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26.171 
MULTIPROCESSING COMPUTER SYSTEM 

Adin D. Faiirotf, Croton-on-Hudson, N.Y., assignor to In 
ternational Business Machines Corporation, New York, 
N.Y., a corporation of New York 

Original No. 3,229,260, dated Jan. 11, 1966, Ser. No. 
176,940, Mar. 2, 1962. Application for reissue June 1, 
1966, Ser. No. 560.366 

20 Claims. (Cl. 340—172.5) 
Matter enclosed in heavy brackets [] appears in the 

original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 
This invention relates to digital computers and more 

particularly to digital computers which are capable of 
simultaneously operating upon several interdependent or 
independent instruction sequences. 

Computing systems known in the prior art have been 
capable of simultaneously operating upon several inter 
dependent or independent instruction sequences, that is, 
multiprocessing. Such systems require a supervisory 
program which controls the progress of the various in 
struction sequences through the system. The complexity 
of the supervisory program depends upon the degree to 
which the execution of the various instruction sequences 
is integrated in the system. If, with the systems of the 
prior art. an attempt is made to have a high degree of 
simultaneity relative to the execution of several instruc 
tion sequences, the supervisory program becomes com 
plex and a large amount of the system’s time is consumed 
by the supervisory program in order to perform the neces 
sary transfer and control functions (i.e., the necessary 
housekeeping operations). Some of the transfer and con 
trol operations can be taken care of by a compiler pro 
gram rather than by a supervisory program; however, if 
this is done, the system will lack ?exibility and further 
more, the compiler program must be made complex thus 
occupying more of the system’s time. 

Stated differently, with the systems of the prior art, it 
a system is merely executing one instruction sequence, 
practically the entire capabilities of the system can be 
devoted to executing this one instruction sequence; how 
ever, if a system is simultaneously executing two or more 
interdependent or independent instruction sequences, a 
considerable amount of the system’s time must be devoted 
to housekeeping operations. Furthermore, the multiproc 
essing systems known in the prior art do not make efficient 
use of all of the hardware in the system. The present 
invention is directed at a computing system which can 
simultaneously execute a plurality of interdependent or 
independent instruction sequences, and wherein the prog 
ress of the various instruction sequences being executed 
by the system at any one time is not established by a 
compiler program or controlled by a supervisory program. 
The system of the present invention includes a plurality 

of autonomous computing elements and an associate 
memory. Each autonomous computing element is essen 
tially a computer which after it has been given an in 
struction is capable of independently operating upon the 
instruction to generate a speci?ed result. Each autono 
mous computing element may be a simple computing ele 
ment such as an adder which is merely capable of re 
questing an instruction and after it has been given an 
instruction of obtaining an augend and an addend from 
memory. generating their sum, placing the sum in memory 
and then requesting another instruction. On the other 
hand, certain of the autonomous computing elements may 
be complex computing systems which, once they have been 
given an instruction, are capable of operating independ 
ently using subroutines which are stored within the ele 
ments. 
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With the present system, a plurality of interdependent 
or independent instruction sequences (hereinafter termed 
programs) are stored in the associative memory. Each 
of these programs consists of a plurality of instruction 
words which must be operated upon in some established 
sequence. The instruction words of the various programs 
may be intermixed in the memory, that is, it is not re 
quired that all of the instructions of one program be 
stored in sequential locations in the memory. 

Each instruction includes in addition to an indication 
of the particular operation which is to be performed (ll 
a ?rst ?eld which identi?es the program with which the 
particular instruction is associated, (2) a second ?eld 
which identi?es the position which the particular instruc— 
tion occupies in the sequence of instructions which form 
the particular program with which the particular instruc 
tion is associated, and (3) a third ?eld which identi?es 
the particular type of computing element needed in order 
to execute the particular instruction. The system includes 
means for identifying when a particular instruction is 
ready for execution. 
Whenever an autonomous computing element becomes 

idle, it interrogates the memory to ?nd an instruction 
which is then ready for execution and which by the in 
formation in its third ?eld contains an indication that 
it can be executed by the particular autonomous com 
puting element which is interrogating the memory. If 
such an instruction is found, it is sent to the particular 
element for execution. After an element completes the 
execution of an instruction, the system indicates that the 
next instruction which is in the same program as the com— 
pleted instruction is ready for execution. This next in 
struction will remain in memory until an autonomous 
computing element which is capable of executing the par 
ticular instruction becomes idle and interrogates the 
memory to ?nd an instruction which it can execute. 
Therefore, it can be seen that the instructions in a par< 
ticular sequence need not all be executed by the same 
autonomous computing element. 
One of the reasons that the ?rst and second ?elds in 

each instruction word (i.e., the ?elds which identify the 
particular program with which the instruction is asso 
ciated and the particular location of the instruction in the 
particular program) are needed is so that after each 
instruction has been executed, the system will know 
which other instruction is thereby made ready for execu 
tion. 
An object of the present invention is to provide an im 

proved computing system. 
A further object of the present invention is to provide 

a computing system which is capable of simultaneously 
operating upon a plurality of independent programs. 

Yet another object of the present invention is to pro 
vide a computing system which has a plurality of autono 
mous computing elements in which all information re 
lating to the sequence and progress of a program during 
execution is held in a memory which is common to all 
autonomous computing elements. 

Still another object of the present invention is to pro 
vide a computing system with a plurality of autonomous 
computing elements each of which can work independent 
ly on any one of a plurality of stored programs as the 
condition of these programs requires and dictates. 

Yet another object of the present invention is to pro 
vide a system which allows program sequences to fan-out 
and fan-in merely as a result of the information stored in 
the instruction words themselves. 

Yet another object of the present invention is to pro 
vide a multiprocessing system in which the hardware in 
the system is used in the most efficient manner possible in 
order to process a plurality of programs. 
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Yet another object of the present invention is to pro- a 
vide a multiprocessing system in which the hardware in 
the system is used in the most ef?cient manner possible in 
order to process a plurality of programs in a priority order 
established by information in the instruction words of 
the programs. 

Yet another object of the present invention is to provide 
a computing system which can be easily expanded or con 
tracted as required. 

Yet another object of the present invention is to provide 
a computing system which is adapted to be manufactured 
in the modular concept with independent replaceable 
units. 
The foregoing and other objects, features and advan 

tages of the invention will be apparent from the following 
more particular description of preferred embodiments of 
the invention, as illustrated in the accompanying draw 
ings. 

In the drawings: 
FIGURE la is an information flow diagram which 

shows the overall organization of the system. 
FIGURE 1b is a chart which speci?es the general char 

acteristics of the processing elements as shown in FIG 
URE 1a. 
FIGURE 1c is a diagram which shows the format of an 

instruction word. 
FIGURE 1d is a diagram which shows the format of a 

data word. 
FIGURE 1e is a diagram which shows four instruction 

words which ‘are in the instruction ready memory at one 
particular time. 
FIGURES 2a, 2b, 2c, 2d and 2e (which ?t together as 

shown in FIGURE 2) are an overall circuit diagram of 
the system. ~ 

FIGURE 3 is a detailed circuit diagram of the instruc 
tion ‘memory sequence control circuit shown in FIG 
URE 2a. 
FIGURES 4a and 4b (which ?t together as shown in 

FIGURE 4) are detailed circuit diagrams of the main 
memory sequence control circuit shown in FIGURE 2a. 
FIGURE 5 is a timing diagram which shows the output 

of the timer shown in FIGURE 3. 
FIGURE 6 is a timing diagram which shows the output 

of the timer shown in FIGURE 4a. 
FIGURES 7a and 7b (which ?t together as shown in 

FIGURE 7) are circuit diagrams of processing element A 
which is shown in FIGURES la and 2c. 
FIGURE 8 is a circuit diagram of processing element 

D which is shown in FIGURES la and 2e. 
FIGURE 9 is a circuit diagram of processing element 

C which is shown in FIGURES la and 2d. 
FIGURE 10 is a timing diagram of the output of the 

timer shown in FIGURE 9. 
FIGURE 11 is a detailed circuit diagram of add one 

adder shown in FIGURE la. 
FIGURE l2a is a diagram of instructions used to ex~ 

plain sequence combining. 
FIGURE 12b is a diagram of an end of sequence 

instruction. 

General description of major components of the system 

A general overall ?ow diagram of the system is shown 
in FIGURE la. The system consists of a main memory 
112, an instruction ready memory 113 and ?ve processing 
elements A, B, C, D and E. 
Each of the processing elements A to E is an autono 

mous (or independent) computing element. Each of the 
processing elements A to E receives instruction from in 
struction ready memory 113; however, after a particular 
processing element receives an instruction it proceeds to 
execute this instruction while operating independently 
from the rest of the system. After a processing element 
completes the execution of an instruction, it signals the 
system that it has ?nished executing the instruction and 
that it is ready to receive another instruction. The type 
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4 
of operation which each of the processing elements A to 
E is capable of performing is tabulated in the chart of 
FIGURE 1b. 

Each of the memories 112 and 113 is an associative or 
content addressed memory. That is, a word is addressed 
and read out of a memory location, not by specifying the 
address of the particular memory location where the 
word is stored, but instead by specifying the information 
contained in one or more particular ?elds in the word. 
Memory 113 also has the further capabilities as speci?ed 
below. When one speci?es the content of a particular 
?eld (hereinafter called the type of element ?eld) of the 
instruction word which one desires to readout, and there 
are two or more instruction words in the memory 113 
which have the speci?ed information in the speci?ed ?eld, 
memory 113 ‘has the ability to examine another ?eld in 
these instruction words (called a priority ?eld) to deter 
mine which one of ‘the instruction words has the highest 
priority. If more than one of these instruction words has 
the same priority memory 113 has the still further ability 
to readout the particular one of these instruction words 
which has ‘been stored in memory 113 for the longest 
period of time. The details of memories 112 and 113 will 
be explained later. 

In the particular embodiment of the invention shown 
herein, each instruction word has nine ?elds 121 to 129 
as shown in FIGURE 1c. The information stored in ?eld 
121 of each instruction word is termed the program tag 
and it speci?es ‘the particular program (or instruction 
sequence) with which the particular instruction word is 
associated. The information stored in ?eld 122 of each 
instruction word is termed the address symbol and it 
speci?es the location of the particular instruction in the 
program speci?ed by the program tag in ?eld 121 of the 
particular instruction. The information stored in ?eld 
123 of each instruction word indicates the type of element 
needed to perform the particular instruction and the in 
formation in ?eld 124 of each instruction word indicates 
the particular operation which is to be performed. The 
information stored in ?eld 125 of certain instruction 
words is termed the sequence combining tag, the function 
of the sequence combining tag will be explained later. 
Depending upon its importance, each program has a 

priority rating assigned thereto, the more important pro 
grams ‘being given higher priority. The information in 
?eld 126 speci?es the priority of the particular program 
with which the particular instruction is associated. 
The information stored in ?elds 127, 128 and 129 are 

operand symbols which either specify operands upon 
which the particular instruction is to operate, or which 
specify the identi?cation in memory of the operands upon 
which the particular instruction is to operate. Naturally, 
as in other computing systems, the operand ?elds may 
also contain information required in order to execute a 
transfer or decision instruction. Herein each instruction 
word is shown as containing three operand symbols in 
?elds 127, 128 and 129. Three ?elds are shown merely 
for the purpose of illustration and naturally, in accord 
ance with>techniques known in the art, more or less 
operand ?elds could be used in various known ways. The 
main memory 112 also has stored therein data words 
which are associated with the various programs. 
Each of the data words stored in main memory 112 

has the format shown in FIGURE 1d which includes the 
three ?elds 131, 132 and 133. The data per se is stored 
in ?eld 133. The information in ?eld 131 speci?es the 
particular program with which the data stored in ?eld 133 
is associated. The information which is stored in ?eld 
132 of any data word speci?es a particular data word out 
of all the data words which are associated with the pro 
gram whose identi?cation is speci?ed in ?eld 131. 
The general capability of each of the processing ele— 

ments A, B, C, D and E is speci?ed in the second column 
of FIGURE 1b and the particular binary number (in ?eld 
123 of an instruction word) which speci?cs each type of 
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processing element is listed in the third column of FIG 
URE lb. As indicated by the chart of FIGURE lb, both 
processing element A and processing element B are ca 
pable of performing addition and multiplication and the 
binary number 110 in ?eld 123 of an instruction indicates 
that it must be performed by the type of a processing 
element which is capable of addition and multiplication 
(i.e., the instruction must be performed by either process 
ing element A or processing element B). However, the 
instruction words do not specify which particular process 
ing element must execute the particular instruction. Dc 
pending upon the frequency of use, more or less of a 
particular type of processing element can be added into 
the system. Herein the particular processing elements 
which are shown (two of which are type 110) are merely 
meant to be illustrative for the purpose of explaining the 
invention and it should be understood that various other 
types of processing elements can be added into the 
system. 

General description of an example of the operation 
of the system 

For present purposes of illustration, the system will be 
assumed to be operating upon four independent programs 
which are stored in memory 112. Each of the four 
programs stored in memory 112 consist of one ordered 
sequence of instructions. Each instruction has a format 
shown in FIGURE 1c. At any particular time, there is 
one instruction in each sequence of instructions (ie in 
each program) which is ready for execution. Whenever 
an instruction becomes ready for execution, it is trans 
ferred (in a manner which will be explained in detail 
later) from main memory 112 into the instruction ready 
memory 113. 

Since the system is operating upon four independent 
programs (each of which for the present discus 
sion is assumed to have only one sequence of instruc 
tions), there will be at any particular time only four in 
structions in the instruction ready memory 113. For 
purposes of illustration, four particular instruction words 
141 to 144 which may be in instruction ready memory 
113 at one particular time are shown in FIGURE le. 
Naturally, the size of each of the ?elds in the instruction 
words is here chosen merely for the purpose of illustra 
tion and these ?elds may be any size which is needed 
in the particular application of the invention. 
For convenience in reference between the speci?cation 

and the drawings, each of the ?elds of the words 141 to 
144 is identi?ed by a numeral followed by a letter. The 
numeral which identi?es each ?eld is the same as the 
numeral which identi?es the same type of ?eld in FIG 
URE 1c. Each set of numerals which identi?es a ?eld 
in instruction word 141 is followed by the letter G, each 
set of numerals which identi?es a ?eld in instruction word 
142 is followed by the letter H, each set of numerals 
which identi?es a ?eld in instruction word 143 is followed 
by letter I, and each set of numerals which identi?es a 
?eld in the instruction word 144 is followed by the letter 
J. 
The information in ?elds 121G to 121] identi?es the 

four programs with which the four particular data words 
are associated, and the information in fields 1226 to 122] 
identi?es the particular position which each instruction 
occupies in its associated program. 
The information in ?elds 1236 to 123] identi?es the 

type of element which is capable of executing the re 
spective instructions. It should be noted that both in 
struction 141 and instruction 142 can be executed by the 
same type of element identi?ed by the binary number 
110 in ?elds 123G and 123H. Instructions 143 and 144 
must be executed by other types of elements as indicated 
by the binary numbers in ?elds 1231 and 123]. 
As previously stated, whenever a processing element 

becomes idle it requests an instruction from instruction 
ready memory 113. When the system receives such a 
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6 
request, the system interrogates memory 113 to ?nd if 
there is an instruction therein which has in ?eld 123 the 
symbol which indicates that the particular instruction can 
be performed by the element which is requesting the in 
struction. In the present case, when processing element 
13 indicates that it needs an instruction, the system inter 
rogates instruction ready memory 113 to ?nd if any of 
the instruction words therein has the symbol lltl in field 
123. In the example presently being diSClhf?‘Cl. the four 
instructions shown in FIGURE le are in the memory and 
hence the system ?nds that both instructions 141 and 142 
have the symbol lit) in ?eld 123. Since two instructions 
are found which are capable of being executed by clee 
ment B, the system interrogates ?elds 126 of there two 
instructions to determine which has the highest priority. 
in the present case, the number stored in the ?eld 126H 
is greater than the number stored in ?eld 1266 and 
hence the memory reads out instruction 142 and passes 
it to processing element B. If both instructions 141 and 
142 had the same number stored in their priority ?elds. 
the system would readout the particular instruction which 
had been stored in instruction ready memory 113 for 
the longest period of time (the details of memory 113 
are given later). 

After a processing element receives an instruction, 
it operates independently of the remainder of the system. 
First it interrogates ?eld 124 of the instruction which it 
has received to determine the operation which it is to per— 
form. it then requests from main memory 112 any 
data which is required and after it has received the re 
quired data, it performs the desired operation. After 
the operation has been performed, the processing ele 
ment stores the result in the main memory 112 (itc the 
instruction which it receives indicates that this is what is 
to be done). Once the complete operation has been 
performed (and if required the result has been stored in 
main memory 112) the processing element signals the 
system that it has completed the instruction which it 
received. 
When the system receives an indication that a proc 

essing element has completed an instruction, it interro 
gates the procesing element to determine the particular 
program and the particular instruction upon which the 
processing element has been working. After the system 
has determined this information, it interrogates the main 
memory 112 and brings the next instruction in the same 
program into the instruction ready memory 113. Simul 
taneously (subject to certain limitations discussed later) 
with the above operation, the system interrogates the in 
struction ready memory 115 to determine if there is an 
other instruction in the instruction ready memory which 
the processing element can perform. ‘Thereafter, the 
general cycle described above is repeated. 

Practically an unlimited queuing facility can be ob 
tained through the use of priority ?eld 125 and further 
more a program such as a diagnostic program can be as 
signed the highest priority thereby insuring that it will be 
executed by the system in preference to all other pro 
grams in the system. 

Functional description of major components 
of the system 

We will now give a more detailed explanation of the 
system with reference to detailed circuit diagram shown 
in FIGURES 2a, 2b, 2c, 2d and 2e. FlGURES 2a, 2b, 
2c, 2d and 2e which ?t together as shown in FIGURE 2, 
shows in the interconnections between the major com 
ponents. 

It should be noted that two different types of inter 
connections between the various components are shoun 
in the circuit diagrams of FIGURES 2a, 2b, 2c, 2d and 
2e. Single line connections which merely transmit one 
signal between components are represented by single 
lines and cables which simultaneously transmit a plurality 
of signals between components are designated by dual 








































