s. It allows four new instructions: TEST (equality), ADD 
(Subtraction is done by the ©twos complement© method where the most significant bit has 
a negative value, a number is made negative by negating logically (bit by bit) and adding 
1, and subtraction is done by adding the negative number.), INTEGER-MULTIPLY-
AND-ADD, and FLOATING-POINT-MULTIPLY-(MANTISSA) (the exponent is not 
manipulated (and the final shift for a 1 after the decimal is not done). The multiply 
instructions only do an add (with shifts), but do it in such a way as to make multiplying 
easy with a single instruction by repeatedly executing that single instruction. Each 
instruction manipulates some of the last four 32-bit words in the state and branches to 
instuction 0 when a condition is detected. The instructions© operations can be represented 
as below ( ©̂© means updated, ©{ © means shifted left (with 0 put in at the right end), and ©} © 
means shifted right (with a 0 put in the left end). 
(All arithmetic values are in bit-reversed bit order (consistently).  This saves chip area 
because the lines of the bus are (physically) in bit reversed order on the chip to save area 
in the router between the memory and the bus.)   It should be noted that reordering bits is 



very easy to do in one instruction with a gate array operation.



The arithmetic instructions are: 
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NAME indicates the name of the operation. 
CAUSE indicates which bit must be set in the OTHER instruction to do the arithmetic 
operation. 
WORD 4, WORD 5, WORD 6, and WORD 7 are 32-bits each and comprise the last 128 
bits of the state (on the bus). 
BRANCH COND. indicates the branch condition to make the next instruction 0 instead 
of that indicated by the state©s next instruction pointer bits ( N0, N1, N2 and N3 ). 
OPERATION indicates what the arithmetic instruction does. ( A=ADDEND, 
C=CARRY, S=SUM ). 

Test 
TE=1, in the (OTHER) instruction, indicates a TEST instruction. 
If OPERAND A ( word 6 ) equals OPERAND B (word 7), then a branch to word 0 is 
caused. That is, the instruction pointer bits then get 0 instead of the next instruction bits 
(N0, N1, N2, and N3). The adder circuitry does the 32-bit AND and a 32-bit EOR so 
word 5 must be all 0©s. A becomes A AND B. B becomes A EOR B. The bits of the new 
B ( A EOR B ) are NOR©ed together to determine equality for the test. 

Add 
Carry-Save Add 
AD=1, in the (OTHER) instruction, indicates an ADD instruction. 
This causes ADDEND, CARRY, and SUM to be added together, bit-by-bit. The result is 
put in SUM and CARRY (which is shifted left by one bit). 
Notice that this does a carry-save add; not a normal add. That is, a carry generated by a 
bit 0 add will not be added to bit 1. It is just saved in the bit-1 carry part of the 
representation for the result. Similarly, a carry from bit 1 is just stored in the carry bit of 
bit-2. 
To do a carry-save add, the next instruction must be in word 0. That way, even if all of 
the carry bits are 0 (which causes a branch to instruction 0), the next instruction will be 
the correct one (always instruction 0). 
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A normal add is done just like a carry-save add (with AD=1 in the OTHER instruction), 
except that the next instruction must be this same add instruction. 
Yes, it should execute itself next. The state will execute (loop through) this add 
instruction, repeatedly, until all the carry bits are 0 and, then, branch to instruction 0. The 
result will be in SUM (state word 7). 
On the average, it takes five (carry save) adds (for random (32-bit) SUM and CARRY 
values) to do the normal add. 



Overflow 
To detect overflow in normal add operations, the sign bits must be checked with a short 
program. 
To detect overflow, numbers of 31 bits (bits 0 to 30) should be used so that the extra 
carry will be in SUM bit 31. 
32-bit binary numbers are roughly equivalent to 9-digit or 10-digit decimal numbers. 

Subtraction 
For subtraction, normal (not carry-save) twos complement numbers are used. 
In twos complement numbers, the leftmost bit has a negative value. For a 32-bit, twos-
comlement number, the leftmost (most significant) bit (bit 31) has value -2^31, instead of 
+2^31 (where ©̂© represents ©to the power©). A negative number can then be created simply 
by inverting all the bits of the corresponding positive number and adding 1. Similarly, a 
positive number can be created from it©s corresponding negative number in the same way 
- invert all bits and add 1. So to negate a positive or negative number, invert all the bits 
and add 1. 

To subtract a number, it's negative is added. 
After such a twos complement add, an overflow is indicated by the sign bit (bit 31) being 
1 with the initial numbers being positive (that is, the sign bits had values of 0). An 
overflow is also indicated if the sign bit is 0 when the initial numbers were both negative. 
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MU=1, in the (OTHER) instruction, indicates an integer-multiply-and-add instruction. 
Also, the next-address of this instruction must be this instruction. 
This instruction causes two 16-bit numbers (MULTIPLIER and MULTIPLICAND) to be 
multiplied together and added to SUM (and CARRY). The result is in SUM and CARRY. 
MULTIPLIER GETS SET TO 0. At the end of the integer-multiply-and-add operation, 
the next instruction executed is instruction 0 (in word 0 of the state). 
A following, normal add can be used to convert the result to just a number in SUM (that 
is, with all carry bits at value 0). 
Like normal add, this instruction executes repeatedly. - in this case, until the multiplier 
is all 0©s. Each time it executes (itself), it does a carry-save add, shifts the carry left 
(putting a 0 at the right end), shifts the MULTIPLIER right (putting a 0 at the left end), 
shifts the MULTIPLICAND left (putting a 0 at the right end), and branches to instruction 
0 when the multiplier becomes all 0©s. 
This instruction does (up to) 16 carry-save adds to calculate the result. 
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FL=1, in the (OTHER) instruction, indicates a floating-point-multiply instruction 
(mantissa only). 
The floating point multiply instruction only calculates the mantissa of the product; not the 
exponent. The exponent must be calculated by an extra code segment. 
This instruction multiplies two 32 bit numbers (MULTIPLIER and MULTIPLICAND) 
together (the most significant bit (bit 31) (just after the decimal point) must be 1, by 
definition, in any mantissa (including MULTIPLIER and MULTIPLICAND)) and puts 
the carry-save result into SUM and CARRY. MULTIPLIER GETS SET TO 0. 
SUM and CARRY must initially be 0. The final carry-save result, in SUM and CARRY, 



can be converted to normal form with a normal add. If the most significant bit of the 
resulting SUM is 0, a shift left (so that the most significant bit is 1) and exponent 
decrement is indicated. 
It takes 32 carry-save adds to calculate this result, because the most-significant bit 
(leftmost bit) (bit 31) is always 1 in the multiplier (because it is a mantissa).  The carry 
save result can then be converted to normal form with the add instruction.

Decrement:  This decrements an 8-bit register and clears the four program counter bits 
(branches to instruction 0 of the state) when the number decrements from 0.  (It is only an 
8-bit decrementer because there is so little time to calculate the carries and to save space.)

Logic Operations – These are 32-bit AND, NAND, OR, NOT, EOR, EQ (NOT EOR).  If 
©vertical write© memory is available, then 256-bit AND, NAND, OR, and NOR can also be 
done with gate array operations.  For example, to do a 256-bit OR operation, put the first 
operand in one word of memory, the second operand in another word, and read both 
words at once by selecting both words with a gate array operation.  For AND, just invert 
when storing the words to memory and invert when reading.   This assumes that write to a 
column of memory (vertical write) is allowed.

Jump – Instructions have four bits that indicate the register (32-bit boundary) of the next 
instruction to be executed.  One way to branch is to change these bits while they are still 
in an instruction.

Create State – Instructions that do other things have a bit that indicates whether a new 
state should be created.  Four additional bits indicate what instruction will be executed 
first by the new state.

Terminate State – A bit indicates whether the state should terminate (set its valid state bit) 
to 0.  This is normally only done by a write instruction.

No Operation – This instruction does nothing.

There is support for interstate communication/coordination.  In some instructions, there 
are four special bits that if set, clear the corresponding bits in bit 0 of the first four words 
of memory.  In some instructions, there are four other special bits.  These four bits also 
correspond to the four special bits in a physical processor’s memory.  If the bit in the 
instruction has value 1 and the corresponding bit in memory also has value 1, then the 
four special program counter bits in the state are set to 0.  That is, there is a branch to 
instruction 0 in the state.  Suppose state A wants to create a state B to help with some 
computation.  Then state A clears a special bit in memory and creates state B.  State A 
then continues doing calculations until it needs state B’s results.  State A then uses this 
instruction (and otherwise does a ‘no operation’ ) to poll for (check for repeatedly) a 
special bit in memory.  When state B is done with its calculation, it sets the special 
memory bit to 1 and terminates.  When state A detects that the special bit in memory is 1, 
it branches to continue its computations. 



Schematic Diagram 
The diagrams below show a more compact notation for a relay schematic diagram.  





The following diagram shows just how compact the above notation is.  Notice how small 
a diagram of an eight-bit processor can be with this notation.  The processor fully 
diagramed in the book is only four bits (wide).



The following twelve diagrams are part of one big diagram and are intended for a non-
technical audience and give a general idea of the relative sizes of the parts of one 
processor.   The processor here is smaller than ours and has just a 128 X 128 bit memory 
and only a 260-bit bus and consists of about 70,000 relays.  (Ours has a 256 X 256 bit 
memory and about 250,000 transistors and is about twice as high by twice as wide or four 
times as large.)

Our processor consists of about 250,000 transistors, including memory. (8 kilobytes of 
memory = 64 kilobits and 3 transistors / kilobit = about 200,000 transistors for the 
memory.) It requires the chip area and cost of 32 kilobytes or (64 kilobytes) of normal 1-
transistor memory, but only has 8 kilobytes of memory. This type of memory therefore 
costs 4 times as much as 1 transistor memory, but allows processing. A board with 32,000 
processors has 256 megabytes of memory and so will cost as much as a board with 1 
Gigabyte (a Gigabyte is about a billion (1,000,000,000) bytes or 8 billion bits) of memory 
or $256. That©s less than one cent per physical processor. 
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Summary



A microprocessor does processing by executing instructions.  A more powerful design 
should do many more instructions per second and those instructions should be powerful.  
To do many instructions per second, a new parallel design should be used instead of the 
Von Neumann architecture.  The design is similar to a microprocessor-and-memory Von 
Neumann design in that it uses similar parts, but the parts are put together in a novel and 
far from obvious way.

Suppose you wanted to do an operation many times per second.  What kind of circuit 
would you use?  First, design a circuit to do the operation once.  Let the inputs come into 
the circuit from the left and let the outputs exit to the right.  To the left, put a latch and to 
the right put a latch.  Connect the left latch to the inputs and the right latch to the outputs.  
Now, clock the data from the input latch on the left, through the circuit to the output latch 
on the right. To do the same operation to the resulting data, run wires from the output of 
the right latch back to the inputs of the left latch.  Now the data can be processed over and 
over by clocking the data from the first latch, through the logic, to the second latch.  The 
resulting data can then be clocked from the second latch directly to the first latch so that 
the process can be repeated indefinitely.  This is called a finite state machine – a very 
common circuit.

To do even more operations per second, one can process more than one set of data at a 
time.  For example, one can use the well know technique of pipelining.  To pipeline the 
finite state machine, just put latches in the logic so that while one set of data is passing 
through the first part of the logic, another set of data can be passing through the second 
part of the logic.  If the logic is complex, it can pay to add more latches, so that more sets 
of data can be processed at once.  Pipelining allows a very high clock rate, as is well 
known.

Another, and even simpler, way to increase the number of sets of data being processed at 
once is to have many circuits, each a pipelined finite state machine.  This is another kind 
of parallelism (in addition to pipelining).

The function that we want to do as many as possible of each second is ‘execute an 
instruction.’   When a microprocessor executes an instruction, it updates its state – its 
register values.  In a microprocessor, the state of the microprocessor, its set of data, is 
stored in latches.  In this design, that entire state is stored in one latch of a finite state 
machine.   Thus, our array of finite state machines can execute an enormous number of 
instructions per second and simulate many microprocessors.  If there are 32,000 pipelined 
finite state machines, and each is processing four states (sets of data) at a time (because of 
pipelining), then we are simulating 128 thousand microprocessors.  

Of course, a microprocessor should do one other thing sometimes, besides just update its 
registers.  It should be able to, with write (store) instructions, save data from a register to 
memory.  Therefore, the logic, which includes the memory, isn’ t precisely a finite state 
machine by the usual definition.

The finite state machine is designed very much like a microprocessor, with the same 



parts, but is clearly organized in a significantly different way.  Also, the finite state 
machine does the same thing as a microprocessor (or, with pipelining, a few 
microprocessors).  It should be noted that there is not necessarily a fetch cycle.  Most 
microprocessors fetch and execute each instruction.  In this case, many instructions can 
be fetched at once by a large read instruction (of 256 bits), so that fetch can be done by 
slightly occasional read instructions.

The next problem, after how to execute many instructions per second, is how to get all 
these processors to work on a single problem.  In many parallel designs, each processor 
runs its own program and communicates with other processors through inputs and 
outputs.  This makes programming very difficult.  A wonderful thing about this design is 
how easy it is to write a program that uses many processors.  Instead of connecting the 
outputs of one processor to the inputs of another processor as is usually done, in this case, 
the busses (the groups of wires that carry data from the last latch of a processor to the first 
latch of the same processor) are connected together.  The bus is arranged so that if the 
instruction in a state in the last (output) latch of a processor is to read an address in 
another processor, the state is guided by the address, from latch to latch over the bus, to 
the first (input) latch of the proper processor (finite state machine).  The instruction’s 
higher address bits indicate the processor and the lower address bits indicate where in the 
processor’s memory the data is.  It should be clear that a program can be written exactly 
as if there was only one normal microprocessor accessing all the memory even though the 
program actually uses many processors (assuming only one state is used).  

The interconnecting bus can be of various topologies.  For example, the bus can be a 
binary tree with finite state machines at the leaves.  In that case, each branch of the tree 
has a bus going up the tree and a bus going down the tree with a latch on each branch (on 
each bus, up and down).  Because there are so many latches on the interconnecting bus, 
there can be many microprocessors being simulated at the same time.  

Another wonderful thing about this design is the simplicity of the timing.  When the latch 
that a state is trying to get to next is empty, the state (set of data) (register values) is sent 
on to the next latch.  When two states are trying to get to the same empty latch at the 
same time, there is a simple priority decision.  With a binary tree, synchronization is 
particularly easy as long as the clock bus follows the tree as is well known.  

One can write a normal program to run on many processors just as if there was a single 
normal processor, but, to get more speed, the program can be modified.  An instruction 
bit can indicate that a new state be created.  The new state can do part of the processing.  
The two states can communicate by one state leaving data in memory and the other state 
reading data from memory.  A state will terminate itself if a certain instruction flag bit is 
set.  A state would normally terminate after a write to memory instruction because there is 
no use just updating the state and terminating.

A conventional instruction set can be used, but to take advantage of the processor’s 
architecture a somewhat unconventional instruction set can be used instead.  For example, 
the state can be 517 bits long.  512 bits are the registers, 4 special bits indicate which 
register has the instruction to be executed, and 1 special bit indicates whether the latch 



has a valid state.  The memory can consist of a block of 256 words of 256 bits each of 
three-transistor memory for a total of 65536 bits.  A write instruction can copy either 256-
bit word in the state (registers) to a 256-bit word of the memory.  Having the state’s two 
256-bit words interleaved instead of in normal order can make the routing circuitry more 
compact.  A read instruction can copy a 256-bit word from the memory to either 256-bit 
word of the state.  A 256-bit read could fetch four 64-bit instructions and eight 32-bit 
instructions at once.  The read could also allow copying 1,2,4,8,16,32,64, or 128 bits from 
the memory to the state.  This would allow for efficient table lookups as one instruction 
could read an operand into a second instruction’s read address and the second instruction 
could read the answer from a table in memory.  As with interleaving, reordering the bits 
in bit reversed order can make for a more compact routing circuit.  Another instruction 
could copy data from one part of the state (one register) to another part of the state 
(another register).  This register-to-register transfer could be 1, 2, 4, 8, 16, 32, 64, 128, or 
256 bits.  Another instruction could be an add of course.  

Another instruction could use the 256 X 256 bit memory as a programmable gate array 
with 256 inputs and 256 outputs because the memory is 3-transistor instead of 1-transistor 
dram.  This is done just like a read instruction except that instead of decoding an 8 bit 
address to select one of the 256 words of memory, 256 bits from the state are put directly 
on the memory’s select lines.  Because the memory is 3-transistor dram, this results in 
OR’ ing all the selected words together so that the memory does an OR gate array 
operation. Instead of a 256 X 256 bit gate array operation, only, for example, 8 bits could 
be copied to the state as with a normal read instruction.  Then the gate array would be 256 
X 8 in size.  Similarly, by padding the input on the select lines with 0’s, only 16 input bits 
could be used for a 16-input, 8-output gate array.  In fact, 1, 2, 4, 8, 16, 32, 64, 128, or 
256 bits can be input and 1, 2, 4, 8, 16, 32, 64, 128, or 256 bits can be output.  

The extra two transistors in 3-transistor dram allow the selected words to be OR’ed 
together as indicated in the diagrams below.

A gate array operation could be used for reasonably simple functions that would require 
too many inputs and so too much memory with a table lookup.  For example, a 32 X 32 
gate array operation could rotate (or otherwise reorder) 32 bits.  As another example, a 
256 X 256 bit gate array operation could do 256 comparisons of 128 bits (complimented) 
(with don’ t cares) in one instruction on one processor.  Gate arrays can, of course, do 
many reasonably simple functions efficiently.





Using memory as a programmable gate array allows for more parallel programming.  The 
gate array can do 256 OR operations at once.  Each OR operation can have 256 inputs.  If 
the gate array is doing 256 128-bit comparisons, then parallelism is taken to nearly the 
extreme with one EOR (exclusive or) operations for each two bits of memory.

The Ideas Behind the Design
THE MAIN IDEA IS TO MODIFY MEMORY SO THAT IT CAN DO LOGIC 
(FUNCTIONS) EFFICIENTLY. 

1. Use tables to do functions quickly. 

2. Use modified memory as logic arrays so that the tables are small. 

3. Use many of these simple processors so that many things can be done at once. 

4. Make each tiny processor capable of executing a complete and powerful instruction set. 

5. Rather than store processor states in registers, put them on the bus that interconnects 
the processors (and is the pipeline through individual processors) for easy 
communication. An instruction is done (the state is updated) each time through a 
processor. The state is guided to the proper processor by the address of the memory or 
table it is supposed to read. This allows a program to use many processors while allowing 
the program to be written as if there was only one processor. 

1,2, and 3 make the processor extremely fast. 

4 and 5 make the STATES as easy to program as a microprocessor (unlike a gate array 
chip). 

Obviously, because it is almost as easy to program as a microprocessor based system and 
thousands of times as fast, it is clearly a better design. 

PROGRAMS ARE WRITTEN FOR AND RUN BY STATES, NOT FOR OR BY 
PHYSICAL PROCESSORS. 

Short Summary
The new processor consists of an array of programmable gate arrays.  Each gate array is 
256 X 256 bits of 3-transistor memory that can be reprogrammed and used as 65,536 bits 
of memory.  Each processor is also a pipelined finite state machine that can simulate up to
four simple microprocessors.  The state is all the register values of the simulated simple 
microprocessor.  Each time a state passes through a processor, it is updated by one 
instruction.  A bus feeds the output of the processor back to the input.  The busses of 
thousands of processors are interconnected so that a state can travel between processors.  
Programs are written for those states (those simulated microprocessors) and can be 
written as if there was only one Von Neumann processor if only one state is used.  Many 
states can be traveling among processors and each sees all the memory in the computer as 
shared memory it can access.  However, the memory is physically distributed between the 



physical processors (as opposed to the logical or virtual processors represented by the 
states.)  If using the memory as gate arrays doing comparisons, an EOR operation can be 
done for each two bits of memory every fourth clock cycle.  Therefore, with 512 
megabytes of memory (a megabyte is about a million bytes and a byte is eight bits), a 
board costing a few hundred dollars could do a billion billion 
(1,000,000,000,000,000,000) operations per second and still be programmed much like a 
microprocessor.  That is because there would be 4 billion bits so 2,000,000,000 EOR’s 
per four cycles and the clock rate could be 2,000,000,000 cycles per second.  The usual 
parallel processor problems of parallel programming and communication are solved in a 
novel way, by having multiple circulating virtual processors.

Great efficiency can be achieved because a large fraction of the transistors in the 
computer can be processing data at all times.  The programmable gate arrays allow the 
efficiency of special purpose circuits while providing reprogrammability and allow 
functions with many more inputs than table lookups could use. 

It consists of thousands of interconnected finite state machines/programmable gate arrays 
that simulate microprocessors.  A simulated microprocessor consists of the register 
VALUES that are on the interconnecting bus.  Up to four (256 bit) microprocessors can 
be simulated for each physical processor.  The simulated microprocessors (states (of 
simulated microprocessors)) travel from physical processor to physical processor doing 
instructions at each one.  Programs are written for these states (simulated 
microprocessors) that travel, replicate, and die like viruses.  Each physical processor 
consists mainly of a 256 X 256 bit programmable gate array that can be programmed and 
used as 256 words of 256 bits of memory.  Though the memory is physically distributed, 
to the moving states, it is all shared memory that any state can access.  

A program can be written for a state that uses many physical processors just as if the 
program was being written for one physical processor because a state has access to all the 
memory/processors and the routing of the state is handled by the bus that detects the 
address to send the state to.  



Very Short Summary
The new design allows a one or two thousand dollar board to do a billion billion 
(1,000,000,000,000,000,000) simple (EOR like) operations per second while being 
programmed like a microprocessor by taking parallelism to nearly the extreme.  It 
consists of thousands of interconnected finite state machines/programmable gate arrays 
that simulate microprocessors.  A program can be written that uses many physical 
processors (but only one simulated processor), just as if it was a regular Von Neumann 
architecture computer.

This is the end of this document.


