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INTRODUCTION 

An associative processor can generally be 
described as a processor which has the 
following two properties: 1) Stored data 
items can be retrieved using their content 
or part of their content (instead of their 
addresses); and 2) data transformation 
operations, both arithmetic and logical, can 
be performed over many sets of arguments 
with a single instruction. Because of these 
parallel processing characteristics, associ- 
ative processors have a much faster data 
processing rate than conventional sequential 
computers, and hence are more effective in 
handling many types of information proc- 
essing problems such as information storage 
and retrieval of rapidly changing data- 
bases, fast search of a large database, 
arithmetic and logical operations on large sets 
of data, control and executive functions in 
large-scale computer systems, radar signal 
tracking and processing, and weather pre- 
diction computations. However, because of 
their relatively high implementation cost, 

associative processors are usually used in 
conjunction with standard sequential com- 
puter systems so that many required high- 
speed parallel processing tasks which cannot 
be effectively executed by sequential proc- 
essors are performed by associative proc- 
essors. Because of the rapid development 
of large-scale integrated-circuit (LSI) tech- 
nology, the implementation cost of associ- 
ative processors will be greatly reduced and 
it is anticipated that associative processors 
will be used more extensively for enhancing 
the performance of many special-purpose 
and general-purpose computer systems. Al- 
though there have been several papers 
providing either tutorials or literature sur- 
veys on associative processors [1-5], a num- 
ber of new developments have not been 
described in any of the previous survey 
papers. In this paper, we will present a 
survey of the architecture of various as- 
sociative processors, with emphasis on their 
characteristics, categorization, and imple- 
mentation, and especially recent develop- 
ments. 

Copyright © 1977, Association for Computing Machinery, Inc. General perm]ssion to republish, but  
not for profit, all or part  of this material is granted provided that  ACM's copyright notice is given 
and that  reference is made to the pubhcation,  to its date of issue, and to the fact that  reprinting 
privileges were granted by permission of the Assomatlon for Computing Machinery. 

Computing Surveys, Vol. 9, No 1, March 1977 



4 • Associative Processor Architecture--A Survey 

CONTENTS 

I N T R O D U C T I O N  
1 G E N E R A L  DESCRIPTION 

Associative Memonce 
Associative Processors 
Hardware Implementation 

2 F U L L Y  PARALLEL ASSOCIATIVE PROCESSORS 
Fully Parallel Word-Orgamzed Assoczatlve Processors 
Distributed Logic Associative Processors 

Lee's Dmtnbuted  Logic Assoclat:ve Processor and Its 
Modlficahons 

Parallel-Element Processing Ensemble (PsPs) 
3 BIT-SERIAL ASSOCIATIVE PROCESSORS 

The STA~AN Processor 
Other Bit-Serial Assoclatlve Processors 
Associative Linear Array Processor (ALAP) 
ECAM 

Other Developments 
Byte-Serial Word-Parallel Associative Processors 
Data  Manipulators 

4 WORD-SERIAL ASSOCIATIVE PROCESSORS 
5 B L O C K - O R I E N T E D  ASSOCIATIVE PROCESSORS 
SUMMARY 
A C K N O W L E D G M E N T  
R E F E R E N C E S  

v 

1. GENERAL DESCRIPTION 

In general, the architecture of an associ- 
ative processor can be described as shown 
in Figure 1. I t  consists of an associative 
memory, arithmetic and logic unit (ALU), 
control system, instruction memory, and 
an input/output interface. The major dif- 
ference between an associative processor as 
shown in Figure I and a standard sequential 
processor is the use of an associative memory 
or its equivalent instead of a location- 
addressed memory. Because of this differ- 
ence, all the other blocks of an associative 
processor are also different from those of a 
standard sequential processor. Furthermore, 
the associative memory has a major im- 
pact on the architecture of an associative 
processor, and the architecture of an associ- 
ative processor can be classified on the basis 
of the organization of its associative mem- 
ory. Thus, we would first like to describe 
associative memories briefly. 

Associative Memories 

An associative memory [1-10] can be defined 
as a memory system with the property that 
stored data items can be retrieved by their 
content or part of their content (that is, 
by the first property of an associative 
processor). An associative memory has been 
also called catalog memory [11], content- 
addressed memory [12], data-addressed mem- 
ory [13], parallel search memory [14], search 
memory [15-17], search associative memory 
[18], content-add~'essable memory [19], dis- 
tributed logic memory [20], associative push- 
down memory [21], and multi-access associ- 
ative memory [22]. 

From the hardware point of view, in order 
to retrieve stored data items by their con- 
tent or part of their content, one must be 
able to access the memory words by match- 
ing their content or part of their content 
with the given search-key words, instead of 
by an address as in a location-addressed 
memory. The basic memory element of the 
associative memory is called the bit-cell. 
I t  has the property that one-bit information 
can be written in, read out, and compared 
to the interrogating information. The 
search operations, which consist of masking 
and comparison, are executed in a fashion 
that depends on the organization of the 
associative memory. The search-key word 
can be compared to all the words in the 
memory through the interrogating bit 
drives and the comparison logic circuitry. 
The possibility of matching multiple words 
to a search-key word requires that the as- 
sociative memory have some method of 
tagg~g all the matched words. The tag 
function and matched-word indication are 
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FIGURE 1. Block diagram of an associative 
processor. 
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performed by the so-called word-match tag 
networks. Those matched words can be ac- 
cessed with a single instruction [1-3, 5, 
23]. I t  is noted that a memory can have the 
associative property by performing either 
parallel-by-bit comparison (word-parallel or 
word-serial) or serial-by-bit comparison 
(hit-serial). For an associative memory, 
the following comparison operations can be 
performed: 

equal not equal 
less than greater than 
not greater than not less than 
maximum value minimum value 
between limits not between limits 
next higher next lower 

The operation of an associative memory 
may be illustrated by the example of a 
personnel file search, as shown in Figure 2. 
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The query may require that data on all 
employees with a salary of more than 
$1000 per month and less than or equal to 
$1500 per month be searched. This will be 
accomplished by performing a greater than 
search and a not greater than search on the 
salary field of the file. Each of these two 
searches is performed in parallel. To set 
up the parallel search, a search-key word is 
loaded with the desired salary range infor- 
mation for comparison. A mask is included 
to mask the search-key word so that only the 
desired fields may be searched. A match- 
word indication is required to ,indicate the 
results of the search. The simplest indication 
consists of a bit for each of the words, in- 
dicating whether it is identical to the "search- 
key word or not. A 1-bit indicates a match 
and a 0-bit a mismatch. Considering the 
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FIGURE 2. Example of the operation of an associative memory. 
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above query, the first search-key word is 
loaded with the salary figure (1000) and 
the indicator (0) for comparison, and the 
operation is "greater than." Initially the 
indicator field of each word in the associ- 
ative memory is 0. After the first search, 
the matched-word indication will signal the 
indicator field by setting the indicator-field 
to 1 to memorize the matched words. The 
second search-key word is loaded with the 
salary figure (1500) and the indicator (1) 
for comparison, and the operation is "not 
greater than." The result is shown in the 
matched-word indication. Data on all the 
employees with a salary of more than $1000 
per month and less than or equal to $1500 
per month can be printed out through the 
output circuit. 

Associative Processors 

From the operational point of view, an 
associative processor can perform other 
complicated data transformation operations 
in addition to the comparison operations 
that can be performed by its associative 
memory. For instance, the matched words 
in the associative memory can be retrieved 
serially to the ALU through the output 
circuit of the associative memory under the 
control of the control system. The ALU 
performs the specified data transformation 
operations and the result is then stored in 
the associative memory, if necessary. 

From the point of view of architecture, 
associative processors belong to the general 
category called SIMD (Single Instruction 
Stream Multiple Data Stream) machines 
[5, 24]. An SIMD machine is a computer 
with a single instruction which instructs 
more than one processing element, all of 
which either execute or ignore the current 
instruction. An associative processor is an 
SIMD machine whose processing elements 
and data addressing satisfy the two prop- 
erties mentioned at the beginning of this 
paper. There is another well-known class of 
SIMD machines called array processors, 
such as ILLIAC IV [25]. An array processor is 
an SIMD machine in which data are proc- 
essed by its processing elements in parallel, 
but data are addressed by their addresses 
rather than by their content or part of 
their content. In this paper, our discussion 

will focus on the architectural aspect of 
associative processors. 

The architecture of associative processors 
can generally be classified into four cate- 
gories according to the comparison process 
of their associative memories. The four 
categories are fully parallel, bit-serial, word- 
serial, and block-oriented associative proc- 
essors. There are two types of fully parallel 
associative processors: word-organized and 
distributed logic types. In the former the 
comparison logic is associated with each 
bit-cell of every word, and the logical deci- 
sion is available at the output of every word; 
in the latter, the comparison logic is as- 
sociated with each character-cell (for a 
fixed number of bits) or with a group of 
character-cells. In a bit-serial associative 
processor, only one bit-column (also called 
bit-slice) of all the words is operated on at a 
time. (For this reason, a bit-serial associa- 
tive processor is also called a bit-serial word- 
parallel associative processor.) The fully 
parallel and bit-serial associative proc- 
essors are the two most important categories 
that have been so far developed. PEPE 
(Parallel Element Processing Ensemble) [26- 
31] and STARAN [32--35] are the best- 
known fully parallel and bit-serial associative 
processors, respectively. As we will see later, 
an important part of a STARAN-type bit- 
serial associative processor is the permuta- 
twn network (also called flip network or 
interconnection network) which is the func- 
tional block for communication between the 
memory modules and the processing ele- 
ment modules. This permutation network 
is used not only in STARAN-type bit- 
serial associative processors, but also in 
array processors for preparing appropriate 
operands for execution. In many applica- 
tions, such as air traffic control systems, 
matrix computation, weather forecasting, 
etc., preparing appropriate operands using 
a permutation network is very useful. Feng 
[36-40] proposed a generalized permutation 
network, the "data manipulator. There are 
two types of data manipulators, the line 
manipulator and the page manipulator. The 
line manipulator is designed in a bit-serial 
fashion. The page manipulator operates in 
a fully parallel fashion; it is similar to the 
line manipulator except that there are n 
line manipulator circuits interconnected 
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together, where n is the word width. The 
implementation cost of a page manipulator 
is obviously greater than that of a line 
manipulator, but its use enables a bit-serial 
associative processor to operate like a fully 
parallel associative processor for a much 
lower cost than that of a fully parallel 
associative processor. 

A word-serial associative processor es- 
sentially represents a hardware implementa- 
tion of a simple program loop for search. 
The important factor contributing to the 
relative efficiency of this approach as com- 
pared to programmed search in a standard 
sequential processor is that the instruction 
decoding time is greatly reduced, since only 
a single instruction in the word-serial as- 
sociative processor is required to perform 
the search operation. A block-oriented as- 
sociative processor can be implemented by 
using a logic-per-track rotating memory 
which consists of a head-per-track disk 
with some logic associated with each track. 

Before we discuss each of these categories 
in detail, we would like to discuss briefly 
the hardware implementation of associative 
memories and associative processors. 

Hardware Implementation 

The first associative memory was developed 
by Slade and McMahon [11] in 1956 using 
cryotrons. Since then, associative memories 
have been implemented using tunnel diodes 
[41, 42], evaporated organic diode arrays 
[7], magnetic cores [41, 43-48], plated wires 
[41, 49], semiconductors [50], transfluxors 
[51], biax cores [52], laminated ferrites [53], 
magnetic films [54], solenoid arrays [55], 
bicore thin-film sandwiches [41], multi- 
aperture logic elements [56], and integrated 
circuits [57]. The capacity of these associ- 
ative memories is usually limited by factors 
such as half-select noise which limit the word 
length, and interrogation drive problems 
which limit the number of words. Because of 
these limitations and because of high im- 
plementation cost, most associative mem- 
ories in early years had small capacity, say 
up to 1K words with length up to 100 bits 
[45]. 

The first associative processor was de- 
signed by Behnke and Rosenberger [58] in 
1963 using cryotrons. Since then a number 
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of laboratory models of associative processors 
have been built using various types of 
associative memories. However, associative 
processors were not put to practical use 
until the development of PEPE [26-31] and 
STARAN [32--35]. In these systems, as- 
sociative memories have become larger and 
more flexible due to the development of new 
architectural concepts and the use of LSI 
technology. For example, in P~,P~. there 
are a number of processing elements each 
of which contains a simple 1K X 32-bit 
random-access memory, called the element 
memory, which is shared on a cycle-stealing 
basis by the arithmetic unit, correlation 
unit, and associative output unit in the 
processing element to perform associative 
processing. In each associative array module 
of STARAN, a so-called multidimensional 
access memory implemented by a 256 X 
256-bit random-access memory is used to 
accommodate both bit-slice accesses for 
associative processing and word-slice ac- 
cesses for input/output. Recently Anderson 
and Kain [59] at Honeywell presented the 
Extended Content Addressed Memory, 
called ECAM, used in the high-speed data- 
base processing environment by the U.S. 
Air Force. This system can operate on data- 
bases up to 109 bits in size, and was originally 
based on the storage fabrication technique 
called the superchip technique, which is a 
device-fault-tolerant method of connecting 
and using a large number of individual 
memory arrays on a single chip. However, 
other LSI chips may also be used for con- 
structing ECAM. Another associative proc- 
essor using LSI technology is the Associ- 
ative Linear Array Processor (ALAP) 
developed by Finnila at Hughes Aircraft Co. 
[60], which will be discussed later. These 
appear to be promising approaches to 
making large-scale associative memories 
practical. 

2. FULLY PARALLEL ASSOCIATIVE PROCESSORS 

Fully Parallel Word-Organized Associative 
Processors 

As mentioned before, the major character- 
istic of a fully parallel word-organized as- 
sociative processor is that the comparison 
logic is associated with each bit-cell of every 
word of its associative memory. Thus its 
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comparison process is performed in a parallel- 
by-word and parallel-by-bit fashion. The 
general organization of a fully parallel word- 
organized associative processor is shown in 
Figure 3, in which each crosspoint represents 
a bit-cell of its associative memory. Although 
the operations of a fully parallel word-or- 
ganized associative processor are simplest 
and fastest compared to other types of 
associative processors, its hardware is also 
the most complicated because each bit- 
cell has to contain the comparison logic. 

Because of its hardware complexity, this 
type of associative processor was developed 
only through the early stages. Many experi- 
mental models were developed and there 
were fully parallel word-organized associ- 
ative memory systems using cryogenic 
components, [11, 13, 52, 61-66], magnetic 
cores [43, 44] and cutpoint cellular logic [67]. 

Distributed Logic Associative Processors 

A distributed logic associative processor is a 
fully parallel character-oriented associative 
processor whose memory (usually called 
distributed logic memory [20]) has its com- 
parison logic associated with each character- 
cell or each group of character-cells. A 
number of distributed logic associative 
processors have been developed. 

The first associative processor of this type 
was proposed by Lee [68] and a number of 
its variations were presented later [69-75]. 

_jwoo  o Ao 1 
I NETWORK , 

NETWORK 

hi;: , I __ ~ .%.; wo~-~TCH [ - - _ . . t  ! ~TWoRK 

OUTPUT CIRCUIT ~ ALU [ 

FIGURE 3. Fully parallel word-organized associ- 
ative memory and ALU. 

The best-known associative processor sys- 
tem of this type so far developed is the 
P E P E  [26-31], developed by Bell Labora- 
tories for the U.S. Army Advanced Ballistic 
Missile Defense Agency. These associative 
processors are now described. 

Lee's Distributed Logic Associative Processor 
and Its Modifications 

The distributed logic associative processor 
proposed by Lee [68] can be represented by 
the block diagram shown in Figure 4. Each 
character-cell has a single cell-state element 
(state part) S which may be either in an 
active state or in a quiescent state, and each 
character-cell also has a number of cell- 
symbol elements (symbol parts) X I , . . . ,  X~ 
depending upon the size of the symbol al- 
phabet. The cell-state element or cell- 
symbol element is a bistable device such as 
a flip-flop. Each character-cell stores one 
character symbol of information and can 
communicate with its two neighboring 
character-cells as well as with the control 
system. A string of information is therefore 
stored in a corresponding string of character- 
cells. 

Each data block consists of a name 
string and an arbitrary number of para- 
meter strings. Every name string is preceded 
by a tag ~, and every parameter string 
is preceded by a tag ~. When the input 
search key is a name string, the fully 
parallel distributed logic memory is ex- 
pected to output all of the parameter 
strings associated with the name string. 
This is the so-called direct retrieval. On the 
other hand, when the input search key is a 
parameter string, the fully parallel dis- 
tributed logic memory is expected to output 
all of the name strings associated with 
that parameter string. This is called cross- 
retrieval. In order to perform direct re- 
trieval and cross-retrival, each character- 
cell in the fully parallel distributed logic 
memory must have enough cell logic cir- 
cuitry so that it can produce a yes or no 
answer to a simple question such as whether 
the symbol of the character-cell is A or 
not-A. If we want to retrieve all of the 
parameter strings whose name is AB, we 
will ask each character-cell whether its 
character symbol is A. If a cell answers 
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yes, we also want each character-cell to 
have enough cell logic circuitry so that it 
can signal the next character-cell to be ready 
to determine whether the symbol of that 
character-cell is B. The character-cells 
which finally respond yes to the name 
string A B  are now ready to signal all those 
character-cells storing all the parameter 
strings associated with the name string A B  
to output their contents. 

Typical operations of a character-cell 
are changing state, transmitting state in- 
formation to a neighboring character-cell, 
accepting data from the input bus, or put- 
ting its character symbol on the output bus. 
When a character-cell is in an active state 
and when the input signal lead is activated, 

the symbol which is carried on the input 
bus is then stored in that character-cell. 
When a character-cell is in an active state, 
an output signal causes that character-cell 
to read out its symbol through the output 
bus and to store it in the output symbol 
buffer. Comparison operation is controlled 
by the match signal through the comparison 
logic of each character-cell. The store 
symbol of each character-cell is compared 
with the symbol carried on the input bus, 
and a signal from each matched character- 
cell is transmitted to one of its neighboring 
character-cells which then becomes active. 
The direction of transmission of the signals 
is controlled by the signal on the direction 
leads. All the character-cells evaluate and 
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act according to the input conditions (given 
by the input and state buses) independently 
and simultaneously. 

Lee's system, consisting of 72 eight-bit 
character-cells has been built experimentally 
using cryogenics [75]. 

Several modifications of Lee's original 
system have been proposed. Lee and Paull 
[20] proposed a distributed logic memory 
using two cell-state elements instead of one 
for each character-cell, more control bus 
leads, and a threshold circuit. They de- 
fined the complex symbol of a character- 
cell which includes both the two cell-state 
elements and the cell-symbol elements of 
the character-cell. The matching process 
requires that an entire complex symbol be 
used for matching. They presented a more 
complicated design for a character-cell 
memory combined with an external control 
unit in order to have more capabilities to 
deal with problems such as cross-retrieval, 
erasing, gap closing, and preference, which 
appear in information retrieval. 

In order to overcome the propagation 
timing problems, Gaines and Lee [72] 
proposed to redesign the logic circuitry 
using two different-purpose cell-state ele- 
ments, called the match flip-flop and the 
control flip-flop, and adding a mark line to 
simultaneously activate all cells to the 
right of each active cell up to the first cell 
whose control flip-flop is set. Due to the con- 
trol of the propagation of the marking sig- 
nal, this memory system is capable of per- 
forming two new simultaneous operations, 
shifting and marking strings. 

Crane and Githens [73] extended Lee's 
system to a two-dimensional distributed 
logic memory which can be used to perform 
highly parallel arithmetic operations through 
the use of a large number of identical proc- 
essing units on many sets of data simul- 
taneously, while retaining content-address- 
ing capability to these data sets. Such an 
extension can be illustrated by the block 
diagram shown in Figure 5. 

Edelberg and Schissler [76] recently 
proposed a distributed logic memory, called 
intelligent memory, which uses circulating 
serial storage loops and distributed process- 
ing logic. Each storage loop is a circulating 
shift register. All storage loops are shifted 
synchronously using a common clock. 
Processing logic is distributed between 
storage loops. In addition to the basic in- 
formation storage operations, this memory 
performs associative searching, updating and 
retrieval. It  is also capable of dynamically 
varying its loop size to accommodate vary- 
ing data requirements. 

Parallel Element Processing Ensemble (PEPs) 

PEPE [26-31] is one of the two large-scale 
associative processors developed to date. 
Its basic concept was derived from Lee's 
distributed logic associative processor and 
was originally developed by Bell Labora- 
tories for the U.S. Army Advanced Ballistic 
Missile Defense Agency [26-28]. A second 
model of PEPE with both architectural and 
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circuit technology improvements is being 
developed by the Agency [29-31]. The 
description of PEPE presented here is pri- 
marily that of the current model. 

PEPE is composed of the following 
functional subsystems: an output data 
control, an element memory control, an 
arithmetic control unit, a correlation control 
unit, an associative output control unit, a 

control system, and a number of processing 
elements. Each processing element consists 
of an arithmetic unit, a correlation unit, an 
associative output unit and a 1024X32-bit 
element memory. In addition, there are 
primary power and signal distribution sub- 
systems to convert and route power, and 
control and data signals between various 
functional subsystems. Note that the num- 
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FIGURE 6. Parallel element processing ensemble (PEPE), a modified distmbuted logic associative 
processor. 
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ber of processing elements used in PEpv. is 
variable and may be increased or decreased 
to meet the requirements of the application. 
This variability has no impact on P~PE 
system performance, except that enough 
processing elements must be available to 
accommodate the expected number of ob- 
jects to be tracked. A PEPE with 288 proc- 
essing elements organized into eight ele- 
ment bays was presented in [29]. 

The block diagrams of PEPE and its 
processing elements are shown in Figures 6 
and 7, respectively. The processing elements 
are the main computational component of 

PEPE. Selected portions of the data-process- 
ing load are loaded from the host computer 
(a CDC 7600) to the processing elements. 
The loading selection process is determined 
by the inherent parallelism of the task and 
by the ability of PmPE'S unique architecture 
to manipulate the task more efficiently than 
the host computer. Each processing element 
is delegated the responsibility of an object 
under observation by the radar system, and 
each processing element maintains a data 
file for specific objects within its memory and 
uses its arithmetic capability to continually 
update its respective file. 
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FIGURE 7. Processing element of the PEPE. 
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3. BIT-SERIAL ASSOCIATIVE PROCESSORS 

Because of the expensive logic in each 
memory bit and the communication prob- 
lems in fully parallel associative processors, 
the bit-serial word-parallel associative proc- 
essor using the concept of parallel processing 
with vertical data (one bit-column of a 
large number of words is being processed at 
a time) was introduced by Shooman in 
1960 [77]. His system is essentially a hy- 
pothetical vertical data processing com- 
puter (referred to as an orthogonal com- 
puter) which embodies both vertical data 
processing and conventional (referred to as 
horizontal data processing) techniques. 
Shooman also gave descriptions and al- 
gorithms for several vertical data processing 
instructions. Since the number of words to 
be processed is usually larger than the 
number of bits in each word, this approach 
represents a compromise between fully 
parallel and word-serial associative process- 
ing. 

Since then, this concept has resulted in 
many proposals for associative processors. 
Kaplan [16] proposed a bit-serial associative 
memory which he called a search memory; 
this memory may be used as a subsystem 
for a general-purpose computer. The main 
memory may communicate via a memory 
register with the search memory subsystem, 
accumulator, arithmetic unit, control unit, 
and input/output unit. The match logic to 
execute search operations was placed in the 
search memory subsystem. Ewing and 
Davies [49] proposed the design logic of a 
bit-serial associative processor. The block 
diagram of a bit-serial associative memory 
with the ALU is shown in Figure 8. In this 
memory, storage for one bit is provided at 
each intersection of a word line and a bit 
line, and only one bit-column is operated on 
at a time. The particular bit-column is 
selected by the bit-column-select logic. A 
pulse on a bit line causes a signal to be 
emitted by each word line. The signals are 
transmitted through the word lines to the 
sense amplifiers. The word logic associated 
with each word line gives the ability to 
perform associative processing. This logic is 
identical for all words and consists of a 
sense amplifier, storage flip-flops, a write 
amplifier, and control logic. The storage 
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BIT COLUMN SELECT LOGIC H 

- -  I 
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FIaU~E 8. Bit-serial  associative memory and 
ALU. 

flip-flop remembers the match state from 
one interrogating bit to the next. The output 
of the sense amplifier determines the state 
of the storage flip-flops in various ways as 
determined by the control signals from the 
control unit. The capability of the storage 
flip-flops to act as shift registers provides 
the communication link between adjacent 
words. Such a bit-serial associative processor 
can be considered an external-logic associ- 
ative processor, in contrast to a distributed 
logic associative processor. 

Chu [8] proposed the implementation of a 
bit-serial associative memory which makes 
use of conventional destructive-readout 
magnetic memory elements. This memory 
has two-dimensional read/write capability, 
resulting in two word lengths: a short-word 
length which is the number of bits in a 
word, and a long-word length which is the 
number of words in a bit-column, since the 
number of bits in a word is usually smaller 
than the number of words. This memory can 
read or write in either the horizontal or the 
vertical direction of the array; the two are 
called the short-word mode and the long- 
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word mode, respectively. The short-word 
mode is the conventional memory organi- 
zation. The long-word mode is equivalent 
to the bit-serial associative technique, 

Bit-serial associative processing has been 
implemented through the use of 2½D 
core search memory [78-79]. Goodyear 
Aerospace Corporation [80-81] developed a 
modular plated-wire implementation of a 
bit-serial associative processor which uses 
the so-called processor modules as basic 
building blocks. Each processor module 
contains 256 plated-wire processing ele- 
ments. Each plated-wire processing ele- 
ment consists of one plated wire, which is a 
memory device for one 256-bit word, and 
one response store, whose function is to 
signal the matching of the word stored in 

the plated wire. The limit on the number of 
processor modules largely depends on the 
hardware's physical size (a single plated-wire 
module occupies about 0.5 ft 3) and the 
processor's speed requirements. 

The STARAN Processor 

One of the two well-known large-scale 
associative processors developed to date 
is Goodyear Aerospace Corporation's 
STARAN [32-35]. The basic structure of 
STARAN Model B is shown in Figure 9. 
I t  consists of a control system and a number 
(up to 32) of associative array modules. 
Each associative array module contains a 
256-word X 256-bit multidimensional ac- 
cess memory, 256 simple processing ele- 
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FIGURE 9. STARAN, a bit-serial associaUve processor. 
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ments, a permutat ion network (or so-called 
flip network), and a selector, as shown in 
Figure 10. There is a simple processing ele- 
ment  for each of the 256 words of the 
memory, and each simple processing ele- 
ment operates serially by bit on the data  in 
the memory word. This operational con- 
cept is shown in Figure 11. Using the 
permutation network, the data stored in the 
multidimensional access memory can be 
accessed through the input /ou tput  channel 
in the bit-slice direction, the word direction, 
or a combination of these. The permutat ion 
network is also used for shifting and re- 
arranging of data  in an associative array 
module so that  parallel search, arithmetic or 
logical operations can be performed be- 
tween words of the multidimensional access 
memory. By proper design of the permuta- 
tion network, the multidimensional access 
memory can be implemented using random- 
access memory chips [34, 82]. 

To locate a particular data item, STARAN 
initiates a search by calling for a match 

against an input data item. All the words 
in the memories of all the modules tha t  
satisfy the search criterion are identified by 
a single instruction. The simple processing 
elements simultaneously execute operations 

0 

WORDS 

255 

-' I 

TO/FROM CONTROL 

It 
o l iTs 2s5 I 

BIT-SLICE 

x \ \ \ ~ \ "  ~ \ \ \ \ \ \ \ "  ,' - .  

. \ ORO-SLIC  

256 WORDS x 256 BITS 

PIO 

H" 
256 PES 

FIGURE 11. Operational concept of a STARAN 
associative array module. 
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as specified by the associative control logic. 
Therefore, in one instruction execution, the 
data in all selected memories of all the 
modules are processed simultaneously by 
the simple processing element at each word. 

The interface unit shown in Figure 9 
involves interface with sensors, conventional 
computers, signal processors, interactive 
displays, and mass-storage devices. A va- 
riety of I /O options are implemented in the 
custom interface unit, including the direct 
memory access (DMA), buffered I/O 
(BIO) channels, external function (EXF) 
channels and parallel I /O (PIO). Each 
associative array module can have up to 256 
inputs and 256 outputs into the custom 
interface unit. They can be used to increase 
speed of inter-array data communication, 
to allow STARAN to communicate with a 
high-bandwidth I /O device, and to allow 
any device to communicate directly with 
the associative array modules. 

In many applications such as matrix 
computation, air-traffic control, sensor signal 
processing and data management systems, 
a hybrid system composed of an associative 
processor and a conventional sequential 
processor can increase the throughput rate, 
simplify the software complexity, and reduce 
the hardware cost. As mentioned before, 
STXRAN has high-speed input/output ca- 
pabilities and the ability to interface 
easily with conventional computers. In such 
a hybrid system, each associative array 
module performs the tasks best suited to 
its capabilities. STARAN handles the 
parallel processing tasks, and the conven- 
tional computer handles the tasks that 
must be processed in a single sequential 
data stream. 

STARAN has been installed and opera- 
tional at several locations. In 1973, an opera- 
tional associative processor facility, called 
RADCAP, was installed at Rome Air De- 
velopment Center [83-86]. This facility 
consists of a STARAN and various periph- 
eral devices, all interfaced with a Honeywell 
Information Systems 645 sequential com- 
puter which runs under the Multics time- 
sharing operating system. The objective of 
the RADCAI' facility is to explore various 
applications of the system to real-time 
problems. This facility is being expanded 
to include the STXaXN, a QM-1 micro- 

programmable sequential computer and a 
set of reconfigurable microprocessors for 
efficient emulation, application program- 
ming, and performance measurement of a 
wide variety of computer architectures [87]. 
In 1974 a STARAN was installed by the 
Defense Mapping Agency (DMA) and the 
U.S. Army Engineer Topographic Labora- 
tories (USAETL) at the DMA/ETL fa- 
cility in Fort Belvoir, Virginia [88]. The 
custom interface unit between STARAN 
and the host CDC 6400 computer consists 
of two parts. The first part is a command- 
channel interface unit that is capable of 
transferring data as well as command in- 
formation. The second part is a data-channel 
interface unit that provides a path with 
extremely high bandwidth between the 
STARAN associative array modules and 
the CDC's extended core storage memory. 
Applications have been investigated to in- 
clude automated cartography, digital image 
processing, stereophotogrammetry, and stor- 
age and retrieval. In 1975 a STARAN was 
installed at the NASA Johnson Space 
Center in Houston, Texas. It  is used as a 
special-purpose processor in the Large Area 
Crop Inventory Experiment (LACIE). 

Goodyear Aerospace Corporation has 
recently introduced a new model, STARAN 
Model E. The organization of Model E is 
quite similar to that of Model B. However, 
the size of the multidimensional access 
memory has greatly increased. The current 
design has a size of 9216X256 per module. 
There are also improvements in processing 
speeds and I/O scheme. 

Other Bit-Serial Associative Processors 

Besides STARAS, several other important 
bit-serial associative processors have been 
developed. Among these are the OMEN 
computers [89] developed by Sanders As- 
sociates, the hybrid associative processor 
using an MOS shift-register bulk memory 
[90] developed by Hughes Aircraft Co., the 
Raytheon Associative/Array Processor 
(RAP) [57], the Associative Linear Array 
Processor (ALAP) [60], and the Extended 
Content Addressed Memory (ECAM) [59]. 
We briefly discuss the first three here, and 
consider ALAP and ECAM separately. 
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In the OMEN computer [89], a con- 
ventional serial processor such as the DEC 
PDP-11, and a bit-serial associative proc- 
essor both address an orthogonal memory, 
which has a capacity of 64 words × 16-bits. 
The associative processor contains 64 identi- 
cal processors which form the vertical 
arithmetic unit that has bit-slice access to 
the orthogonal memory. These 64 processors 
perform the same operations at the same 
time under the control of masks. 

The hybrid associative processor [90] de- 
veloped by Hughes Aircraft Company 
contains 10-bit-serial associative memories 
and an MOS shift-register bulk memory. 
The bulk memory consists of a set of MOS 
shift registers, each having at least 16,000 
bits. The purpose of this configuration is to 
achieve efficient operation of an associative 
memory when the data base is stored in a 
large inexpensive mass-storage device. 

The Raytheon Associative/Array Proces- 
sor (RAP) [57] contains a processing ele- 
ment array as well as a direct-array-access 
channel which facilitates bulk data transfer 
to and from the processing element array. 
The function of the processing element is 
to perform search, arithmetic, and logic 
operations on data stored in its own private 
memory. Each processing element can be 
thought of as a bit-serial microprocessor 
with associative capability. 
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Associative Linear Array Processor (ALAP) 

ALAP [60] can be considered as a dis- 
tributed-logic bit-serial associative processor. 
Its basic configuration is shown in Figure 
12. The word cells form a line of processing- 
plus-memory elements. For demonstration 
purposes, an ALAP with 13-word cells has 
been implemented on an LSI wafer. A 
group of bit-serial buses that are common 
to all words is used for most data transfer 
and control communication. The extensive 
use of common buses is made practical by 
the multiuse chaining channel, which is the 
only bus not common to all words. This 
provides bit-serial communication between 
adjacent elements in the ALAP linear ar- 
ray. The common data and control block 
interprets the program to be executed in the 
ALAP memory array. The program is 
stored in a random-access program memory. 
The channels of data communication to the 
ALAP words are shown in Figure 13. In 
addition to the chaining channel there are 
three common data buses, namely the 
common input, the auxiliary input, and the 
common output, each of which has a con- 
nection to every word in ALAP memory. 
The common input channel may be used 
to supply common arguments to all words 
for matching or for arithmetic operations. 
If words are first cleared (set to 0), the 
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FIGURE 13. ALAP data communication channels. 
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common input channel can also be used to 
input new data. The auxiliary input channel, 
which is more often used for data input, is 
controlled by a common control line. The 
common output bus is arranged to supply 
the logical OR of all words trying to output, 
and its usual output is the contents of the 
word shift register. 

In order to control the ALAP efficiently, 
three different overall global modes are 
time-shared. These are the flag-shift, word- 
cycle, and fault-isolation modes. Flag shift 
is the main setup mode for setting and 
transferring data among the flags in each 
word. This mode also includes logic opera- 
tions that can be used to combine flag data 
in each word. Flag-shift operations are 
single-clock-time operations; a sequence of 
flag-shift operations can be executed rapidly. 
While flag-shift operations are in progress, 
none of the main data storage shift registers 
in words can be shifted. The word-cycle 
mode is the main processing mode for 
ALAP. All of these operations are word- 
cycle operations on the data fields stored 
in the shift registers, and controlled by 
global commands modified by local flag 

data. Flexibility and the ability to do many 
different types of operation simultaneously 
are emphasized. In the fault-isolation 
mode, fault-isolation commands are exe- 
cuted. During fault isolation, shift-register 
and flag data are preserved. 

ECAM 

As mentioned before, Honeywell [59] has 
recently developed the Extended Content 
Addressed Memory (ECAM) based on their 
superchip technique for producing large 
associative memory arrays up to the billion- 
bit range for high-speed data management 
systems. The block diagram of the ECAM is 
shown in Figure 14 which is divided into 
two portions: the content-addressed memory 
(CAM) array, and the control unit. 

The main unit in the control unit is the 
master control processor, which is a stand- 
ard minicomputer. Its memory bus pro- 
vides the basic structure of the control unit. 
The ECAM-host interface is designed to 
connect to the host computer as a standard 
high-speed peripheral such as a disk. It  is 
controlled via the minicomputer's pro- 
grammed I /O facility and transfers blocks 
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of information between the host computer 
and the master memory in a transparent 
fashion. Several host computers may be 
connected to a single ECAM by replicating 
the ECAM-host interface. 

In addition to the master control proc- 
essor, there is a slave control unit in which 
the interpreter and the iteration control are 
the two major subunits. The interpreter is a 
high-speed microprogrammed unit designed 
specifically for interpretively executing 
block-structured query language sequences 
from the master memory used to specify 

S.S. Yau and H.S. Fung • 19 

ECAM operation sequences. The control 
store of the interpreter is writable, allowing 
easy changes to the query language. The 
output of the interpreter is a stream of array 
primitives which are passed to the iteration 
control unit via dedicated buffers. Iteration 
control is a hardwired subunit which gen- 
erates control signal sequences to affect the 
array operations. 

The CAM array consists of up to 250,000 
words, each with 4096 bits (16 shift registers 
of 256 bits) randomly accessible to 256 bit 
registers. The word structure of the ECAM 
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FIGURE 14. Extended Content Addressed Memory (ECAM) system block diagram. 
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is shown in Figure 15. The two major ele- 
ments of the word logic are the match 
memory and the arithmetic-logic block. 
Word logic operations such as searches, 
arithmetic, etc. are performed by selecting 
one of 16 match bits from the memory and 
repeatedly executing the same sequence of 
combinational operations on each bit of a 
field within the memory word. The ECAM 
is provided with a high-speed I /O part 
which allows 10 words to be logically se- 
lected onto the I /O lines and to participate 
simultaneously during a single input or 
output operation. 

Other  Developments 

Byte-Serial Word-Parallel Associative 
Processors 

One of the related developments is the con- 
cept of a byte-serial associative processor, 
which is conceived to be between bit-serial 
and fully parallel associative processors. 
For reasons of efficiency at a reasonable 
cost, a byte-serial word-parallel associative 

processor, called the Associative Processor 
Computer System (APCS), was proposed 
by Linde, Gates, and Peng [91] at System 
Development Corporation. APCS contains 
two associative processing units and a 
parallel input/output channel. The word 
logic consists of byte-operation logic rather 
than of bit-operation logic as in bit-serial 
associative processors. 

Data Manipulators 

For many applications such as air traffic 
control, matrix computation, and weather 
prediction, where the relations among data 
items are important, preparation of ap- 
propriate operands can greatly improve the 
efficiency of using associative processors 
(and array processors as well) in solving 
these problems, especially for bit-serial as- 
sociative processors. In STARA•-type as- 
sociative processors, the task of preparing 
appropriate operands is done in the permu- 
tation network. As mentioned before, Feng 
[36-40] proposed a generalized permutation 
network, called the data manipulator, for 
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this purpose. Because of its significance in 
improving the efficiency of bit-serial as- 
sociative processors, we would like to dis- 
cuss data manipulators in more detail. 

In a conventional sequential computer, a 
machine instruction contains three opera- 
tions: 1) instruction and operand fetching, 
2) instruction decoding and address gen- 
eration, and 3) execution. In an associative 
processor, because the operands are fetched 
by content, they usually require some 
manipulation before execution. Therefore, 
each instruction in an associative processor 
contains four operations: 1) instruction 
fetching, 2) instruction decoding, 3) operand 
fetching by content and data manipulation, 
and 4) execution. Examples of data manipu- 
lation are: 

Permuting Replicatzng 
shift multiplicate 
flip duplicate 
shuffle Spacing 
transpose spread 
merge compress 
mix transfer 
bit-reverse sort Maskzng 
sort Complementing 

Conceptually, the data manipulator ope- 
rates in a parallel processor as shown in 
Figure 16; the block diagram of the data 
manipulator proposed by Feng is shown in 
Figure 17 [38]. Because the number and the 
types of data manipulation required vary 
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with applications, the comI)lexity of the 
data manipulator design also varies. All 
module broadcasting registers (MBR) in 
Figure 17 form a module of N words for 
N _~ M, or a number of modules for N > M, 
where M is the number of processing ele- 
ments. The MBRs are in the control unit and 
the content of each MBR module may be 
manipulated by the module data manipu- 
lator. 

As mentioned before, the data manipu- 
lator can be implemented as a line manipu- 
lator in bit-serial fashion or as a page 
manipulator in fully parallel fashion. Cur- 
rently, Gaertner Research, Inc. is imple- 
menting a line manipulator [37] to operate 
in conjunction with the STARAN at Rome 
Air Development Center. For details of the 
implementation the reader is referred to 
[92]. 

It  should be noted that the data manipu- 
lator is one of the many types of intercon- 
nection networks that are used in SIMD 
(Single Instruction Stream Multiple Data 
Stream) machines for providing communica- 
tions among processing elements as well as 
memory modules. In addition to the data ma- 
nipulator, various interconnection networks 
have been investigated by many research- 
ers, for example Stone [93], Lawrie [94], 
Lang [95], and Siegel [96, 97]. Interested 
readers are referred to references [93-97]. 
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4. WORD-SERIAL ASSOCIATIVE PROCESSORS 

As mentioned before, a word-serial associ- 
ative processor essentially represents a 
hardware implementation of a simple pro- 
gram loop for search. The important factor 
contributing to the relative efficiency of this 
approach as compared to programmed search 
in a standard sequential processor is that the 
instruction decoding time is reduced, since 
only a single instruction in the word-serial 
associative processor is required to perform 
the search operation. 

In 1962 Young [98] proposed to use circu- 
lating associative memories to allow many 
memory words to time-share a single set of 
content-addressing logic. In 1966, Crofut 
and Sottile [99] presented a word-serial 
associative processor based on a word-serial 
associative memory using n ultrasonic digi- 
tal delay lines, where n is the number of 
bits of a word, operating at 100 MHz with 
10 gsec delay time. Each delay line stores 
one bit of the word, and all bits of the stored 

word propagate down the delay lines syn- 
chronously. A stable oscillator (Stalo) was 
used to generate the synchronizing clock 
pulses for advancing the address counter. 
Individual words can be interrogated and 
updated when they appear at the output of 
delay lines. The rewrite control logic allows 
the delay-line system to select either re- 
circulating information or new data inputs. 
The operational characteristics of such a 
memory resemble that of a drum or disk. 
Such a word-serial associative processor is 
shown in Figure 18. In 1969, Rux [100] 
presented a word-serial associative memory 
with 35 glass delay lines storing 2046 bits 
per line at 20.48 MHz, which was con- 
nected to a general-purpose medium-speed 
sequential computer called NEBVLA [101, 
1021. 

Because of the slow speed of word-serial 
associative memories, only experimental 
models of word-serial associative processors 
have been developed. 
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FIGURE 18. Word-serial associative processor. 

5.  BLOCK-ORIENTED ASSOCIATIVE 
PROCESSORS 

The block-oriented associative processor 
[103-107] provides a compromise between 
the high cost of the bit-serial associative 
processor and the low speed of the word- 
serial associative processor. A block-oriented 
associative processor uses a mass rotating 
storage device such as a disk to provide a 
limited degree of associative capabilities. A 
number of block-oriented associative proc- 
essors have been developed. 

Slotnick [103] and Parker [104] presented 
the concept of logic-per-track devices which 
consist of a head-per-track disk memory 
having some logic associated with each 
track. Based on this concept and Lee's 

distributed logic memory for information 
storage and retrieval applications, Parhami 
[105] presented a block-oriented associative 
processor, called RAPID (Rotating As- 
sociative Processor for Information Dissemi- 
nation), which is shown in Figure 19. Since 
the data rates between head-per-track disks 
and distributed logic memory is high, the 
RAPID system is suitable for applications 
requiring a large storage capacity, which 
presently suffer from the high cost of ran- 
dom-access memories or from performance 
degradation due to the frequent transfers 
between primary and secondary memories. 

Minsky [106] proposed associativity on 
rotating memories in the form of either 
drums or disks. He defined the term parti- 
ally associative memory by specifying the 
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FIGURe. 19. Block-oriented associative memory 
used in the RAPID. 

primit ive s tructure of information (name 
par t  and da ta  par t )  to be stored on it as 
well as the operational characteristics 
(predicates and instructions). The  act ivi ty  
of the memory  is supervised by  a special 
processor, called the controller. Ins tead of 
spending the t ime looking for a given ad- 
dress, he proposed to use the delay t ime in a 
search for content. 

Another  block-oriented associative proc- 
essor has been proposed by  Healy,  Lipovski, 
and Dory  [107]; it is based on storage and 
retrieval f rom a segmented sequential table 
da ta  s t ructure  utilizing associative address- 
ing. 

SUMMARY 

In  this paper,  we have reviewed the archi- 
tecture of various associative processors 
and classified t hem into four major  cate- 
gories based on the organization of their  
associative memories. Among these asso- 
ciative processors, PV.pE and STARAN are 
the two best-known large-scale associative 
processors tha t  have been implemented and 
put  into practical use. The  performance of 
these two types  of associative processors 
and others have been evaluated in a real- 
t ime environment  by  Lloyd and Merwin 
[108]. As we have described, several associ- 
at ive processors developed recently, such as 

ALAP and ECAM,  are based on using LSI  
technology for implementat ion and hence 
make  large-scale associative processors in 
the billion-bit range economically feasible. 
F rom an architectural  point of view, fully 
parallel and bit-serial associative processors 
are used for high-speed parallel da ta  process- 
ing which cannot be carried out effectively 
in ordinary sequential computers.  However,  
their  implementat ion costs are higher. For 
the low-cost associative processing which is 
required in large information storage and 
retrieval  systems, block-oriented associative 
processors offer a promising architecture. 
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