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ABSTRACT 

This paper describes an approach to solving a major 
problem in the information processing sciences-- 
that of searching very large (5-50 bil l ion char- 
acters) data bases of ~nstructured ~free-text for 
random queries within a reasonable time and at an 
,arffordable p~ice. 

The need by:information specialists and knowledge 
workers for large, fast low-cost text and document 
retrieval systems is growing rapidly. Conventional 
approaches to the pr6blem'have usually depended 
upon expensive, general purpose computers, upon 
special pre-preprocessing of the textual data (e.g. 
f i le inverting, indexing, abstracting, etc.), and 
upon elaborate, costly software. The resulting 
retrieval systems often cost hundreds of dollars 
per query and the full scanning of an uninverted, 
unstructured bil l ion byte textual data base 
could take hours of computer services. However, 
in spite of these restrictions, such full text 
search systems have proved useful and even in- 
dispensible for many applications. 

Compute r technology of the late 1960's and the 
1970's, in both hardware and software (e.g., 
minicomputers, low-cost, high density disk 
storage, "chip" electronics, natural language 
query systems, etc.), have made i t  practical to 
build special purpose, low-cost text retrieval 
systems. Such a system has been built, tested, 
and is now in a production stage. The system 
called the Associative File Processor (AFP), 
utilizes a conventional minicomputer (DEC's 
PDP-11/45) for control, off-the-shelf high dens- 
i ty disks for storage, a special purpose parallel 
search module as a text term detector, and query 
and retrieval software. The AFP is currently being 
field tested at two sites. Full text, parallel 
searches on un-preprocessed textual data bases 
are being performed at the effective matching 
rates of 4 bil l ion bytes per second (8K byte key 
memory times 500 Kbyte/second data stream). 
Estimated costs are 10 to 25 cents per query for 
a one bill ion byte data base. The costs per query 
and the time for searching increase in a linear 
fashion as data base increases. A basic architecture 
for the AFP is described and an implemented version 
is discussed. A more powerful term detector module 
is also under development. This system is designed 
around a f inite state automaton algorithm. 

INTRODUCTION 

The u t i l i t y  of free-text search and retrieval has 

long been recognized. The accumulation of textual 

records, documents, reports, contracts, briefs, 

studies, etc., is vast and ubiquitous throughout 

government business, industry, science, engineer- 

ing, educational institutions, and the military. 

I t  has been estimated that the U.S. Federal Govern- 

ment alone maintains over 20,000 machine searchable 

data bases. Many of these data bases are composed 

totally of textual information; almost all have 

some textual f i les. New requirements, new appli- 

cations, and new text retrieval systems appear 

daily. I t  is not unreasonable to assume that with- 

in the next decade language processing, text 

searching, and fact retrieval will become major 

disciplines in the information computer sciences. 

Today, however, in spite of the increasing need 

for, and the use of, text retrieval systems, the 

cost of creating, processing, and maintaining 

large textual data bases is growing. In other com- 

puter applications (business, engineering, process 

control) the cost per transaction, or for almost 

any computational work unit, has been continously 

decreasing during the last decade, even in the face 

of general economic inflation. 

This cost anomaly between language processing and 

other computer processing applications is due in 

part to the reliance by designers on conventional, 

general purpose hardware and software systems. 

These "EDP" components and approaches are simply 

not cost-effective when applied to large language 

and textual data bases. Other special information 

processing disciplines have solved similar prob- 

lems by building special purpose hardware and 



special purpose progralming languages, e .g . ,  FFT 

and array processors, hybrid computers; tex t  and 

st r ing programming languages. This paper suggests 

that language processing and tex t  re t r ieva l  

systems w i l l  require special hardware archi tec-  

tures as well as innovations in computational 

l i ngu i s t i c s ,  user in ter faces,  and in software/ 

firmware techniques. A f i r s t  step towards a 

family of special purpose processors for  search- 

ing very large (5-50 b i l l i o n  bytes) textual data 

bases is described. 

CURRENT TEXT RETRIEVAL APPROACHES 

A Textual Data Base Problem 

A small law l i b ra ry  might consist of  1000 volumes 

of legal reports,  b r ie fs ,  cases, decisions, and 

l eg i s la t i ve  acts. Assuming that each volume con- 

tained 1,000,000 characters, then i f  the I000 

volumes were d ig i t i zed ,  a raw textual f i l e  of  a 

b i l l i o n  (109 ) characters would be avai lable for  

machine processing. Unless special indicators 

had been inserted into the tex t  to del imi te doc- 

merit boundaries or other textual d iv is ions,  the 

raw data base could be viewed as a s t r ing of 

alphanumeric characters a b i l l i o n  bytes long. 

Except for  s t a t i s t i ca l  or l i ngu i s t i c  processing, 

a b i l l i o n  byte s t r ing is an impossible structure 

for  re t r ieva l  purposes. 

The f i r s t  step then is to ed i t  or preprocess the 

textual data to make i t  more accessible for  search 

and re t r ieva l  functions. The amount of ed i t ing 

and preprocessing w i l l  turn out to be a major 

factor  in determining the search and re t r ieva l  

effect iveness and the tota l  costs of  the ent i re  

process. Major edi t ing and rest ructur ing of the 

basic tex t  can help to speed up search and re- 

t r ieva l  times, but often at the cost of  losing 

content. For example, many re t r ieva l  pre-ed i t ing 

systems w i l l  remove a l l  high frequency words such 

as pronouns, preposi t ions, and common adverbs. 

This w i l l  great ly  compress the tex t  but i t  also 

removes most Syntactic re lat ionships among the 

semantic bearing words. 

In our d ig i t i zed  b i l l i o n  character legal f i l e ,  i f  

preprocessing consists only of inser t ing special 

characters at the end of each a r t i c l e  or document, 

then programs could be wr i t ten that would search 

each discrete piece of tex t  for  a query (say, key 

words and phrases), and that would re t r ieve  the 

document i f  the query were sa t i s f ied .  Without any 

fu r ther  preprocessing of the tex t ,  the search would 

have to be carr ied out in a ser ial  fashion. That 

is ,  each word in every document in the data base 

would be examined in turn to see i f  i t  met the 

search c r i t e r i a .  This technique would require a 

very long search time, but i t  would be the least 

destruct ive to the or ig ina l  st ructure of the tex t .  

This technique is cal led f u l l - t e x t  scanning of un- 

structured tex t .  Full tex t  search of an unprepro= 

cessed f i l e  may take several hours of CPU time and 

cost several hundred dol lars per query for  a mu~ti- 

b i l l i o n  character f i l e .  Some appl icat ions require 

such tex t  searching and many users are w i l l i ng  to 

pay the re l a t i ve l y  high pr ice. This basic approach 

is i l l u s t r a ted  by Figure I .  

The system shown in Figure I minimizes preprocessing 

and prestructur ing and maximizes context a v a i l a b i l i t y ,  

at the expense of long search times. The system is 

also re l a t i ve l y  simple and inexpensive to implement. 

In most commercially avai lable tex t  re t r ieva l  systems, 
1 2 3 

such as ORBIT , DIALOG , and Data Central , the empha- 

sis is on search and re t r ieva l  time. Consequently, 

greater resources are devoted to " indexing" or prepro- 

cessing the textual data in order to produce a more 

e f f i c i e n t  search mechanism for  mult i -users for  on- l ine 

re t r i eva l .  The or ig ina l  tex t  is seldom searched and 

some content and most st ructure is los t .  In these 

systems, a representation of the documents are searched, 

not the basic tex t  i t s e l f .  This is i l l us t ra ted  in 

Figure 2. 

In the structured tex t  searching approach, greater 

resources are placed on preprocessing the tex t  ~nd 

creat ing an e f f i c i e n t  search subsystem. The search 

surrogate of the tex t  is related to the or ig ina l  

tex t  (and the re t r ieva l  f i l e )  by means of a pointer 

or mapping device. Whether the search surrogate is 

manually produced (human generated indexes) or 

IORBIT is a propr ietary system of System Development Corp. 

2DIALOG is a propr ietary system developed by the 
Lockheed Palo Alto Research Laboratory. 

3Data Central is a commercial system developed by 
Mead Data Central, Inc. 
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Figure 2. Structured Text Search 

machine created (such as f i l e  invers ion) ,  a large 

and continuous cost is associated with creat ing 

the search surrogate subsystem. In rap id ly  chang- 

ing and/or rap id ly  expanding textual data bases, 

the cost to prepare the search surrogate w i l l  

eventual ly render the system v i r t u a l l y  unafford- 

able. 

For example, in u t i l i z i n g  the inverted f i l e  

technique for  producing the search surrogate, 

the indexes and the i r  overhead can grow to 

many times larger  than the or ig ina l  tex t  f i l e .  

In our example of the b i l l i o n  character legal 

data base, an inverted f i l e  approach that 

preserved most of  the tex t  could produce an index 

f i l e  of 2-3 b i l l i o n  characters in addi t ion to 

the or ig ina l  tex t  f i l e .  

Natural ly  the cost of  computer services and pro- 

gramming increases as the data bases become larger .  

Currently the costs indexed and inverted systems 

are to lerated because the data bases are r e l a t i v e l y  I 
small and because the a l te rna t i ve ,  f u l l - t e x t ,  un- 

structured approach is even more time consuming 

I0 

and cost ly .  Al l  approaches to tex t  search and 

re t r ieva l  can be characterized by one or a combi- 

nation of these two techniques. For textual data 

bases in the order of  5-50 b i l l i o n  characters, no 

current conventional approach seems reasonable. 

A Special Purpose Solution 

I t  has become obvious to many system designers 

working in the language processing and tex t  re- 

t r i eva l  d isc ip l ines  that new hardware devices are 

needed; continued rel iance on software ingenuity 

w i l l  probably not produce a spectacular break- 

through. 

Dramatic reductions in storage costs and increases 

in t ransfer  speeds for  magnetic disk systems have 

occurred in the las t  f i ve  years. Optical and other 

inexpensive bulk storage devices are on the horizon. 

Advanced in minicomputers, microprocessors, and 

e lectronics hardware in general have changed the 

information processing industry.  However, the 

basic problem for  tex t  processing remains the same; 

no general purpose, ser ia l  CPU is fast  enough to 

handle the processing required for  searching b i l l i ons  

of  characters of tex t .  



The solut ion that is proposed here is to bui ld a 

special para l le l  processor, especia l ly  designed 

to handle textual data. This device w i l l  be 

re l a t i ve l y  simple because one major tex t  proces- 

sing function has been iden t i f i ed  as character 

matching. I f  a special ,  paral le l  character match- 

ing device is used in conjunction with conventional 

bulk storage and conventional CPU's, then the f i r s t  

step toward a complete tex t  processor w i l l  have 

been taken. A somewhat s imi lar  system was developed 

by General E lec t r ic  and cal led GESCAN or the Rapid 

Search Machine (RSM). RSM u t i l i zes  magnetic tape 

and has l imi ted query capab i l i t y .  

The archi tecture for ,  and the implementation of ,  a 

special purpose text  processor in i t s  i n i t i a l  f i e l d  

tests indicate that hardware for  text  processing 

is cos t -e f fec t i ve ,  extendable, and f l ex i b l e .  In 

th is system, a b i l l i o n  byte, fu l l  tes t ,  data base 

with no preprocessing (no inver t ing or indexing) 

can be completely searched for  30-50 simultaneous 

natural Engl ish- l ike queries in 4-5 minutes, at 

a cost of  a few cents per query. 

SPECIAL PURPOSE HARDWARE SOLUTIONS 

A General Associative Fi le  Processor Archi tecture 

There are many types of computer archi tectures 

that could be configured to solve the problem of 

searching very large textual data bases without 

requir ing elaborate preprocessing and resort ing 

to f i l e  inversion. 

A general Associative Fi le Processor archi tec-  

ture is herein defined which meets speci f ica-  

t ions given below: 

• F i le  size up to 109-12 bytes. 

• Implemented with low cost conventional 
bulk memory. 

• Hardware logic u t i l i zes  avai lable o f f -  
the-she l f ,  conventional components. 

• U t i l i z i ng  standard minicomputers 
for contro l .  

• Allows mult ip le users and simultaneous 
queries. 

• Engl ish- l ike analyst-or iented query 
language. 

• Unrestr icted, var iable length query terms 
with Boolean and proximity logic.  

• Unstructured textual data into physical 
storage. 

• Costs of systems are increased l i nea r l y  
with data base size. 

The fundamental character is t ics  of th is  family of  

archi tecture are: ( I )  the use of conventional 

bulk memories to hold the data base; (2) batched 

queries allowing mult ip le users simultaneous access; 

and (3) the use of para l le l  and p ipel ine processing 

to accept data from the bulk memories and process i t  

on the f l y  simultaneously against mul t ip le queries. 

The three pr incipal  functional elements of th is  

archi tecture are shown in Figure 3. These are: 

( i )  query t rans la t ion - -  the t rans lat ion of the 

mult ip le queries in a batch into (a) key words to 

be loaded into the term detectors; and (b) t rans- 

la t ion of the logical  key word connectives and the 

appropriate user information to be loaded into the 

query resolver;  (2) the associat ive searcher 

which accepts textual data from the bulk memory and 

processes i t  on the f l y  simultaneously against mul- 

t i p l e  key words, report ing h i ts  and h i t  word posi t ion 

to the query resolver when they occur; and (3) the 

query resolver which performs the appropriate log i -  

cal connectives between the detected key words and 

determines a matched query for  a document when i t  

occurs, recording the document i den t i f i ca t i on  with 

the appropriate user ID for  the eventual document 

re t r i eva l .  

A more detai led functional diagram of the Associative 

Fi le Processor archi tecture in which some of the 

hardware elements are shown is described in Figure 4. 

The users input/output devices are the CRT terminals 

as shown. In the conf igurat ion shown, the Associative 

Fi le Processor system is t o t a l l y  sel f -contained with 

the host processor servic ing the user terminals. In 

another conf igurat ion,  which is not shown, the host 

processor could inter face through a high speed com- 

munication l ine  to a large main frame computer which 

would serve the users terminals. In th is  l a t t e r  con- 

f i gu ra t ion ,  the Associative Fi le  Processor system is 

treated as a peripheral search subsystem to an already 

ex is t ing large main frame data processing system. 

Either conf igurat ion is prac t ica l .  

In e i ther  of  the above described conf igurat ions,  the 

host processor shown in Figure 4 performs the query 

t rans lat ion funct ion,  the query output response 

funct ion,  and the data base update funct ion. In the 

I I  
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stand-alone conf igurat ion,  the document re t r ieva l  

~unct ion would also be performed by the host pro- 

cessor. In the large main frame conf igurat ion,  

the document re t r ieva l  fu~nction would be per- 

formed by the large computer. 

The Associative Processor shown in Figure 4 is 

connected to the host processor through a data 

l ink  (shown as a DXP l i nk ) .  A single associat ive 

processor is shown which requires one DXP data 

l i nk  to the host processor. I t  is possible to 

have many associat ive processors and many data 

l i nk  connections to the host processor. 

Each associat ive processor contains a bulk memory 

device with a dedicated Gontro l ler ,  a special pur- 

pose text matcher called an associative crosspoint 

processor~(AXP), and a computercrosspo,int proces- 

sor (CXP). The key words are loaded into:the AXP; 

the query logic and user IDs are loaded~;into the 

CXP. The data from the bulk memory channel are 

Intercepted by the AXP and data words are matched 

against key words. As key word matches'occur, 

this information is passedto ~heLCXP where 

query resolution is performed. When a document 

matches a query requirement, this hit  informa- 

tion is passed back to the host processor and 

then to the user. The user can request document 

retrieval at that time. I f  desired, the system 

wil l  also display found documents while the 

search is being performed. 

The host processor must also perform a data base 

update function to load new data into the bulk 

memory and to purge old data from the bulk 

memory. This function requires minimal soft- 

ware and data base management requirements, 

since new data may be loaded into any available 

space in the bulk memory without keeping a f i l e  

of where i t  is loaded. Data may be purged in 

a similar manner. This is one of the significant 

advantages of this associative architecture; i .e . ,  

minimal data base management requirements, and 

no production of a surrogate search subsystem. 

The entire cost of text preprocessing afKJ f i l e  

inverting is eliminated. This approach is 

effectively a hardware version of the fu l l - tex t ,  

unstructured search strategy. 

An Implementation of an Associat ive Fi le  Processor 

Operating'Systems, Inc. has been developing hard- 

~.,ware for  an Associat ive Fi le  Processor since the 

~ p r i n g  of~lg~4.1~Three prototype units has been 

bufl t~and tested over the las t  year and a ha l f ,  

demonstrating a completely stable hardware conf ig-  

urat ion and design. The AFP is now in production 

and is avai lable.  

This product uses a PDP-11 series computer as the 

host processor with a single data channel from the 

bulk memory. A block diagram is shown in Figure 

5. Because of the single data channel, the PDP-II 

also serves as the crosspoint processor (CXP). The 

AXP uni t  has 8192 bytes for  key word storage which 

w i l l  hold about 1200 English key words. This gives 

the AFP the capab i l i t y  to batch about 40 to 70 com- 

plex queries for  the simultaneous search. The bulk 

memory is implemented by a 200megabyte disk storage 

system which requires between four and five minutes 

for a complete search. The user is normally occu- 

pied during the search interim period since the 

f i r s t  query matching document is displayed on the 

CRT terminals at the time the match occurs. 

A more detailed version of the single channel AFP 

showing the bus structure is contained in Figure 6. 

A bus switch'is placed between the CPU side of the 

bus and the disk controller side of the bus. When 

in normal mode without the AXP in operation, the 

two buses are connected and the DPU can communicate 

with thedisk controller. Just before a search 

cycle, the CPU sets the controller up for data 

transfer and then commands the bus switch to the 

search mode. The AXP ca,n then~accept data from the 

controller with the CPU being disconnected and free 

from the bus act iv i ty on the controller side of the 

bus. The CPU can then, at the same time, act as the 

CXP performing the query resolution function. 

A functional block diagram of the AXP uni t  is shown 

in Figure 7. There are four reg is te r  interfaces 

wi th in the AXP uni t  that  are attached to the bus. 

These are: ( i )  the b i t  in ter face;  (2) the bus s~itch 

in ter face;  (3) the load in ter face and (4) the search 

in ter face.  Al l  communications and data t ransfer  into 

and out of  the AXP are through these inter faces.  

13 
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There is an input and output buf fer  that function 

asynchronously to the internal processing wi th in 

the AXP. There is a key memory which holds the 

key words and a micro program memory which holds 

a memory map for  mapping search input words into 

the key memory. There is a processing uni t  which 

makes logical  comparisons between the characters 

of a key memory word and the input search word, 

and determines a matched condit ion for  output t -  

ing through the b i t  in ter face.  These are the 

pr incipal  functions performed by the AXP un i t .  

The single channel AFP can be expanded to a par- 

a l l e l  channel channel AFP in modular form by 

incorporat ing a CXP at each AXP data channel leve l .  

Such a conf igurat ion is shown in Figure 8 employ- 

ing f i ve  AXP channels providing a one-mi l l ion 

byte storage capab i l i t y .  This data base can s t i l l  

be associat ive ly  searched wi th in  the four to f i ve  

minute period for  the mul t ip le queries, or the 

same as for  the sfngle data channel conf igurat ion.  

Thus, the system is modular and can be expanded to 

b i l l i ons  of bytes of data storage, where the 

search time remains constant. 

The para l le l  data channel AFP is present ly in 

development and is planned for  completion before 

the end of 1977. The CXP is implemented by a 

PDP-11/04. A dual port feature f~r document storage 

and re t r ieva l  is opt ional .  Data would be stored 

and ret r ieved through the CXP channels i f  the dual 

port feature is not made avai lable.  

The cost of the single channel AFP as an add-on to 

an ex is t ing PDP-I1 series computer is about $100,000. 

The cost of the one b i l l i o n  byte para l le l  channel 

AFP including the host PDP-I1 computer and bulk 

memory is about $600,000. With a reasonable u t i l i -  

zat ion,  the cost per query for  these AFP systems is 

in the order of a few cents per query. We conclude 

that these AFP conf igurat ions are a cos t -e f fec t i ve  

solut ion to the free tex t  search problem for many 

appl icat ions.  

FUTURE SYSTEMS AND CONCLUSIONS 

Future System s 

Operating Systems, Inc. has under development an 

extended AFP system in the same family are prev- 

iously described, but with several addit ional 

features. This AFP system w i l l  be avai lable for  

f i e l d  test ing in about two years. I t  is being 

designed to handle as many as 200 users simultan- 

eously with a f ou r - t o - f i ve  minute query batch 

processing time. I t  w i l l  have addit ional hardware 

features in the term detect ion un i t ,  including a 

var iable length don' t -care key word matching cap- 

a b i l i t y ,  a contiguous word phase capab i l i t y ,  and 

special document boundary processing capab i l i t y  

for  del ineat ing document zones. Sentences and 

paragraph boundaries as part of the query formula- 

t ion.  I t  also w i l l  have the query resolut ion 

requirement bu i l t  into special microprocessor logic 

for  high speed processing. The new AFP w i l l  pro- 

duce key word s t a t i s t i c s  as a resu l t  of  a search 

to assist  the user in making a bet ter  query for  a 

possible next batch run. F i n a l l y ,  the system w i l l  

al low document l i s t s  to be speci f ied as a part of 

the query so that the search w i l l  be l imi ted to 

only that  document l i s t .  

We bel ieve that th is  general AFP arch i tecture hasa 

prominent place now and in the future for  querying 

very large textual data bases. Furthermore, we 

bel ieve that th is  arch i tecture w i l l  enhance and 

make feasib le a next higher level processing cap- 

a b i l i t y  for  re la t iona l  data bases and for  fact  

re t r ieva l  systems. 
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