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[57] ABSTRACT

The string comparator device for comparison of strings
of indicia at high speeds for use in a system circuit in a
computer system. The string comparison device pro-
vides a numeric measurement of the degree of similarity
between the compared indicia strings as defined by a
mathematical algorithm. The algorithm is solved
through a new string comparator device or 2 new pro-
gram in a computer system. The system circuit in chip
form can be connected in a storage loop of a computer
system to locate and quickly extract records that are
very similar to the supplied query. Inexact queries will
rapidly locate records similar with respect to indicia
string related measurements of similarity. The method
of indicia string comparison in the improved string
comparator device can provide rapid response to
queries in a computation time proportional to the aver-
age length of the indicia string.
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STRING COMPARATOR DEVICE SYSTEM
CIRCUIT AND METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation-in-part of Ser. No. 020,518 filed
Mar. 14, 1979, now abandoned.

BACKGROUND OF THE INVENTION

An associative memory is a special kind of storage
device. Whereas most memories are numerically ad-
dressed, associative memories are addressed via their
contents. For example, one might ask an associative
memory to return all records containing the letters
“ZXU" in columns one, two, and three respectively.
The address applied to an associative memory is the
query. If some record exactly satisfies the query, then
the query is said to be exact, otherwise it is said to be
inexact. Conventional associative memories provide no
information in response to an inexact query. Inexact
queries are merely rejected. If a record exists within the
associative memory that is only slightly different from
the supplied query, then in many cases it would be
desirable to know of its existence. Such records are
minor corruptions of the query. Alternatively, they are
very similar to the query. Some related concepts were
discussed in the following articles:

(1) *“The application of a pattern matching algorithm

5

20

25

to searching medical record text,” in the proceedings of 30

the second annual symposium on computer applications
in medical care, p. 308-313, IEEE 78CH 1413-3, by the
inventor et al, a copy of which is attached hereto and
made a part hereof:

(2) The Ramon D. Faulk article in communications of 35

the ACM, Vol. 7/Number II/November 1964, pages
647-653;

(3) The A. J. Szanser article, Mathematical Linguis-
tics Error-Correcting Methods in Natural Language
Processing, Information Processing .68-North-Holand
Publishing  Company-Amsterdam (1969),  pages
1412-1416; and

(4) The A. J. Szanser article, The Computer Journal,
Vol. 16, Number 2, pages 132-134.

(5) U.S. Pat. Nos. 3,333,243; 3,651,459 and 4,084,260
show the state of the prior art.

(6) “Approximate String Matching”, Patrick A. V.
Hall and Geoff R. Dowling, ACM Computing Surveys,
Vol. 12, No. 4, pp 381-402, December, 1980.

A storage loop is formed when a storage device re-
peatedly and sequentially transmits its entire contents to
external devices over a high speed data bus. An associa-
tive memory may be formed by attaching to this bus a
device whose function it is to scrutinize in a passive
manner the data stream originating from the storage
device as it passes by on the bus. This attached device
senses data appearing on the bus that is related in some
predetermined fashion to a supplied query.

Central to associative memories of this type is some
sort of word comparator device. In the prior art, a
simple digital comparator distinguishes two cases: equal
and unequal. Other devices can detect certain special
corruptions such as the transposition of two characters,
the deletion of a single character. Still other devices
compare two words to arrive at an indication of how
similar they are. One such device recodes the words as
binary strings and then measures the Hamming distance
between them. Devices in the prior art do not, however,
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seem to compare words in a general way that ap-
proaches the sort of similarity recognizing ability found
in humans. U.S. Pat. Nos. 3,333,243; 3,651,459: and
4,084,260 show the state of the prior art.

Approximate string matching means which provide a
fairly general and sophisticated measure of string simi-
larity exist in prior art. However, in prior art, such
systems are relatively slow in completing the matching
process. Most of such prior art string matching systems
utilize dynamic programming methods as discussed in
ACM Computing Surveys in “Approximate String
Matching™. The computation time for such prior art
systems is generally proportional to the square of the
average length of the strings.

SUMMARY OF THE INVENTION

The system circuit, a computer peripherial device
includes an indicia string comparator device that com-
pares strings of indicia or characters at high speeds.
This system circuit performs an approximate string
comparison operation. The system circuit computes a
measure of string similarity. The system circuit is ac-
cessed by a computer in the same manner as a Random
Access Memory. Query strings and record strings are
written into the system’s memory and the approximate
similarity measures are automatically computed and the
best matches are recorded in a memory inside the sys-
tem circuit. These best matches may then be accessed
by the host computer.

Typically the system circuit would be used to search
a large lexicon or database of record strings for the
entries which are most similar to a query string. The
query string is entered into the system circuit and then
each lexicon or database record string is entered. At the
end, the pointers to the record strings most similar to
the query string are automatically available in a list in
memory in the system circuit.

The measure of string similarity is an extremely gen-
eral function which can be tailored or adapted under
software control for a specific application by the setting
of parameters. The computation Uime is proportional to
the average length of a string of indicia.

The system circuit in chip form also incorporates
logic to perform Direct Memory Access (DMA) opera-
tions.

The string comparison device is a means described in
Appendix 1 which is made a part of this application.
First the string comparator means is described in “the
simplest string comparison function” in pages | through
6 of Appendix 1, second it is described in “string com-
parison function with variable character weights” in
pages 7 through 10 of Appendix 1, third, it is described
in “string comparison function with unmatched charac-
ter compensation and variable character weight”, in
pages 11 through 14 of Appendix 1, fourth it is de-
scribed in “string comparison function with directional
biasing and variable character weights” in pages 15
through 18 of Appendix 1, and fifth it is described in
“the full string comparison function with variable char-
acter weights, unmatched character compensation and
directional biasing” in pages 19 through 22 of Appendix
1. Each of the first five string comparison means de-
scriptions are described in a mathematical description
and in an algorithm description.

One of the preferred means for computation of the
string similarity function described in the Appendix 1 is
the system circuit. The system circuit is an electronic
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device which includes a string comparator means. The
system circuit performs the calculation of the string
similarity function 0. The string comparator which is an
electronic circuit, and an I/O controller and ranker
means together comprise an electronic device which is
referred to as the String Comparator means. The system
circuit is connected to a computer system by means of
an interface circuit to utilize the string comparator
means.

The logic design of the String Comparator means is
explained in detail herebelow.

In the preferred embodiment of the String Compara-
tor means as shown in the drawings, the string compara-
tor means includes Bus Control means, Master Control
means, Ranker means, Divider means, and a String
Similarity Computer. The String Comparator means is
used like a random access memory. The Bus Control
means uses well-known techniques to control internal
bus lines and the external signals. Master Control imple-
ments DMA operation and DMA editing in the manner
described in detail herein below. The Ranker means
maintains a ranked list of the best comparison results.
The Divider means computes the ratio of two binary
numbers from the String Similarity Computer. The
String Similarity Computer computes the full string
similarity function 6 defined in appendix 1. The Master
Control means, the Bus Control means, the Ranker
means, the Divider means and the String Similarity
Computer may be logic circuits and may be embodied
with well-known electronic components.

The String Similarity Computer is comprised of the
String Control means, Parameter Generation means,
Core section, CA section, CB section, R section, M
section, TOTR section and TOTM section.

The purpose of the String Control means is to control
and coordinate the activities of the rest of the string
similarity computer. The String Control means is con-
nected as shown in the drawings and has internal stor-
age registers and memory.

The Parameter Generation means is used to obtain
the indicia or character weight and compensation val-
ues. The indicia or character itself is received from the
string control means or circuit. The character weight
and compensation value are used by the rest of the
string similarity comparator. The Parameter Genera-
tion means is connected as shown in drawings. The
Core section is the decision-making part of the String
Similarity Computer. The Core section identifies com-
mon portion of the query string and the record string,
and is connected as shown in drawings. The CA section
is used to compute the total compensation value for the
indicia or characters in the string A. The CA section is
connected as shown in the drawings. The CB section is
used to compute the total compensation value for the
indicia or characters in the string B. The CB section is
shown in the drawings. The R section computes an
intermediate subtotal value. The values computed by
the R section correspond precisely to the R function
described in the description of string similarity function.
The R function is connected as shown in the drawings.
The M section computes the numerator of the ratio
defining the string similarity function. The M function is
connected as shown in the drawings. The TOTR sec-
tion computes an intermediate subtotal value. The val-
ues computed by the TOTR section correspond pre-
cisely to the values of the variable TOTR used in the C
programs. The TOTR section is connected as shown in
the drawings. The TOTM computes the denominator of
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the ratio defining the string similarity function. The
TOTM section is connected as shown in the drawings.

The original disclosure of the invention related to the
new and improved word comparator device, referred to
hereinafter as a word associator circuit, that provides a
numeric measurement of the degree of a word similarity
between the compared words as defined by mathemati-
cal formula. The original disclosure also related to an
associative retrieval system and method for retrieval of
inexact queries in a quick and expeditious manner. The
circuit may be an electrical digital circuit or other type
of circuitry that will provide an output conforming to a
mathematical formula to provide an improved word
comparator function. An associative memory is nor-
mally thought of as a device which responds only to
exact queries. Some may respond in a limited manner to
inexact queries, for example see *“Backend Processors is
REM the Answer” in Datamation, March 1978, pg.
206-207. The system and method of the original disclo-
sure uses the improved word comparator device to
form an associative memory which responds to inexact
queries in a new and useful way. This word comparator
device is used to rapidly locate records most similar to
a query. Similarity is defined by certain mathematical
formula and is measured using a high speed digital cir-
cuit referred to hereafter as a Word Associator Circuit
in the preferred embodiment. A word associator circuit
will also be referred to as a string similarity computer.

This continuation in part relates to improvements in
the word associator circuit described in the original
patent. The original word associator circuit cornputed a
numeric measurement of the similarity of two strings of
indicia. Said numeric measurement was defined in the
original patent; is defined in “The definition, computa-
tion, and application of symbol string similarity func-
tions”, Emory University, M.S. Thesis, Department of
Mathematics, 1978, by the inventor; and is also defined
in “The simple string comparison function” in pages 1-6
of Appendix 1.

Appendix 1 also describes four improvements to the
original string comparison function. These improve-
ments provide an extremely flexible string comparison
function which can be adapted for a given application
by the setting of parameters. Any of these improve-
ments to the word associator circuit may be used in an
associative memory in the same manner as the original
word associator circuit.

This continuation in part also relates to a new pre-
ferred embodiment of the improved word associator
circuit, a system circuit in chip form.

Similarity has three components; word, numeric, and
mask. Most central to this invention is the notion of
word similarity. Words are strings of symbols from
some alphabet. A symbol can be any character or indi-
cium from a finite or infinite set or alphabet. Words are
also referred to as character strings, symbol strings,
indicia strings, or merely strings. Word similarity, or
indicia string similarity, is a measurement of the similar-
ity between two words or indicia strings. Several vari-
able parameters are involved in the definition of word
similarity, making it very flexible. Of significance is the
ease with which the degree of word similarity may be
determined using digital circuits. Using existing tech-
nology word associator circuits may be built to process
serial data at rates in excess of 20,000,000 characters per
second. Such a circuit is described hereinbelow.

The word similarity of two indicia strings may be
expressed in three different forms: absolute, ratio, and
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fractional. Absolute word similarity provides a single
non-negative number M which is a measure of the total
weight of the common portions of the indicia strings.
The common portions are symbols or indicia occuring
in both of the indicia strings, the total weight of which
depends on the individual indicia weights and the rela-
tive positions of the common portions. Absolute word
similarity is most useful when the lengths or total
weights of the indicia strings are always equal or nearly
equal.

Ratio word similarity provides the absolute word
similarity value M and the total word weight TOTM.
The total word weight is a measure of the total weights
of the indicia comprising the indicia strings and of the
length of the indicia strings. Fractional word similarity
provides a number between 0 and 1 which is equal to
the ratio of the absolute word similarity value M and the
total word lengths TOTM.

Absolute word similarity and ratio word similarity
are most useful in applications which search for a word
similarity value exceeding a certain threshold. A possi-
ble application would involve monitoring a heartbeat
by continually encoding recorded heartbeats as a string
of indicia. This indicia string would then be compared
to one or more indicia strings which denote abnormal
heartbeats. If the similarity of the two indicia strings
were above a certain threshold, an alarm could be
sounded.

Fractional word similarity is useful in applications
such as the associative memory circuit, where a large
number of indicia strings are compared with a word
associator circuit and a ranked list of the most similar
indicia strings is maintained. The fractional representa-
tion of word similarity provides a convenient way to
compare word similarity values.

The system includes the use of one or more associator
circuits in storage loops to locate and extract records
most similar to the supplied query. The system’s archi-
tecture is preferably totally parallel so that it may be
configured to process any number of simultaneous re-
quests. Its memory is partitioned into storage loops so
that through suitable configuration, arbitrarily large
datasets may be processed. Attached to each storage
loop via a dynamically variable network are multiple
associator circuits to locate and extract the records
most similar to the supplied query. By varying the num-
ber of storage loops versus the number of associator
circuits, configurations may achieve a wide range of
cost/response-time possibilities. In use, the associative
re*-ieval system with associator circuits could off load
' nahost processor, the task of searching for database
records. In doing this, it could provide improved ser-
vices as well as entirely new services.

The method for retrieval as described in detail herein
that conforms to a mathematical formula also provides
a new and improved invention over and above the prior
art.

When queries of words are made seeking records,
exact records as well as slightly different records or
similar records, are produced as an output. Such out-
puts are said to be a minor corruption of the query or
are said to be in close similarity with the query. A mea-
surement of the degree of similarity between two strings
of symbols from some alphabet is defined in “The defi-
nition, computation and application of symbol string
similarity functions”, Emory University, M.S. Thesis,
Department of Mathematics, 1978, by the inventor, a
copy of which is attached hereto and made a part
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hereof. This measurement agrees well with intuition
while remaining mathematically simple and easy to
compute, see “The application of a pattern matching
algorithm to searching medical record text”, in the
proceedings of the second annual symposium on com-
puter applications in medical care, p. 308-313, IEEE, 78
CH 1413-4, by the inventor et al, a copy of which is
attached hereto and made a part hereof. Using this mea-
surement, minor corruptions may be located, thus ex-
tending the conventional function of an associative
memory into the area of a similarity memory. Of signifi-
cance is the fact that this measurement may be trivally
computed using the new and improved digital circuitry
disclosed herein. Circuits to compute it are described
herein and may be built to achieve very high processing
rates. Therefore, in some applications, minor corrup-
tions may be located without additional overhead.

The basic mathematics of word similarity was devel-
oped by the inventor and constituted his Master's thesis
at Emory University, Atlanta, Georgia, June, 1978 re-
ferred to hereinabove. The inventor is also primary
author of a paper presented to and published by the
IEEE reference hereinabove. This paper describes the
application of word similarity to searching raw narra-
tive medical record text.

It is an object of this invention to provide a string
comparison device that is a new, improved fast indicia
string associator circuit.

Another object of this invention is to provide a string
comparison device that provides a numeric measure-
ment of the similarity of two indicia strings in a time
proportional to the average length of the indicia strings.

It is another object of this invention to provide an
indicia string comparison device that provides a nu-
meric measurement of the degree of indicia string simi-
larity between the compared indicia strings as defined
by an algorithm.

It is another object of this invention to provide an
indicia string comparison device in the form of an elec-
trical circuit for providing indicia string or word com-
parison conforming to the algorithm.

It is another object of this invention to provide a
system by connecting at least one indicia string compar-
ison device into a computer system for access in the
same manner as a random access memory.

A further object of this invention is to provide a
method of processing data for indicia string comparison
that conforms to a particular algorithm.

An additional object of this invention is to provide a
system method of retrieving similar indicia strings,
words, numbers, and/or masks from inexact queries.

In accordance with these and other objects which
will be apparent hereinafter, the instant invention will
now be described with particular reference to the ac-
companying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
In the drawings

FIG. 1 is the improved block diagram of the system
circuit interfaced with a computer system.

FIG. 1A is a block diagram of a string similarity
computer interfaced to and monitoring a data stream.

FIG. 2 is the improved block diagram of the system
circuit including the string comparator means.

FIG. 3 is an illustration of the improved timing.

FIG. 4 is a block diagram of the String Control
shown in FIG. 2.
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FIG. 5 1s an illustration of components of the String
Control of FIG. 4.

FIG. 6 is a block diagram of the Parameter Genera-
tion shown in FIG. 2. :

FIG. 7 is a block diagram of the Core Section shown
in FIG. 2.

FIG. 8 is a block diagram of the CA section shown in
FIG. 2.

FIG. 9 is a block diagram of the CB section shown in
FIG. 2.

FIG. 10 is a block diagram of the R section shown in
FIG. 2.

FIG. 11 is a block diagram of the M section shown in
FIG. 2.

FIG. 12 is a block diagram of the TOTR section
shown in FIG. 2.

FIG. 13 is a block diagram of the TOTM section
shown in FIG. 2.

FIG. 14 is a block diagram of an associative retrieval
system.

FIG. 15 is a block diagram of the associator circuit
illustrated in FIG. 14.

FIG. 16 is an illustration of the timing of ¢ and 6.

FIG. 17 is a block diagram of the basic word associa-
tor or comparator circuit.

FIG. 18 is a block diagram of the basic word associa-
tor circuit in another system.

FIG. 19 is a schematic diagram of the selector circuit
shown in FIG. 17.

FIG. 20 is a schematic diagram of the tally memory
circuit shown in FIG. 17.

FIG. 21 is a schematic diagram of the add circuit
shown in FIG. 17.

FIG. 22 is a schematic diagram of the latch circuit
shown in FIG. 17.

FIG. 23 is a schematic diagram of the test circuit
shown in FIG. 17.

FIG. 24 is a schematic diagram of the add-latch cir-
cuit or R section shown in FIG. 17.

FIG. 25 is a schematic diagram of another add-latch
circuit or M section shown in FIG. 17.

FIG. 26 is an illustration of the operation of the word
comparator.

FIGS. 27-67. 66A-66D, 67TA-67Z and 67AA show a
detailed circuit diagram of an LSI chip used with a
string similarity computer.

FIGS. A4-1 through A4-8 show an interface circuit
described in Appendix 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

This invention is to a new and improved string com-
parator device which provides a numeric measurement
of the degree of indicia string similarity between the
compared strings as defined by an algorithm.

The preferred embodiment of the system circuit is an
electronic device which is a string comparator means
including a comparator device. FIG. 1 shows a system
in which this electronic device would be used. In FIG.

—

5

20

25

30

35

45

50

55

1 the string comparator 105 performs the calculation of 60

the string similarity function 8. The string similarity
computer 105 and an [/O controller and ranker means
104 together comprise the system circuit 103 referred to
as the String Comparator means. The system circuit 103
is connected to a computer systern 101 by means of an
interface circuit 102. The computer system 101 is shown
with a keyboard 101" and a display 101" for human
interaction. A variety of well-known devices for stor-
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age, communications and computation may also be
attached to the computer system 101.

A sample interface circuit 102 is described in Appen-
dix 4, including FIGS. A4-1 through A4-8 which is
made a part of this specification. Appendix 3 made a
part of this specification is a document describing how
to interface and to utilize the String Comparator means.

Another use of the string similarity computer 105’ is
shown in FIG. 1A. Here an interface means 106 moni-
tors a stream of data 107, formats words denoting the
contents of the data stream, and uses a string similarity
computer 105’ to compare against one or more prede-
fined strings. When a predetermined similarity thresh-
hold value is exceeded, an output signal 108 denotes a
match condition.

The logic design of the String Comparator means is
explained below. FIGS. 27-67, 66A-66D, 67A-67Z and
67TAA give a complete, detailed logic specification for
the preferred embodiment of the String Comparator
means as a Large Scale Integrated (LSI) electronic
circuit. String Comparator means refers to the preferred
embodiment as well as alternate circuits for performing
particular functions.

The preferred embodiment of the String Comparator
means 103 of FIG. 1 is shown in FIG. 2. It consists of
Bus Control means 21, Master Control means 20,
Ranker means 22, Divider means 23, and a String Simi-
larity Computer 10.

The string comparator means is used like a random
access memory as described in Appendix 3. The Bus
Control means 21 uses well-known techniques to con-
trol internal bus lines 24, 24’ and 24" and the external
signals 26.

Bus Control 21 controls all external accesses to the
system circuit, and monitors the activities of the other
internal components of the system circuit.

Master Control 20 implements DMA (Direct Mem-
ory Access) operation and DMA editing in the manner
documented in Appendix 3. Master Control controls
automatic loading of data from an external memory.

The Ranker means 22 maintains a ranked list of the
best comparison results. The ranked lists contain up to
16 entries; each entry consists of the string similarity
value and a record pointer. Appendix 3 describes the
effect of the Ranker means.

The Divider means 23 computes the ratio of two
binary numbers from M 17 shown in FIG. 11 and
TOTM 19 shown in FIG. 13; this ratio i1s expressed as a
fractional binary number.

The String Similarity Computer 10 computes the full
string similarity function @ defined in detail in Appendix
1.

The Master Control means 20, the Bus Control means
21, the Ranker means 22, and the Divider means 23 are
shown in complete detail in FIGS. 67A-67Z and 67TAA
as logic circuits. The string similarity computer means
10 is also shown in FIGS. 67A-67Z and 67AA. Further-
more, the string similarity computer is described on a
functional level in the next section.

It should be noted that FIG. 1A may include any one
of the following circuit configurations. First, string
control 11, Parameter Generator 12, Core section 13, R
section 16, and M section 17; second, string control 11,
Parameter Generator 12, Core section 13, CA section
14, CB section 18, R section 16 and M section 17; third,
string control 11, Parameter Generator 12, Core section
13, CA section 14, CB section 15, R section 16 and M
section 17, TOTR section 18 and TOTM section 19;
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fourth, string control 11, Parameter Generator 12, Core
section 13, CA section 14, CB section 15, R section 16,
M section 17, TOTR section 17, TOTM section 19 and
Divider 23.

The design of the PF474 is based upon a structured
design methodology which uses two-clock logic. FIG.
3 shows the two clocks 01 and 62. The clocks are de-
signed so that only one is high (active) at a time. When
01 is high, inputs are accepted into a logic block; when
61 falls, the inputs are latched into the input registers.
When 02 is high the output of a logic block may change;
when 02 falls, the output signals are latched. These two
clocks provide an orderly method for passing signals
from one logic block to another. It is not possible or
appropriate to discuss all the features of this structured
design methodology in this patent. For a thorough dis-
cussion of this design philosophy, refer to the excellent
text “Introduction to VLSI Systems™ by Carver Mead
and Lynn Conway (Addison-Wesley, 1980).

The string similarity computer 10 is also described in
further detail in FIGS. 67A-67Z and 67AA. The string
similarity computer 10 is now described on a functional
level.

The purpose of the String Control means 11 is to
control and coordinate the activities of the rest of the
string similarity computer 10. The String Control means
11 is shown in FIG. 4 and FIG. 5. FIG. 4 shows the
input and output signals which are important for the
logical functionality. FIG. 5 shows the internal storage
registers and memory.

The GO input 30 is a 1-bit signal. When GO is high
{active), String Control will initiate a string comparison
operation. The RBUSY signal 36 and the CTS signal 37
are status indicators. A string comparison operation can
be started only when the RBUSY signal 36 is low (inac-
tive) or the CTS signal 37 is high (active).

The SBUSY output signal 35 is high (active) while a
string comparison operation is in progress. This signal is
used by Master Contro] 20.

As shown in FIG. §, the String Control means con-
tains Random Access Memory 80 which contains areas
for two strings of 8-bit characters. The two strings are
designated String-1 and String-2. The strings are loaded
into the Random Access Memory 80 by the Bus Control
means 21. String-1 and String-2 are terminated with the
character NULL. Additionally, two 8-bit registers
LEN1 81 and LEN2 82 contains the lengths of String-1
and String-2, respectively.
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The DISP register 83 and the POS register 84 are
internal 8-bit registers used to perform the Forward and
Reverse scans.

When a string comparison operation is initated, the
lengths LEN1 and LEN2 are compared. The shorter of
the two strings is designated String-A, the other is des-
ignated StringB. If the lengths are equal, the designation
is made arbitrarily.

The CMD output signal 31 is a 3-bit signal which is
used to sequence the activities of other parts of the
string similarity computer 10. Table 1 shows the valid
values for the CMD signal 31. The entries in Table | are
listed in the order in which the values are output.

TABLE 1
_CMD SIGNALS
VALUE COMMAND

000 NOP (Idle State)
010 Pre-Forward Clear
00t Process Character

(repeated during Forward Scan)
ol Pre-Reverse Clear
101 Load CB into R
001 Process Character

(repeated during Reverse Scan stage 1)
100 Load CA into R
001 Process Character

(repeated during Reverse Scan stage 2)
110 Transmit Results
000 NOP (idle State)

During the Forward Scan and the Reverse Scan, the
CHAR output 32 is an 8-bit signal containing a charac-
ter from either String-A or String-B. Each character
from String-A or String-B is transmitted once during
the Forward Scan and the Reverse Scan. The SCID
output signal 34 is low (inactive) during the Forward
Scan and high (active) during the Reverse Scan. The
STRID output signal 33 is high (active) when a charac-
ter from String-B is being output on CHAR lines 32.
The STRID output signal is low (inactive) when a char-
acter from String-A is being output. The STRID output
signal 33, the SCID output signal 34, and the CHAR
output 32 are meaningful only when the CMD output
31is equal to ‘001" indicating that a character should be
processed.

The Forward Scan phase of the String Control
means’ operation causes the computation of the function
My as described in the previous section defining the
string similarity function 8. In effect, the String Control
right-justifies String-1 and String-2 and then transmits
every character beginning with the leftmost and ending
with the rightmost. More precisely, String Control
implements the following Forward Scan Program:

char strA[128],

int lenA, lenB;

fscan{){
int disp;
int pos;
pos = 0;

strB{128}; /*Two Strings*/
/*Strings’ lengths.

LenBZ LenA*/

/*DISP register*/
/*POS register*/
/*Initialization®/

disp = LenB-LenA;
for (; pos LenB; + +p){

int i

i = pos-disp;
if (i == 0){
printf(*CMD'001',OUTPUT CHAR %'
§rom STRING A. ", strA[i]):

/*Temporary Variable*/

printf(*CMD'001", OUTPUT CHAR'%¢’ from
STRING B.9". strB[pos]);
}
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-continued

12

The variable POS and DISP in the above program
correspond exactly in function and purpose to the 8-bit
registers POS 42 and DISP 41 shown in FIG. 5.

The Reverse Scan phase of the string control means’
operation causes the computation of the function M, as
described in the previous section defining the string
similarity function 8. The Reverse Scan is divided into
two stages to facilitate the computation of the compen-
sation functions. In effect, String Control left-justifies
the String-1 and String-2 and transmits every character
beginning with the rightmost and ending with the left-
most. More precisely, String Control implements the
following Reverse Scan Program:

char stcA[128}; strB{128); /*Two Strings®*/

int lenA, lenB; /*Strings’ lengths.
/*LenBZLenA*/

rscan(}{

int disp; /*DISP register*/

int pos; /*POS register*/

pos = lenB ; /*Initialization*/

disp = LenB-LenA;
/*Reverse Scan - Stage 1*/
for (; disp = 0; disp--, pos--){
printf(*CMD*001', OUTPUT CHAR'%c’ from
STRING B. }@ strB(pos]);

/*LOAD CA INTO R*/
printf(CMD*100°, LOAD CA INTO R.0);
/*Reverse Scan - Stage 2*/
for (; pos 0; pos--}{
printf(*CMD*001’, OUTPUT CHAR'%c" from
STRING A.“¢™, strA[pos]):
printf(**CMD'001’, QUTPUT CHAR'%c’ from
STRING B@} strB[pos])

}

The variables POS and DISP in the above program
correspond exactly in function and purpose to the 8-bit
registers POS 42 and DISP 41 shown in FIG. 5. Also,
POS and DISP are initialized in the program RSCAN
to the values which they held at the end of the program
FSCAN. Thus RSCAN can conveniently be run di-
rectly after FSCAN with no extra initialization.

The purpose of the Paramater Generation means 12 is
to obtain the character weight and compensation val-
ues. The character itself is received from the String
Control circuit 11. The character weight and compen-
sation values are used by the rest of the string similarity
computer 10. The Parameter Generation means 12 is
shown in FIG. 6. FIG. 6 shows the input signals 31-34,
the output signals 39-43 and the internal Random Ac-
cess Memory 38.

The input signals are the CHAR input 32, the SCID
input 34; the STRID input 33, and the CMD input 31.
All of these signals are outputs of the String Control
means 11.

The Random Access Memory 38 contains, for each
of the 255 characters, a compensation value between 0
and 7, a weight value between 0 and 7, and a bias value
between —2 and + 1. These values correspond to the
compensation function C, the forward weight function
W, and the bias function B which were described in the
appendix defining the string similarity function 6. The
Random Access Memory 38 is loaded via the Bus Con-
trol means 21.
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The CHAR output signal 39 is always the same as the
previous CHAR input signal 32. The CHAR signals 32,
39 are 8-bit data items.

The STRID output signal 40 is always the same as the
previous STRID input signal 33. The STRID signals
33, 40 are 1-bit signals.

The CMD output signal 43 is always the same as the
previous CMD input signal 31. The CMD signals 31, 43
are 3-bit signals.

The C output signal 42 is a 3-bit positivie binary sig-
nal equal to the compensation value for the character
denoted by the CHAR signal 39. This compensation
value is read from the Random Access Memory 38.

The WGHT output signal 41 is a 3-bit signal equal to
either the forward or the reverse weight of the charac-
ter denoted by the CHAR signal 39. When the SCID
input signal 34 is low (inactive) denoting the Forward
Scan phase, the WGHT output signal 41 is equal to the
value W-f read from the Random Access Memory 38.
When the SCID signal is high (active) denoting the
Reverse Scan phase, the WGHT output signal 41 is
equal to the sum of the values of Wyand B read from the
Random Access Memory 38.

The Core Section 13 is the decision-making part of
the string similarity computer 10. It receives data from
the Parameter Generation means 12, maintains charac-
ter counts and determines what the rest of the string
similarity computer must do. The Core Section 13 is
pictured in FIG. 7 with its input signals 39-43, internal
TALLY memory 44, and output signals 45-52.

The input signals are CHAR 39, STRID 40, WGHT
42, C 42 and CMD 43. These input signals are all out-
puts of the Parameter Generation means 12.

The TALLY memory 44 is a fast clear memory
means of size 256 X 4. The TALLY memory contains a
4-bit signed (two’s complement) number in the range
—7 to 7, inclusive, for each character specified by the
CHAR input signal 39. The clear control of the
TALLY memory zeros the entire memory. Further-
more, individual entries in the TALLY memory may be
incremented or decremented. Attempting to increment
the value 7 or to decrement the value —7 results in an
unchanged state. This is referred to as latching at =7.
The TALLY memory 44 corresponds directly to the
array T used in the C programs in the earlier sections
defining the string similarity function 6.

The WX output signal 46 is equal to the arithmetic
(two's complement) inverse of the WGHT input signal
41. WX 46 is a 4-bit non-positive integer.

The WGHT output signal 49 is equal to the previous
WGHT input signal 41. The WGHT signals 41, 49 are
3-bit unsigned integers.

The CMD output signal 50 is a 3-bit signal that is
always equal to the previous CMD input signal 43.

The CMDX output signal 48 is a 1-bit signal equal to
the low-order bit of the CMD input signal 43.

The CMDB output signal 47 is a 2-bit signal. The
low-order bit of CMDB 47 is high (active) only if the
CMD input 43 is equal to ‘001" denoting a Process Char-
acter command. The high-order bit of CMDB 47 is high
only if the CMD input 43 is equal to '010" or *Ot 1,
denoting a Clear command.
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When the CMD input 43 is equal to ‘010’ or ‘011, a
Clear command is specified. The entire contents of the
TALLY memory 44 are cleared in this case.

When the CMD input 43 is equal to ‘001", a Process
Character command is specified. The CHAR input 39
specifies a character to be processed. Each character
designates a 4-bit entry in the TALLY memory 44.
Character processing consists of incrementing or decre-
menting the entry in the TALLY memory 44 which
corresponds to the character denoted by the CHAR
input 39.

When the CMD input 43 is equal to ‘001’ and the
STRID input 40 is high (active), the appropriate
TALLY memory entry is incremented and latched at 7.
If the result is not positive then the T output signal 52 is
high (active) otherwise the T output 52 is low (inac-
tive).

When the CMD input 43 is equal to ‘001’ and the
STRID input 40 is low (inactive), the appropriate
TALLY memory entry is decremented and latched at
—7. If the result is non-negative then the T output sig-
nal 52 is high (active) otherwise the T output 52 is low
(inactive).

If the T output signal 52 as computed above is high
(active), then the C output signal 51 is the arithmetic
(two’s complement) inverse of the C input 42. Other-
wise the C output 51 is equal to the C input 42. The C
input 42 is an unsigned 3-bit integer. The C output 52 is
a signed 4-bit integer.

The CA section 14 is used to compute the total com-
pensation value for the characters in the STRING-A.
The CA section 14 is shown in FIG. 7 with its inputs 45,
49-52 and outputs 53-58. The signal COMPA 53 is an
output signal which is also fed-back as an input to CA.

The input signals are STRID 45, WGHT 49, CMD
50, C 51, and T 52. These signals are outputs of the
CORE section 13. The output signals STRID 54,
WGHT 55, CMD 56, C 57 and T 58 are always the same
value as the corresponding inputs; i.e. these signals are
passed through unchanged.

The COMPA output signal 53 is a 9-bit unsigned
non-negative integer. When the CMD input signal 50 is
equal to ‘010", denoting a Pre-forward Clear command,
the COMPA output value 53 is zero. When the CMD
input signal 50 is equal to ‘001", denoting a Process
Character command, and the vatue of the STRID input
signal 45 is equal to the value of the T input signal 52;
then the 4-bit signed input C 51 is added to the previous
value of COMPA 53; the resulting sum is output as the
COMPA signal 53. If an overflow occurs on this addi-
t the carry bit is lost; an overflow will not occur if
the programming restraints documented in Appendix 3
are obyeed. When neither of the above condition is met,
the COMPA output signal 51 is the same as the previous
COMPA input signal 51.

The CB section 15 is used to compute the total com-
pensation value for the characters in the STRING-B.
The CB section 15 is shown in FIG. B with its inputs
53-58 and outputs 59-63. The signal COMPB 59 is an
output signal which is also fed-back as an input to CB.

The input signals are COMPA 53, STRID 54,
WGHT 55, CMD 56, C 57, and T 58. These signals are
outputs of the CA section 14. The output signals
STRID 60, WGHT 61, CMD 62, and T 63 are always
the same value as the corresponding inputs; i.e. these
signals are passed through unchanged.

The COMPB output signal 59 is a 9-bit unsigned
non-negative integer. When the CMD input signal 56 is
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equal to ‘010", denoting a Pre-forward Clear command,
the COMPB output value 59 is zero. When the CMD
input signal 56 is equal to ‘100", denoting a Load CA
into R command, the COMPB output value 59 is equal
to the COMPA input value 53. When the CMD input
signal 56 is equal to *001", denoting a Process Character
command, and the value of the STRID input signal 54
is not equal to the value of the T input signal 58; then
the 4-bit signed input C 57 is added to the previous
value of COMPB 59; the resulting sum is output as the
COMPB signal 59. If an overflow occurs on this addi-
tion, the carry bit is lost; an overflow will not occur if
the programming restraints documented in Appendix 3
are obeyed. When none of the above conditions are met,
the COMPB output signal 59 is equal to the previous
COMPB input signal 59.

The R section 16 computes an intermediate subtotal
value. The values computed by the R section corre-
spond precisely to the R function described in the ap-
pendix | defining the string similarity function 8.

The R section 16 is pictured in FIG. 10 with its nputs
5§9-63 and its outputs 64-66. The RSUM signal fedback
is an input to the R section 16.

The values of the output signals STRID 65 and CMD
66 are always the same as the values of the inputs
STRID 60 and CMD 62.

The RSUM output signal 64 is a 10-bit non-negative
(unsigned) integer. When the CMD input 62 is equal to
‘010" or ‘011", denoting a Clear command, then the
RSUM output 64 is zero. When the CMD input 62 is
equal to ‘101", denoting the Load CA into R command,
then the value of the COMPB signal 59 is added to the
previous value of the RSUM input signal 64; this sum is
the next RSUM output 64. When the CMD input 62 is
equai to *001", denoting a Process Character command,
and the T input signal 63 is high (active): then twice the
value of the WGHT input signal 61 is added to the value
of the previous RSUM input 64; the result is the next
RSUM output 64. When none of the above conditions is
met, the RSUM output signal 64 is equal to the previous
RSUM input signal 64.

If the result of the above additions causes an over-
flow, the carry bit is lost. An overflow will not occur if
the programming restrictions documented in Appendix
3 are obeyed.

The M section 17 computes the numerator of the
ratio defining the 6 string similarity function. The M
function is described in appendix 1.

The M section 17 is shown in FIG. 7. The inputs to
the M section 17 are the signals RSUM 64 (a 10-bit
unsigned integer), STRID 65 and CMD 66. The outputs
are the READY output signals 68 and the MV AL out-
put signal 67. MVAL 67 is a 16-bit non-negative integer
which is fedback as an input to the M section 17.

The output READY 68 is high (active) only when
the CMD input 66 is equal to *110", denoting a Transmit
Result command. While the READY signal 68 is active,
the output of the M section 17 and the TOTM section
19 are valid and ready for the DIVIDER section 23 to
use them.

When the CMD input 66 is equal to *010°, denoting a
Pre-Forward Clear command, the MV AL output 67 is
zero. When either of the following two conditions hold
(1) the CMD input 66 is equal to 100", denoting a Load
CA into R command, or (2) the STRID input 65 is high
(active) and the CMD input 66 is equal to ‘001", denot-
ing a Process Character command; then, the MVAL
input 67 is added to the RSUM input 64 and the result
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of the addition is the next MVAL output 67. When none
of the above conditions are met, then the MVAL output
67 is unchanged from the previous MVAL input 67.

If the result of the above additions causes an over-
flow, the carry bit is lost. An overflow will not occur if
the programming restrictions documented in Appendix
3 are obeyed.

The TOTR section 18 computes an intermediate sub-
total value. The values computed by the TOTR section
correspond precisely to the values of the variable
TOTR used in the C programs in the appendix 1 defin-
ing the 8 string similarity function.

The TOTR section 18 is shown in FIG. 12 with its
input signals 45-48 and its output signals 71-74. The
TOTRSUM output 71 is an 11-bit signed (two's comple-
ment) integer which is fedback as an input to the TOTR
section 18,

The WX input 46 is a 4-bit signed (two’s complement)
integer. Both WX 46 and TOTRSUM 71 have only
non-positive values.

The CMDX output 74 and the STRID output 72 are
always equal to the previous CMDX input 48 and
STRID input 45, respectively.

When the high-order bit of the CMDB input 47 is
high (active), denoting a Clear command, then the
TOTRSUM output 71 is zero. When the low-order bit
of the CMDB input 47 is high (active), denoting a Pro-
cess Character command, then the WX input 46 is
added to the TOTRSUM input 71 and the result of the
addition is the next TOTRSUM output value 71. When
neither of the above conditions is met, then the TOTR-
SUM output 71 is unchanged from the previous TOTR-
SUM input 71.

If the result of the above additions causes an under-
flow, the carry bit is lost. An underflow will not occur
if the programming restrictions documented in Appen-
dix 3 are obeyed.

The TOTM section 19 computes the denominator of
the ratio defining the @, string similarity function. The
TOTM function was described in appendix 1.

The TOTM section 19 is shown in FIG. 19 with its
inputs 71-74 and its output TOTMVAL 75. The
TOTMVAL signal 75 is a 16-bit non-positive integer
which is fedback to the M section 19 as an input. A
non-positive integer is either zero or is a negative num-
ber in two's complement format with an implicit nega-
tive sign bit. The reason TOTMVAL 75 is a non-posi-
tive integer is to simplify the circuit design of the DI-
VIDER section 23. The TOTRSUM input 71 is an
11-bit signed (two's complement) number.

When the high order bit of the CMDB input signal 73
is high (active) and the CMDX input signal 74 is low
(inactive) denoting a Pre-Forward Clear command,
then the TOTMVAL output 75 is zero. When the low-
order bit of the CMDB input 73 is high (active), denot-
ing a Process Character command, and the STRID
input 72 is high (active); then the TOTRSUM input 71
is added to the TOTMVAL input 75 and the result is
the next TOTMVAL output 75. When neither of the
above conditions is met, then the TOTMVAL output
75 is unchanged from the previous TOTMVAL input
75.

If the result of the above additions causes an over-
flow, the carry bit is lost. An underflow will not occur
if the programming restrictions documented in Appen-
dix 3 are obeyed.

Complete logic drawings for the chip including the
string comparator means shown in FIGS. 1 and 2 are
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shown in FIGS. 27-67, 66A-66D, 6TA-67Z, and 67TAA.
These drawings are being used by and made by Ameri-
can Microsystems Inc. under contract to Proximity
Devices Corporation to manufacture the chip to be
known by the trademark *“PF474” as a Large Scale
Integrated (LSI) circuit using a 5-micron NMOS pro-
cess. Below, we give the correspondence of node num-
bers on the complete logic drawings to the numbers
shown in FIGS. 1 through 13. This will show how the
logic functions described in the body of the patent have
been implemented in the logic drawings. FIG. 2 shows
a block diagram of the PF474. The Master Control
means 20 and the Bus Control means 21 are imple-
mented with nodes 2700-3299. The Ranker means 22 is
implemented with nodes 3300-3900. The Divider means
23 is node numbers 1-299. The String Similarity Com-
puter 10 is implemented with nodes 700-2000. The
String Similarity Computer 10 consists of several differ-
ent logic blocks. The String Control is implemented as
nodes 300-600. The Core section 13 is implemented as
nodes 700-1023. The CA section 14 is implemented as
nodes 1024-1122, 1182-1207. The CB section 15 is im-
plemented as nodes 1123-1170, 1214-1303. The R sec-
tion 16 is implemented as nodes 1326-1462. The M
section 17 is implemented as nodes 1463-1622. The
TOTR section 18 is implemented as nodes 1630-1738,
1768-1788. The TOTM section 19 is implemented as
nodes 1740-1767, 1789-1978. We present in tabular
form the node numbers corresponding to the signals,
registers and memories shown in FIGS. 4-13.

NODE NUMBER CORRESPONDENCE
Node Numbers in

Signal Name Reference Figure FIG. 67
GO 30 FIG. 4 3044
RBUSY 36 FIG. 4 1

CTS 37 FI1G. 4 108
SBUSY 35 FIGS. 4, 6 2509
CMD 31 FIGS. 4, 6 2511-2513
CHAR 32 FIGS. 4.6 2500-2507
STRID 33 FIGS. 4, 6 2510
SCID 34 FIGS. 4. 6 2508
String Controi FIG. 5 2530-2699
RAM 80

LENI register

81 FIG. 5 2486-2492
LEN2 register 82 FIG. 5 2493-2499
DISP register 83 FI1G. § 23332399
POS register 84 FIG. 5 2153-2160. 2215-2266
Parameter Generation

RAM 38 FIG. 6 380-563
CHAR 39 FIGS. 6, 7 357-364
STRID 40 FIGS. 6,7 m
WGHT 41 FIGS. 6,7 168-370
C 42 FIGS. 6, 7 365-367
CMD 43 FIGS. 6. 7 372-374
Tally Memory 44 FIG. 7 823-926
STRID 45 FIGS. 7,8 811

WX 46 FIGS. 7, 8 807-810
CMDB 47 FIGS. 7. 8 1700-1701
CMDX 48 FIGS. 7. 8 1702
WCHT 49 FIGS. 7, 8 701-703
CMD 50 FIGS. 7.8 815-817
C sl FIGS. 7. 8 818-821
T 52 FIGS. 7, 8 822
COMPA 53 FIGS. 8.9 1114-1122
STRID 54 FIGS. 8,9 1106
WCHT 55 FIGS. 8,9 1107-1109
CMD 36 FIGS. 8.9 1102-1104
C 57 F1GS. 8,9 1110-1113
T 58 FIGS. 8, 9 1105
COMPB 5% FIGS. 9. 10 1227-1235
STRID 60 FIGS. 9. 10 1240
WGHT ol FIGS. 9, 10 1241-1243
CMD 62 FIGS. 9, 10 1236-1238
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-continued

NODE NUMBER CORRESPONDENCE
Node Numbers in

Signal Name Reference Figure FIG. 67
T 63 FI1GS. 9, 10 1239
RSUM 64 FIGS. 10, 11 1453-1462
STRID 65 FIGS. 10, 11 1450
CMD 66 FIGS. 10, 11 1447-1449
MVAL 67 FIG. 11 1607-1622
READY 68 FIG. 11 1605
TOTRSUM 71 FIGS. 12, 13 1774-1784
STRID 72 FIGS. 12, 13 1788
CMDB 73 FIGS. 12, 13 1785-1786
CMDX 74 FIGS. 12, 13 1787
TOTMVAL 75 FI1G. 13 1931-1946

The chip manual entitled Advanced Product De-
scription is included as Appendix 3 and made a part
hereof to provide disclosure of use of the chip.

Appendix 4 is included herein and made a part hereof
as an example of an electrical interface of the chip with
the S-100 Bus, a widely used system for computer inter-
connection. The circuit described in Appendix 4 sup-
ports appropriate communication between the chip, a
4K-word by 8-bit RAM, and any of the widely used
computer system which are compatible with the S-100,
Appendix 4 included drawings A4-1 through A4-8.

The improved string comparator is based on the asso-
ciative memory circuit originally disclosed and filed on
Mar. 14, 1979 as Ser. No. 20,618 includes a word as-
sociator circuit shown in detail as an electrical digital
circuit in FIGS. 14 through 26. The system or associa-
tive memory circuit is shown in FIG. 14. This associa-
tive memory circuit is an improved associatve retrieval
device that includes the use of the word associator or
comparator circuit connected in a storage loop to locate
and extract records that are most similar to the supplied
query. Inexact queries will rapidly locate records simi-
lar with respect to word, numeric' and mask related
measurements of similarity. The new and improved
method that is set forth below in detail provides a
method of word comparison and a method of process-
ing in the improved associative memory circuit or asso-
ciative retrieval device. The processing is preferably in
a parallel configuration that provides rapid response to
queries, while processing a large number of simulta-
neous requests.

Referring now to FIG. 14, most internal data traffic
within the associative memory circuit 10 passes through
shared memory 312, such as a time multiplexed multi-
port random access read-write memory of any well
known design such as TI's 74200. Each of the many
ports of the shared memory 312 is allotted a brief time
slice on the order of one millisecond. A port may dis-
connect prior to this time elapsing.

The associative memory circuit 10 communicates
with the outside world through its communications
modules 314 and 314' of any well known design. A
plurality of communications modules may be connected
as illustrated by numeral 318 and the small circles or
dots. The communications modules 314 and 314' are
microcomputer based flexible interfaces responsible for
decoding requests and then supervising the operations
of the associative memory circuits 310 to satisfy the
request. The communications modules or circuits may
communicate with the other associative memory cir-
cuits 10 using shared memory through buses 316 and
316’ in any well known manner and by use of any well
known design. These communication modules might
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also perform considerable preprocessing before passing
a query onto the other system components.

The main storage units (MSU) 320 and 320’ of any
well known design are devices that contain the actual
records to be searched in memory units of any well
known design. The main storage units contain any of a
variety of well known control circuits to transmit these
records in a fixed format over a bus. A plurality of main
storage units may be used as illustrated by number 322
and the dots. The transmission format requires the si-
multaneous transmission of record characters taken
sequentially from the record moving from right to left
and from left to right, see FIG. 25 and the in-use de-
scription set forth hereinbelow. Numeric portions of a
record are transmitted separately. The bus or lines 324
and 324’ also contain control and timing signals, error
correction codes and a data path of well known design
for use in the communications between associator cir-
cuits 342, 344, 342’ and 344’ and extractor circuits 356
and 356’. Within an MSU 320 and 320’, data might be
compressed to conserve resources by any well known
means. The main storage units (MSU) 320 and 320’
might be formed using virtually any of today’s data
storage devices. Following the transmission of each
record along lines 324 and 324/, a short blanking period
is required to permit the associator circuits to initialize
themselves for another record. Prior to the transmission
of each records data, the MSU 320 and 320’ must trans-
mit an internal record number for the record that fol-
lows. These numbers should be assigned sequentially by
the MSU 320 and 320

The control circuit 330 is connected to the MSU
devices 320 and 320’ by bus 326. The control circuit 330
is responsible for all update and control of the MSU’s.
The control circuit may consist of one or more simple
microcomputers of well known design. Control circuit
330 communicates through shared memory 312 over
bus 340. Optionally, a direct interface 332 of well
known design might be attached by bus 334. This would
permit a direct data path from an MSU 320 and 320’ to
an external high speed device. This would facilitate the
rapid loading of an entire MSU 320 and 320 as might
occur at bootstrap time.

All data storage loops generated by the MSU devices
320 and 320’ feed into network switching 336 by bus 324
and 324'. The network switching circuit 36 is responsi-
ble for routing through bus 338 or 338’ data from an
MSU 320 and 320’ to a vacant associator circuit 342 or
344 as well as 342' or 344’ 10 satisfy a query. Additional
associator circuits may be connected between 342 and
344 and 342’ and 344’ as illustrated by numerals 346 and
346’ and the dots. Additional parallel circuits may also
be interconnected as illustrated by numeral 348 and the
dots. Network switching circuit 336 is connected to a
control device 350 of well known design by bus 352
which processes requests communicated through
shared memory 312 by connection bus or line 354. Con-
trol device 350 decodes these requests and decides
which requests are to be processed and in what order.
Then control device 350 communicates to network
switching 336 over line 352, a specific order to reconfig-
ure the network.

The associator circuits (ac) 342, 344. 342’ and 344,
are an important part of this invention. The associator
circuits 342, 344, 342’ and 344" are connected in strings
terminated at one end by a single or multiple exiractor
circuits 356 and 356" respectively by continuations of
bus 338 or 338’ respectively and at the other end by the
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network switching module 336. Data from a selected
MSU passes through network switching 336 and then
through an associator circuit 342, 344, 342 and 344'.
This circuit scrutinizes the data as it passes, looking for
records that are very similar to the query provided. Of
significance here is the fact that the word associator
circuits, a part of 342, 344, 342, and 344’ (within each
associator circuit) can look for similar records at very
high data rates. It is expected that data rates on the bus
in excess of 20,000,000 characters per second are quite
possibly using today’s standard technology. The as-
sociator circuits 342, 344, 342, and 344’ flag the most
similar records and they are then extracted from the
data stream by the extractor circuits 356 and 356" and
eventually passes back through shared memory 312
over bus 360 to the communications circuits 314 and
4.

The diagnostic computer 364, also of any well known
design, is connected in a well known manner to the
associative memory 310 to provide system performance
statistics and maintenance information in a well known
manner.

Referring now to FIG. 15, the basic module is re-
ferred to by numeral 343 which is a more detailed block
diagram of associator circuits 342 and 342’ of FIG. 14.
Each pair of associator circuits in FIG. 14 is similar to
the FIG. 15 illustration. FIG. 15 shows the associator
circuit 343 along with the basic interconnections. The
query is stored in query storage 370. As records pass by
on the data bus 338, the records are received by the
associator circuit on interface 372 over bus 374 where
the records are merged with query characters transmit-
ted over bus 376 in an appropriate manner and then
forwarded through buses 378, 380, and 382 to the three
types of associator circuitry. The three types of associa-
tor circuity are: (1) a word associator circuit 384, (2) a
number associator circuit 386, and (3) a mask associator
circuit 388. Within thé word associator circuits 384
exists two circuits designated by numerals 400 and 400’,
one of which is shown in greater detail in block diagram
in FIG. 17 which is illustrated in schematic form in
FIGS. 19 through 25. The word associator circuit 384
combines the output of circuits 400 and 400’ at the end
of each record to arrive at the degree of word similar-
ity. If the basic circuit of FIG. 17 is used then at the end
of each record, the M output from each copy of the
circuit are added together by any well known means to
arrive at the numerator of the fraction that equals the
degree of word similarity. The denominator is com-
puted by any well known means including table lookup
by circuit 384 and is equal to L(L +1) where L is the
length of the compared words. If the more complex
circuit of FIG. 18 is used, then the numerator is com-
puted by any well known means and is equal to twice
the sum of the M quantities output from the two copies
of the circuit. The denominator is computed by any
well known means and is equal to the sum of the TOTM
quantities output from each copy of the circuit. The
word associator circuit 384 may or may not actually
perform a division to arrive at the degree of word simi-
larity. Instead, the ranker 396 and the other associator
circuits 380 and 388 might work entirely with fractional
representations of similarity. Using the basic circuit of
FIG. 17 as 400 and 400’ in FIG. 15, computes the basic
form of word similarity given by the mathematical for-
mula disclosed herein. It should also be noted that FIG.
18 is an enhanced version of the circuit in FIG. 17.
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The word associator circuit 384 is mainly made up of
circuits 400 and 400° and interconnecting circuitry of
well known design.

Again, referring to FIG. 15, at the end of each re-
cord, the three associators forward their “‘opinion” of
how similar the record and the query were over bus
390, 392, and 394 respectively to a ranker 396 of well
known design. If the record was a perfect match, then it
is marked by the ranker 396 for immediate extraction.
Otherwise it is ranked relative to the prior records pro-
cessed. Only the N highest ranking records are main-
tained in the ranker 396 by their internal record num-
bers. Here, N is an integer design parameter in any well
known manner. Loading of the many parameters in-
volved in the association process is controlled by an
onboard microprocessor or controller 398 of well
known design. The microprocessor is connected to the
basic module in 2 well known manner. When all records
have been observed, the ranker waits for the highest
ranking records to appear again in the storage loop. As
they appear, the ranker 396 marks them for extraction in
any well known manner.

The basic method for computing the degree of word
similarity in a non-complex and expeditious manner
involves processing sybmols as they occur in a bidirec-
tional serial data stream. By bidirectional serial, we
mean that successive positions from each of the two
words under comparison and from their flips are simul-
taneously transmitted. For example, imagine two ob-
servers of the data stream performing the procedure or
method as illustrated in FIG. 26. Of significance is the
fact that each observer needs knowledge only of the
data instantaneously before him in the data stream. We
describe the procedure from the standpoint of these
observers. We describe the information they must re-
member, computations they must perform and decisions
they must make. Each observer performs an identical
method, the first observes the transmission of the
words, the second observes the transmission of the flips
of the words. Before starting, each observer must per-
form certain initial tasks. After all data has passed, they
combined their knowledge to arrive at the degree of
word similarity between the transmitted words. Hereaf-
ter, the block diagram shown in FIG. 17 will be de-
scribed, second the method performed by each observer
will be described and then the method in which their
knowledge is eventually combined will be described.

Referring now to FIG. 17, the one word associator
circuit in block diagram form is illustrated as numeral
400. Two of these circuits 400 are included in the word
associated circuit 384 in FIG. 15. The data selection 1
iltustrated in FIG. 17 is shown in detail in FIG. 19 and
may utilize two quadruple bus gates such as Texas In-
struments, Incorporated’s circuit 74125 and 74126, Ex-
hibit A in the original application and made a part of
this application. It has two input buses 404 and 406
entering from above. One of these two in one time
frame is routed to a single output 408 exiting below.
FIG. 19 discloses the schematic for a single bus line.
Clock input potential @ 110 is connected to the selector
402.

Two clocks are utilized in circuit 480, FIG. 17. They
are referred to as ¢ and 8 and graphically illustrated in
FIG. 16 to disclose their interrelationship. Their inter-
relationship and purpose is described and disclosed in
the diagram illustrated in FIG. 16. The purpose of ¢ is
to select either the read or write mode of operation in
the tally memory 114 in FIG. 17 and to provide certain
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triggers in latches 170 and 136 of FIG. 17. When ¢ is
low, the read mode of operation in 114 is selected.
When ¢ is high, the write mode of operation in 114 is
selected. The event consisting of a low to high transi-
tion of ¢ may serve as a trigger to latch components 170
and 136 of FIG. 17.

The purpose of 8 is to define whether a query or a bus
character is currently being processed. A complete
cycle of ¢ corresponding to a read/write cycle in 114
occurs during each half cycle of @ as shown in FIG. 16.
Another purpose of 8 is to provide a trigger to latch 182
of FIG. 17. The event consisting of 2 high to low transi-
tion of @ and may serve as a trigger to latch 182. The
clock @ is used as a control input in blocks 144, 126 and
402 of FIG. 17.

The main portion of the FIG. 17 circuit is designated
by numeral 112 and includes a random access read/-
write memory 114 referred to as tally or a tally memory.
The memory address enters from above through bus
408. The read/write mode of operation is selected by
the read/write potential ¢ entering from the right
through line 116 from a clock means of well known
design not shown. When read/write potential is low,
the read mode is selected. When read/write potential is
high, the write mode is selected. Data exists from the
lower left on bus 120 and ¢ enters from the upper right.

In the preferred embodiment, tally is organized as 256
8 bit words. Thus, addresses and data are 8-bit quanti-
ties. FIG. 20 shows the schematic for each bit of a tally
word. The tally may include one or more Texas Instru-
ment Incorporated Hex inverter 122 No. 7404, Exhibit
AA in the original application, and 256-bit read/write
memory 124, No. 74200, Exhibit B in the original appli-
cation and made a part hereof disclosing the circuits. It

should be designed so that its contents may rapidly be 3

set to zero by clear means 118. Simply setting all cells
simultaneously to zero, may however not be practically
feasible due to power surge and overheating consider-
ations. Therefore, several cycles may be necessary to
clear the memory. Each cycle would then clear a fixed
portion of the memory. Also, it is not necessary to actu-
ally set all of the cells to zero. An extra bit associated
with each word could be maintained. To clear the mem-
ory, only those extra bits would be cleared. Then when
a memory word is read, this extra bit is tested. If it is
zero, then zero is read out instead of the actual memory
contents. This extra bit is set only when its associated
location is written into. Now, if one is read out, then the
actual memory contents are presented as usual to the
outside word. In this way,
¢l :ng of the memory while avoiding a physical clear-
ing of all of the cells. Techniques such as these serve to
significantly expedite the clearing operation, but such
procedures are not necessary because there are well
known standard procedures available.

The add block FIG. 17 is an incrementer/decre-
menter 126. Data enters from the right. Depending on
the state of input potential, the input potential value of
the entering data is either incremented or decremented
before exiting the two four bit binary full adders circuit
130 on bus 132, as shown in FIG. 21. The adders 130
may include a Texas Instrument Incorporated 4-bit
binary full adder No. 7483, Exhibit C in the original
application and made a part hereof. Hex inverters 134
No. 7404, Exhibit AA in the original application is con-
nected between the input potential over bus 128. The
incrementer/decrementer 126 in FIG. 17 is actually an
adder in which one of the summands is restricted to

the extra bits affect a logical 5
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either plus or minus one. If input potential of 128 is zero,
then plus one is added. If input potential of 128 is one,
then minus one is added.

A positive edge triggered data latch 136 in FIG. 17 is
connected to bus 132 by bus 138. Data enters through
bus extension 138 from the left and exits from the right
on bus 140 to tally 114. On the positive going edge of
read/write potential actuated by input &, the contents
entering latch 136 are latched and become the output
from the latch over bus 140. In the preferred embodi-
ment shown in FIG. 22, the latch is a two-bit D-type
register 5 with 3-state output 142 shown in FIG. 22,
Texas Instrument Incorporated Number 74173 attached
to the original application as Exhibit D and made a part
hereof.

A convertible sign tester 144 in FIG. 17 has an input
through bus 132 for data entering from the right and the
tester 144 determines if this data is non-positive or non-
negative, depending on the state of the input potential
on bus 146 entering from below. The test is performed
relative to two’s complement arithemetic. If the input
potential is low, then test will output high on output bus
148 to the left, provided that its input is greater than or
equal to zero. In the preferred embodiment, tester 144 is
shown in FIG. 23 as an 8-bit device. The input 132 is
connected to two dual 5-input positive no gate 150 and
152 Texas Instrument No. 74260 attached in the original
application as Exhibit E and made a part hereof con-
nected to one gate of a quadruple 2-input positive and
gate 154, Texas Instrument No. 7408 attached in the
original application as Exhibit EE and made a part
hereof. Gate 154 is connected to one gate of a quadruple
2-input positive or gates 156 Texas Instrument Incorpo-
rated No. 7432 attached in the original application as
Exhibit EEE and made a part hereof. Gate 156 Texas
Instrument No. 7432 is also connected to and gate 158.
And gate 158 Texas Instrument No. 7408 is connected
to one of the input lines 132 and line 146 through in-
verter 160, a Texas Instrument No. 7404. The output of
156 is connected to the input of 162 that is the same as
156 having another input from and gate 164 with input
from bus 146 and the output of inverter 168, a Texas
Instrument Incorporated 7404. The exhibits are incor-
porated herein and made a part hereof.

A clearable edge triggered latch 170 is shown in FIG.
17 and shown in detail in FIG. 24 with an adder at-
tached as described below. Input 172 inserts a one (1
into latch 170. The output is transmitted on bus 174 to
add latch 182. The adder 170 has two Imputs on busses
148 and 172 and a single output on bus 174 which is the
sum of the inputs. The output 178 of the adders 176,
such as a 4-bit binary full adder of Texas Instrument,
Incorporation No. 7483 attached as Exhibit C on the
original application become the input to the latches 180,
such a 4-bit D-type registers with 3-state outputs, Ex-
hibit D. One of the inputs to the adder is the output of
the latch. The other input enters from above in FIG. 24
and is wired permanently to be equal to 1. The latches
180 are similar to item 142 and are triggered from bus
148 when it is high at the positive going edge of the
read/write potential. The current latch confents exit
from below over bus 174, to an add-latch 182 In the
preferred embodiment, latch 170 is an 8-bit latch cou-
pled to an adder with an $-bit output and two 7-bit
inputs as shown in FIG. 24. The clearing connections
are not shown in FIG. 24, but may be accomplished by
any well known manner.
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Add-latch 182, shown in FIGS. 17 and 25, is like item
170. Its input enters from bus 174 from above. Add-
latch 182 is triggered on the negative going edge of the
read/write potential #. In the preferred embodiment,
add-latch 182 includes 4-bit binary full adders 184 such
as Texas Instruments Corporation No. 7483, is a 13-bit
latch coupled, that is connected to a 4-bit D-type regis-
ter with 3-stage outputs 186 such as Texas Instrument
Corporation No. 74173. Indicator/readout devices of
well known design may be connected thereto. The
output of item 182 is an electrical output signal that may
be translated to readable or other indications by any
well known device. Clearing connections are not shown
in FIG. 25, but any well known devices or procedures
may be used.

Referring now to illustration FIG. 26, the memory
190 contains the words ABC and ABB which are to be
compared. They are transmitted via two transmitters
192 and 194 over a data stream four characters wide, as
illustrated. The top half of the stream contains the trans-
mission of the unaltered words and the bottom half
contains the transmission of the flips of the words. On
each side of the stream sits an observer 196 and 200.
Each observer is watching a single column at a time as
columns flow from left to right. The memory 190 and
transmitters 192 and 194 correspond to the MSU 320 of
FIG. 14 and the data stream roughly for illustration
purposes corresponds to the data bus 338 of FIG. 15
(although query characters do not occur on the data bus
or in the MSU). The two observers correspond for
illustration purposes to the two copies of the circuit 100
shown in F1G. 17 contained within the word associator
384 of FIG. 15. To perform his appointed task, each
observer must “remember” a numeric quantity as-
socaited with each alphabet member. In this example
there are but three; A, B, and C. This collection of
quantities corresponds for illustration purposes to tally
114 of FIG. 17. Each observer must also “remember” a
numeric quantity R that is 170 and another M that is
182. These correspond for illustration purposes directly
with FIG. 17. At each instant in time, each observer
notices two characters before him. He processes one at
a time in some fixed order, say top to bottom. First, he
increments the quantity corresponding to the top char-
acter. Then if it is less than or equal to zero, he incre-
ments R. Next, he decrements the quantity correspond-
ing to the bottom character. Then if it is greater than or
equal to zero, he increments R. Finally, now that both
characters are processed, he updates M by adding R to
it. This continues for each column as they flow past.

The relationship between FIGS. 17 and 26 are now
more particularly described.

To illustrate this relationship a description of what
occurs in the circuit of FIG. 17, step by step, as the
example of FIG. 26 is processed by the circuit is pres-
ented.

First, OBSERVER ONE shown as 196 in FIG. 26
corresponds to one copy of the circuit 400 of FIG. 17.
We will also call the word “"ABC" the query word and
“ABB" the bus word.

The circuit of FIG. 17 is controlled by two clock
cycles shown in FIG. 16. The bottom signal (THETA)
is the major timing signal. Within each THETA cycle,
another clock PHI makes a complete cycle. PHI is
called the minor clock. These clocks are an essential
part of the invention only insofar as they specify the
order of processing which occurs within the circuit.
Three major clock cycles are required to process the
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examples with three characters. Within each of these,
two characters are processed, first a character from the
query word is processed and then a character from the
bus word.

Since OBSERVER ONE is considered at this point,
the circuit first processes the character “A" from the
query and “A” from the bus word. Then it processes the
character *B” from the query word and “B” from the
bus word. Then it processes the character “C™ from the
query word and “B” from the bus word.

It is useful to imagine that these characters flow
downward into selections 404 and 406 as follows:

Minor clock
cycle

(Major clack cycle 3)
(Major clock cycle 2)
(Major clock cycle 1)

- Ne¥ I
Pww|w

In other words external means are used to access the
two words being compared and “feed” these words into
the core circuit. Then external means may be used to
interpret the result of the circuit which at the comple-
tion of the computation is available at output 182. This
interpretation normally involves a division but the es-
sential point is that the degree of similarity is directly
indicated by the magnitude of the number present at
output 182 at the end of the computation, i.e. larger
numbers mean more similarity. In other words this
quantity may be “‘normalized” by a process involving a
division as discussed elsewhere if one desires a similar-
ity measure that ranges from zero to one.

Before operation begins, R, M. and TALLY are reset
to zero.

During Major clock cycle 1 Minor clock cycle 1:

During the start of this period while PHI is low, the
character “A” is routed from 404 to become the address
of the memory 114 and since PHI is low that memory
responds by reading out this location and presenting it
to the ADD block 126. Since THETA is low this block
adds one to the value producing 1. This is then routed
both into LATCH 136 and TEST 144. Since THETA is
low TEST outputs a 0. At the positive going edge of
PHI, the LATCH contents are frozen as TALLY
switches into write mode. This in effect writes the up-
dated quantity just computed by ADD back into loca-
tion “A". Also at this transition the R register is incre-
mented if signai 148 is 1. In this case it is not. During the
second half of this period while PHI is high, TALLY is
writing its updated information.

The character “*A™ is present at the selection input
404.

The character
406.

The R register shown as 170 in FIG. 4 contains zero.

The M register shown as 182 in FIG. 4 contains zero.

“A™ is present at the selector input

Original Value Updated Value
Tally location “A" = e 1
Tally location "B” = 0
Tally location *C” = 0

During Major clock cycle 1 Minor clock cycle 2:
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During the start of this period while PHI is low, the
character “A" is routed from 406 to become the address
of the memory 114 and since PHI is low the memory
responds by reading out this location and presenting it
to the ADD block 126. Since THETA is high this block
subtracts one to the value producing 0. This is then
routed both into LATCH 136 and TEST 144. Since
THETA is high TEST outputs a 1. At the positive
going edge of PHI, the LATCH contents are frozen as
TALLY switches into write mode. This in effect writes
the updated quantity just computed by ADD back into
location “A”. Also at this transition the R register is
incremented if signal 148 is 1. In this case it is. During
the second half of this period while PHI is high, Tally is
writing its updated information.

The character “A” is present at the selector input
404.

The character “A” is present at the selector input
406.

The R register shown as 170 in FIG. 17 contains zero
at the start of this period and 1 at the completion.

The M register shown as 182 in FIG. 17 contains zero
at the start of this period and 1 at the completion.

Original Value Updated Value
Tally location “A™ = I 0
Tally location “B” = 0
Tally location “C” = 0

The end of this cycle is marked by the negative going
edge of THETA. At this time M is updated and be-
comes .

During Major clock cycle 2 Minor clock cycle 1

During the start of this period while PHI is low, the
character “B" is routed from 404 to become the address
of the memory 114 and since PHI is low the memory
responds by reading out this location and presenting it
to the ADD block 126. Since THETA is low this block
adds one to the value producing 1. This is then routed
both into LATCH 136 and TEST 144. Since THETA is
low TEST outputs a 0. At the positive going edge of
PHI, the LATCH contents are frozen as TALLY
switches into write mode. This in effect writes the up-
dated quantity just computed by Add back into location
“B”. Also at this transition the R register is incremented
if signal 148 is 1. In this case it is not.

During the second half of this period while PHI is
high, TALLY is writing its updated information.

The character “B” is present at the selector input 404,

The character “B” is present at the selector input 406.

The R register shown as 170 in FIG. 17 contains 1
throughout.

The M register shown as 182 in FIG. 17 contains
zero.

Original Value Updated Value
Tally location “A" = 0 1
Tally location "B” = 0
Tally location “C™ = 0

During Major clock cycle 2 Minor clock cycle 2:

During the start of this period while PHI is low, the
character “B” is routed from 406 to become the address
of the memory 114 and since PHI is low the memory
responds by reading out this location and presenting it
to the ADD block 126. Since THETA is high this block
subtracts one to the value producing 0. This is then
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routed both into LATCH 136 and TEST 144. Since
THETA is high TEST outputs a 1. At the positive
going edge of PHI, the LATCH contents are frozen as
TALLY switches into write mode. This in effect writes
the updated quantity just computed by ADD back into
location “B”. Also at this transition the R register is
incremented if signal 148 is 1. In this case it is. During
the second half of this period while PHI is high,
TALLY is writing its updated information.

The character “B"” is present at the selector input 404.

The character “B” is present at the selector input 406.

The R register shwon as 170 in FIG. 17 contains 1 at
the start of this period and 2 at the completion.

The M register shown as 182 in FIG. 17 contains 1 at
the start of this period and 3 at the completion.

Original Value Updated Value
Tally location “A” = 0 1]
Tally location “B” = 1
Tally location “C” = [

The end of this cycle is marked by the negative going
edge of THETA. At this time M is updated and be-
comes 3. :

During Major clock cycle 3 Minor clock cycle 1:

During the start of this period while PHI is low, the
character “C" is routed from 404 to become the address
of the memory 114 and since PHI is low the memory
responds by reading out this location and presenting it
to the ADD block 126. Since THETA is low this block
adds one to the value producing 1. This is then routed
both into LATCH 136 and TEST 144. Since THETA is
low TEST outputs a 0. At the positive going edge of
PHI, the LATCH contents are frozen as TALLY
switches into write mode. This in effect writes the up-
dated quantity just computed by ADD back into loca-
tion “C™. Also at this transition the R register is incre-
mented if signal 148 is 1. In this case it is not. During the
second half of this period while PHI is high, TALLY is
writing its updated information.

The character “C” is present at the selector input 404.

The character “B” is present at the selector input 406,

The R register shown as 170 in FIG. 17 contains 2
throughout.

The M register shown as 182 in FIG. 17 contains 3
throughout.

Original Value Updated Value
Tally location “A" = 0
Tally location “B" = 0
Tally location “C" = 0 1

During Major clock cycle 2 Minor clock cycle 2:

During the start of this period while PHI is low, the
character “B" is routed from 406 to become the address
of the memory 114 and since PHI is low the memory
responds by reading out this location and presenting it
to the ADD block 126. Since THETA is high this block
subtracts one to the value producing 0. This is then
routed both into LATCH 136 and TEST 144. Since
THETA is high TEST outputs a 0. At the positive
going edge of PHI, the LATCH contents are frozen as
TALLY switches into write mode. This in effect writes
the updated quantity just computed by ADD back into
location “B". Also at this transition the R register is
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incremented if signal 148 is 1. [n this case it is not. Dur-
ing the second half of this period while PHI is high,
TALLY is writing its updated information.

The character “C” is present at the selector input 404.

The character “B™ is present at the selector input 406.

The R register shown as 170 in FIG. 17 contains 2 at
the start of this period and 2 at the completion.

The M register shown as 182 in FIG. 17 contains 3 at
the start of this period and 5 at the completion.

Original Value Updated Value
Tally location “A™ = 0
Tally location “B” = 0 -1

Tally location “C” 1

The end of this cycle is marked by the negative going
edge of THETA. At this time M is updated and be-
comes 3.

FINAL TALLY CONTENTS:

Tally location "A
Tally location “B”
Tally location “C”
FINAL R CONTENTS:
FINAL M CONTENTS:

(T}

[V )

The circuit copy representing OBSERVER TWO
would work in the same manner except that the order of
characters for both words is reversed.

In the above, we have assumed that the observer
started with all quantities equal to zero. Once the record
has passed, the two observers add together the values
for M that they have arrived at. This result is then di-
vided by L(L + 1) which in this case is 3(3+1)=12. L is
defined as te length of the compared words. Thus, we
have 8/12=4% as the final similarity between the two
words. FIG. 26 displays the final state of all numeric
quantitites involved.

A basic mathematical formula has been created. If A
is an alphabet, then words in A are finite concatenations
of members from A. If wis a word in A, then w denotes
the flip of w. For example, the flip of the word *“*abed™
is **dcba”. If x and y are numbers then (x,y) denotes the
greater of the two quantities x-y and 0. If w is a word in
A, then n(a,w,i) denotes the number of occurances of
alphabet member “a” in word w found in position i or
beyond where position is measured canonically from
left to right. If w and v are words in A, both of length
L, then the degree of word similarity between them is
denoted S(w,v) and is given by the formula below:

LL + 1) — (maw.dn(avi}) + (n{la.wdnalavi))

S(w.v) = L+ D

This formula, as set forth above and well understood by
those skilled in the art, produces a number between 0
and | inclusive. It produces 1 if and only if w and v are
identical. It produces O if and only if w and v share no
common alphabet members. Intermediate values are
interpreted as degrees of similarity between these two
extremes. Formula exist and are discussed in “*The Defi-
nition, Computation and Application of Symbol String
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Similarity Functions” referred hereinabove, which do
not presume equality of the lengths of w and v. The
above formula is, however, the most fundamental. It
equally weighs all alphabet members and word posi-
tions. It corresponds to the circuit of FIG. 17.

In the equation above, the fundamental computation
is that involving the double summation. Various forms
of the equation might still perhaps produce a useful
measurement of word similarity. For example, the
whole equation might be raised to some positive inte-
gral power. Falk in the article referred to hereinabove,
discussed a function which also associated with each
pair of words, a number between zero and one. But his
function is considerably more complex and in practice is
much more difficult to compute. This is discussed in the
thesis referred to hereinabove. The disclosed formula
rests on a simpler and more rigerous mathematical foun-
dation, as pointed out in the thesis. Faulk also makes
little attempt towards justifying his formula.

It should be noted that the circuit invention evolved
from the formula to the algorithm to the circuit. The
following criteria are met:

1. Mathematical simplicity

2. Ease of computation

3. Agreement with human intuition

4. Flexibility to permit varied applications. The for-
mula derived in the thesis and disclosed herein and
made a part hereof is mathematically simple and pro-
duces results that appear to agree well with human
intuition as referred to in the IEEE articles referred to
hereinabove. Computation of the formula in a straight
forward fashion requires quite a bit of work, primarily
due to the double summation.

The next evolutionary step is the invention of an
algorithm which quickly computes the formula. This
algorithm is presented herein in the form of a Fortran
function subprogram. It is called with three input pa-
rameters: IQ, IR and N. IQ and IR each of which is a
dimension N integer vector. Upon return, the variable
Theta is the degree of similarity between the input
words 1Q and IR. Alphabet members are integers be-
tween | and 256 inclusive.

To process a character from each of the two words
under comparison, the algorithm implemented in ma-
chine language on a modern general purpose CPU such
as the IBM 370, requires the execution of dozens of
mstructions each comprised of many micro instructions.

To perform this same task, our circuit requires only
two internal clock cycles. Each represents approxi-
mately a read/write cycle pertaining to a high speed
random access memory. Actually, the clock must be
slightly slower than the memory’s maximum speed to
permit other circuit components to operate. In use,
however, the multiple should be less than 2. Therefore,
we see that our circuit is capable of computing our
definition of word similarity much faster than any exist-
ant general purpose processor.

A complete similarity memory system may contain
many such circuits. Therefore, the system would than
be performing a search function beyond the capabilities
of existant general CPU’s. The basic algorithm as pro-
grammed in Fortran is:

FUNCTION THETA (IQ, IR, N)

C
C

IQ and IR ARE EACH WORDS OF LENGTH N IN THE ALPHABET CONSISTING

C OF THE NUMBERS t THROUGH 256. THEY ARE PASSED AS INTEGER VECTORS
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-continued

30

FUNCTION THETA (1Q, IR, N)

THE BASIC WORD SIMILARITY BETWEEN IQ AND [R.

onnn

INTEGER R
DIMENSION ITALLY (256), [Q(N), IR(N)
DO 1 1=1.256
I ITALLY(D)=0
M=0
R=0

DO21=1N
ITALLY (1Q(I)=ITALLY(IQ(I)) +
IF (ITALLY(IQ(I)) LE.0O) R=R + 1
ITALLY (IR(I)=ITALLY(IR(I))— |
IF (ITALLY(IR(1)).GE.0) R=R + |

2 M=M+R

R=0
DO 4 1=1,256
4 IJTALLY(D=0

DO 3J=1N
I=N+1-J
ITALLY (IQ(IN=TTALLY(IQ(I})+1
IF ITALLY(IQ().LE.O)R =R +1
ITALLY(IR(I)=ITALLY({IR(I))—1
IF JTALLY(IR(I)).GE.0) R=R +1

3 M=M+R

THETA =FLOAT(M)/(N*(N + 1))

RETURN
END

EACH OF DIMENSION N. UPON RETURN. THETA ASSUMES THE VALUE OF

Referring now to FIG. 18, the SEL is a random ac-
cess read/write memory 208. Its address enters on bus
224 from above and data output is to the right on bus
214. In FIG. 18, it is assumed that the read mode is
selected as the device is only written to during master
initialization. In the preferred embodiment the read/-
write memory 208 is organized as 127 2-bit words.

SYN consists of three random access read/write
memories, 202, 204, and 206. In each, the address enters
on bus 406’ from above the data output transmitted on
bus 220, 220', and 220" from below. In the Figure, we
assume that the read mode is selected as the device is
only written to during master initialization. In the pre-
ferred embodiment, it is organized as three memories,
each consisting of 256 8-bit words. Select is a data selec-
tor 210. It has three input busses 220, 220°, and 220"
entering from above. One of these three is routed to a
single output 224 existing below, depending upon the
numeric value of the 2-bit value entering from the left.
It this value is 0, then Select ignores its input and out-

-5 zero. If this value is 1, 2 or 3, then the first, second
or third input data bus respectively is routed to the
output. In the preferred embodiment, it has 8-bit inputs
and outputs.

MV is a one bit latch 222. It is set/reset during master
initialization. The current state of MV exists above.

Select 402 is a data selector. It has two input busses
224 and 404’ entering from above. One of these is routed
to a single output exiting below, depending upon the
state of & entering from the right. If @ is low, then the
right input bus is selected. Otherwise, the left bus is
selected. In the preferred embodiment, Select has 8-bit
inputs and outputs.

Double skip on zero is a circuit to block the propaga-
tion of ¢ and 8, for the duration of two ¢ cycles, pro-
vided that 8=0, MV =1 and the output from Select is
zero, at the time of a positive transition of &. This effec-
tively causes the later circuit stages to ignore com-
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pletely the current column. Thesc altered versions of &
and @ are then used by the central stage of the circuit.

PW is a random access read/write memory. Its ad-
dress enters from the left and data output is to the right.
In the figure, we assume that the read mode is selected,
as the device is only written to during master initializa-
tion. In the preferred embodiment, it is organized as 127
2-bit words.

CW is a random access read/write memory. lts ad-
dress enters from above and data output is to the right.
In the figure, we assume that the read mode is selected.
as the device is only written to during master initializa-
tion. In the preferred embodiment, it is organized as 256
2-bit words.

Distributor is a data distributor. It has three outputs
above and a 2-bit control input to the left. When this
input is zero, all three outputs are zero. When it is 1, 2,
or 3, the first, second or third output goes high respec-
tively, leaving the others zero.

Single skip on zero is a circuit to block the propaga-
tion of ¢, for the duration of one cycle, provided that
the cumulative output from the gate circuits is zero at
the time of a positive transition of . This altered ver-
sion of ¢ is then used by the lowest circuit stage.

Each gate is a pair of logical and gates used to control
the propagation of the data output from CW. Both bits
leaving CW center each gate to the left. Inside gate
there are two 2-input and gates. One input from each
becomes a common control input shown entering from
below. The remaining two inputs connect to the two
entering data lines. The outputs from the gates are
shown to the right. When the control input is low, the
gate outputs zero. When it is high, gate simply propa-
gates its two bit input.

The combination of the three gate circuits and the
distributor circuit forms a variable shift register which
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shifts the output of CW, depending upon the output of
PW. This affects the computation of the final weight.

TOTM is an add-latch device. Its input enters above.
It is triggered on a negative 6 transition. In the pre-
ferred embodiment, TOTM is a 17-bit latch together
with an adder having one 17-bit input and one 11-bit
input.

R is an add-latch device. Its input enters above and its
output exists below. It is triggered on a positive ¢ tran-
sition provided that T entering from the right is equal to
one. In the preferred embodiment, R is an 11-bit latch
coupled to an adder having one 11-bit input and one
four bit input.

TOTR is an add-latch device. Its input enters above
and its output exists below. It is triggered on a positive
transition of ¢ provided that 8=1. In the preferred
embodiment, it is an 11-bit latch together with an adder
having one 11-bit input and one four-bit input.

M is an add-latch device. Its input enters above. It is
triggered on a negative 8§ transition. In the preferred
embodiment, it is a 17-bit latch together with an adder
having one 17-bit input and one 11-bit input.

Sign test is defined as test of FIG. 17. L is defined as
L of FIG. 17. Tally is defined as tally of FIG. 17. Adder
is defined as add of FIG. 17.

Referring to FIG. 18, this diagram illustrates how the
basic circuit of FIG. 17 may be considerably enhanced
without sacrificing speed of processing. In FIG. 18,
before data reaches the core or data selector, circuit 402
and the basic word associator circuit 112 that is identi-
cal to that shown in FIG. 17, several tasks are per-
formed. First, a memory word is fetched corresponding
to the current column position being processed. If this
word is zero, then the current column is ignored. This is
accomplished by using the double skip on zero circuit
220 of well known design. This circuit merely blocks
propagation of all timing signals during the current
character pair. Therefore, the circuit ignores the cur-
rent column. Whereas the circuit of FIG. 17 processed
every column unconditionally, this facility permits col-
umn selection in the circuit of FIG. 18. If the fetched
word is non zero, then it is used to select one of three
tables to be used in translating the data character from
the record before it reaches the select circuit 402. This
is called synonym processing and permits additional
flexibility. The facilities above are implemented via the
random access memory’s SEL 208 and the three ran-
dom access memory's labels SYN 202, 204, and 206, and
by the SEL 208 component which simply selects one of
the three outputs from the SYN memories 202, 204, and
206. The SEL 208 is of any well known design. The
SYN 202, 204 and 206 is a set of three random access
memories of a well known design. If the translated
value of a record character is zero and the MV flag is
set, then the entire current column is ignored as above.
MYV 222 is a one bit latch of a well known design. This
permits the definition of missing value fields so as not to
detract from the measure of the similarity between the
record and the query. Position bus 224 is connected to
SEL 208 and PW 226 that is a random access memory
of well known design. The enhancements we have dis-
cussed so far constitute simple preprocessing and are
not crutial to the basic invention. We now discuss some
more crucial enhancements.

In the circuit of FIG. 17 you will note that the quan-
tity 1" is always added to R 107. This has the effect of
weighing all alphabet members and column positions
equally. FIG. 18 implements a weighing scheme
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wherein the column number currently under consider-
ation and the current character are used to determine a
weight which is to be added to R instead of 17, In this
way, one can weight characters heavier than others.
Generally speaking, many circuits might compute a
weight to be used to update R. FIG. 18 contains one
such circuit. In this circuit, each alphabet character is
assigned a two bit weight. This weights 0, 1, 2, 3 are
possible. Each column position is also assigned a weight
also two bits. But this weight is used to control a shift
register so that here the possible weights are 0, 1, 2, 4.
The character weight is effectively multiplied by the
column weight to arrive at the final weight. A complete
word associator circuit must of course contain two
copies of the circuit of FIG. 18. We observe that the
positional weight tables defined for each copy might
differ. This might allow certain columns to be processed
with more emphasis on initial or on final characters.
When the two tables agree, there is no such directional
bias. It should be notad that when the final weight of a
column/character pair is zero, the character is not pro-
cessed. This is accomplished by the “single skip on
zero” circuit 230 which blocks propagation of timing
signals for the duration of a single character.

The weight scheme is implemented by the random
access memories PW 226 and CW 242 of well known
design and by the selectable shift register 244 formed by
the distributor 246 and gate components 248, 250, and
252 and by the single skip on zero circuit 230, all of
which are of well known designs.

In the circuit of FIG. 17, the final result M needed to
divide by N(N+L) where N is the length of the words
under comparison, to arrive at the measure of similarity.
In the circuit of FIG. 18, this denominator must be
computed since it will depend upon the weights en-
countered during processing. In FIG. 18, TOTR 254
and TOTM 256 that are add-latches, compute a denomi-
nator term. A corresponding term is computed by the
other copy of the circuit. The sum of these two terms is
the final denominator. The final numerator is twice the
sum of the two M values read out of the two circuit
copies. The similarity between the query and bus words
is the quotient of the numerator and the denominator
quantities. The above is just one way in which the infor-
mation read out of the circuit may be interpreted to
arrive at a measurement of similarity. Other schemes
might weight various terms unequally. The circuit 112
in the lower right of FIG. 18 is recognizable as very
similar to the circuit of FIG. 17. The only difference is
that the selection component is now external and R may
now be updated by quantities other than 1",

The circuit of FIG. 18 is divided by dashed lines into
three stages designated by I, IT and II1. Note that busses
passing from stage to stage are broken. These indicate
that buffers might be inserted to achieve a pipeline with
three stages. In this way the circuit can process data as
fast as the circuit of FIG. 17. Without pipeline buffers,
the circuit is two to three times slower. The timing
signals are labeled identically in each stage but may
vary from stage to stage both because of the optional
pipeline and because of the skip on zero circuits.

The circuit of FIG. 18 must be initialized before use.
A master initialization must be performed once per
search to establish weights, etc. This initialization must
load the SEL 208, SYN 202, 204 and 206, PW 226, and
CW 242 memories. Also, the MV 222 flag must be set or
reset. Before each record is processed, additional initial-
ization is required. The tally memory in 112° not illus-
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trated must be set to zero as must the R and M, not
shown, the TOTR 254 and TOTM 256 add-latches.
After each record is processed, the contents of M, not
shown in 112’, and TOTM 256 are read out of the cir-
cuit.

Connections describing initialization and readout are
trivial and of well known design and are therefore not
shown in the drawings.

Finally, note that in the circuit of FIG. 18, the bus
data character must be stable on the bus even during the

34

processing of the query character. This permits the bus
character to be translated while the query character,
which does not pass through synonym translation, is
processed. The query translation is better left to soft-
ware since the query is fixed during a search.

The instant invention has been shown and described
herein in what is considered to be the most practical and
preferred embodiment. It is recognized, however, that
departures may be made therefrom within the scope of
the invention and that obvious modifications will occur
to a person skilled in the art.

CONFIDENTIAL

SIMPLEST STRING COMPARISON FUNCTION

The following describes the simplest formulation of the string comparison function. In later sections,
more complex and powerful string coimparison techniques will be described.

The reader should fully understand the contents of the following section before reading about the
more sophisticated versions of the string comparison function.

MATHEMATICAL DESCRIPTION

Let A denote an alphabet and A* denote strings formed by finite concatenation of elements of A. We
shall refer to the members of A* as words or strings. We shall refer to the members of A as characters.
The string of length zero, the nu/f word, is a member of A*.

We will define a string comparison function 8 with range A*x A* and domain [0,1]. Intuitively, 8 is a
function which, for any two words s, and s, of A*, computes a number between 0 and 1. If B(s,,s,)=1
then the strings are identical; if 8(s,,s,) =0, then the strings are totally dissimilar. Intermediate values for

@ indicate intermediate similarity.
value of 8(s,,s5).

In general, the more similar the strings s, and s,, the greater the

s is a word in A*, we define Suf(s,n) to be the substring of s obtained by dropping the first n charac-
ters. Thus, Suf(s,0)=s. If n is greater than or equal to the length of s we define Suf(s,n) to be the null
word. For example, if ‘a’, 'b’, and ‘¢’ are characters in A and s is the string ‘aabc’, then Sufi(s,3) is the

string ‘c’.

We use Len(s) to denote the number of characters in's. Thus Len{’abcd) = 4.

If seA*, we define F/ip(s) to be the string obtained by reversing the order of the characters in s.

Hence, Flip{’aabc) = ‘cbaa’.

If aeA, seA”; then we define Countla,s) to be equal to the number of times the character a occurs in
the string s. Hence Countla,Sufts,m) is equal to the number of a’s which occur after the first n charac-

ters of the string s.

In accordance with common usage, we will use Min(m,n) to denote the smaller of the integers m and

n.
If s€A”, we use the notalion s{n] to denote the n-th character of s. The first character of s is s[1).
We dare now ready to define the string comparison function 0.

Copvrahl o 1981 by Proxiemtv™ Devices Corparation All fahts toseryved Doc HESHIE Rew 25 1787
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Definition: Let A be an alphabet. Let s,, s, be strings from A*. The functions M, M, M, TOTM and
0 are defined as follows:

TOTM(s ) =Lenls)) |Lents)) + 1]

Misy,s)= 3 X 2Min|Countla,Sufis,,n,Countla,Sufls ,,m)]

MAs,,8;) =M(Flip(s,), Flip(s,))

M(SI,SJ’:M[(S‘,Sz)+A/’,(S\,S_))

M(S;,S_:)
TOTM(s )+ TOTM(s;)

B(s,,s,)=

If the denominator of the last fraction is equal to zero then we define 8(s;,s;) equal to 1. This hap-
pens only if both strings s, and s, are the null string.

(The functions M,, M, TOTM, and 8 will be redefined in later sections. In this section we will use the
above definitions exclusively.)

Thus 8(s,,s,) is defined as the ratio of two numbers. The denominator, TO7M(s )+ TOTM(s,}, can be
thought of as the maximum possible match. The numerator, Ml(s,,s,), is a measure of the co-incidence
of the strings s, and s,. Their ratio is a number between 0 and 1 which is the strings’ similarity value.

This function has several important properties:

(1} By the definition, 8(s,s,)=0(s,s). Hence, @ is a symmetric function Also,
9(51,53)=0(F/I‘p(5|),F//.p(SJJ)A

(2) Note that the definition of Mis,.s,) is written as an infinite sum. Actually, for
n>Min(Len(s,),Len(s,)), the summand is zero. Thus M,(s,,s,) can be written as

m
MJis\s))= 3 I 2-Min(Count(a,Sufls,,n),Count(a, Sufls,.nh)

n=0 deA
where m=Minllen(s,),len(s,)).

(3) Consider the sum

3 2 Min(Countla, Sufls,,m),Countla, Sufls,,m)
a €A

{for a fixed n).

Intuitively, the number can be computed as follows: Drop the first n characters from each word s,
and s,. Then count how many characters the remaining suffixes of s, and s, have in common. Exam-
ple: if s, ="abcd” and s, ="dabce’ and n=2, then the above sum is equal to 1.

(4) Let

Risy,s,,n) = 3 Min(Counta,Sufls;,n),Countla,Sulls, )
a4 €A

Then,

b in
Mis 5,0 =23 Ris,s,,n =2 Risy,s5n)

n =1 =14
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where m=Minllen(s)).Lents,).
Define 7,(s,,s,) equal to 1 4f
Count(s|n].Sufls|,n+ 1)) < Count(s,{n),Sufls,,n + 1)
and equal to zero otherwise.
Define T,(s,,s;) equal to 1 if
Count(s|n],Suf(s;,n + 1)) < Countls,[n],Sufls,,n)
and equal to zero otherwise. (it is important to note that T1(sy,82,M#Ty(s,,5,,n).)

Then, it is readily seen that
R(s(,8;,m~R(s),5:,n+ 1) =T,(8;,5,,n) +T,(s,,5,n)

Thus,

Risy,s5,n = (T)(s,8,,0+ T(sy,s,,1)

1=n

Hence,

nt m
Misy,$)=23 3 (T,(s,,5,)+Ta(s(,5,.4)

n=0.,=n

This formula for M(s,,s,) provides the basis for an efficient means to calculate O(s,,s;). To see this,
note the double summation is of the form

X(/)

M3

m
2
n=0

n

Since the argument of the double summation is a function only of / and not of n, we can compute the
double summation with two accumulating registers. We show below a sample C routine to illustrate
the computation of the double summation (for a description of C, see ““The C Programming
Language” by B. Kernighan and D. Ritchie, Prentice- Hall, 1978).

doubsum (m) |

int n, i
int X();
int M, R;
M=R=0
forin=0n<mn++)|
for(|=m;i>=n;i--)|
R + = X(i);
M 4+ = R;

return (M);

|
(5) An alternative formula for TOTM(s,) is often easier o compute. Recall that
TOTM(s ) =Llen(s ) (Lenis,)+ 1)

1U1s easdy shown that

Lenis i

TOIMis) =2 S 5

n="
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The latter formula is an easily computed value. in fact, it can be put in the same double summation
format as discussed above:

Ltems i,

TOTMis)= 3 32

=1 1
Also, it is readily seen from the double summation formulas that

TOTMI(s,)+ TOTM(s,) <M (s),53+MdAs|,s;)
thus proving

0<8i(s,,s5;)<?

ALGORITHM FOR COMPUTATION OF SIMPLE STRING SIMILARITY FUNCTION

Below is shown a software implementation of an efficient algorithm for the computation of the simple
string comparison function 6.

The algorithm is expressed as a subroutine in the language C. This subroutine accepts as parameters
two strings named ‘s1’ and ‘s2’ and the numbers ‘lenl’ and ‘len2’ which are the lengths of the strings.
It returns a fractional number between 0 and 1 equal to 6{s1,52).

it should be noted this is not the most efficient program to compute 8(s,,s;), but is instead written to
illustrate a good a/gorithm.

Note that this algorithm has execution time proportional to the length of the longer comparand string.
The hardware implementation discussed in a later section computes the string similarity even faster: exe-
cution time is proportional to the average length of the two comparand strings. This linear execution
time (with a fixed alphabet size) is much better than commonly known algorithms™ - many other algo-
rithms have execution speed proportional to the square of the length of the comparand strings.

The program closely follows the formulation of 8 given in note (4) above. It is assumed that the vari-
ables R, M and TOTM will not overflow.

float theta { s1, 52, lenl, len2 )
char s1{}, s2]};

int lenl, len2;

int

int ls;

int T|128]; /* Tally Vector for 128 character alphabet */
int R; /* Intermediate R Accumulator */

int M; /* Accumulator for Match (Numerator) */

int TOTM; /* Total Possible Match (Denominator) */
double thetg; /* String Simdarity Value */

Is = lenl <len2 ?len2 : lenl; /* max {lenl, len2) */

/* Clear Tally Vector */
for (i=0; 1<128; i+ +) |

Tl = 0;
f

/* Compute M, */
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M =R =0;
for li=ls-1;i» =0;i--) }
if Ciclent ) |
ifCTs1il++ <00 | /T
R+ +;
!
J
if (i<len2) |
if (Tfs2(i]}-- > 0} 1t 7
R+ +:
J
!
M + = 2*R;

/* Clear Tally Vector */

for (i=0;i<128; i+ 4) |
Tli} = 0;
|

/* Compute M, */

R =0;
for (i=0; i<ls; i+ +) |
if (i >=Is-lenl ) |
if (T{stfi-is+lent|]++ < 0) | /=T, */
R+ +;
|
|
if (0 »=ls-len2) }
if (Tls2fi-Is+len2]|-- > 01} /*T,*/
R4+,
i

!
M + = 2*R;
!

TOTM = leni*tlenl + 1) + len2*(len2 + 1);

H(TOTM = =0} |
theta = 1.0;
|

_ else |

theta = (M+0.0) /{(TOTM+0.0) ;

i

return ( theta );

3

A HARDWARE IMPLEMENTATION OF THE SIMPLE STRING COMPARISON MEANS

A hardware implementation of the above-described string

comparison method was described in the original patent application,
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Serial Number 020,618, filed March 14, 1979 and shown in Figures
3, 4 and 6 through 13. The original application is incorporated
in the present application of which this is Appendix A of said
present application. The circuit computes the functions Mr

or M. The strings are fed in forward to compute M and fed 1in

backwards to compute M. Other hardware is needed to feed
in the strings and to display the results in human comprehensible
form.

The chip drawings show hardware which handles the

entire task of performing string comparisons.

STRING COMPARISON FUNCTION
WITH VARIABLE CHARACTER WEIGHTS

The string comparison function described in the last section can be made far more powerful and flexi-
ble by allowing characters 10 be weighted individually. The characters are weighted as to their relative
importance. In essence, same characters are marked as being more important, or more meaningful
than others.

The String Comparison function with Variable Character Weights is described below. The notation
is same as in the previous section. Proofs have been omitted where they closely follow the proofs of
the last section.

MATHEMATICAL DESCRIPTION

Assume we are given an alphabet A and a weight function W, where W is a function defined an A
such that, if aeA, then W(a) is a non- negative integer calied the weight of a.

We define a string comparison function # with domain A*x A* and range [0, 1] below.

Definition: Let A be an alphabet with weight function W. Let s, and s, be strings from A*. The func-
tions M, TOTM, and 6 are defined as follows:

Lents))

TOTM(s ) =[Len(s))+1] 3 Wis[/]

i=1
X0

Mis\,s;)= 3 3 2 Wla)Min(Countla,Sufts,,n),Count(a,Sufls;,n))

n=0 aeA
MAs,,s:)=MAFlipl(s ), Flip(s,))

M(s,,8,) =Ms5,,8,) +M[ds,,s;)

M(5|,Sz)
TOTM(s,) + TOTM(s )

B(S|,52J—_‘
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if the denominator of the last fraction is equal to zero then we define 8(s|,s;) equal to 1. This degen-
erate case occurs only if the strings s; and s, are empty or consist entirely of characters with weight
equal to zero.

{In this section the functions M, M, TOTM, M, and @ are defined as above. In other sections, these
functions are defined differently.)

Next we derive an alternative formulation of &s,,s,) which provides the basis for an efficient means
for the computation of this string similarity function.

Let

Risy,s,,n =3 2 Wila) MintCount(a,Sufls,,n),Countia,Sulls,,m))
a A

Then,

Mdis|,s)= 3 Ris),s,n)

n=0

where m=Min(len(s,),Lens,}.
Define T,(s|,s,,7) to be equal to 1 if
Count(s|n],Sufis;,n+ 1)) < Countls,[n],Sufls,,n + 1}
and to be equal to zero otherwise.
Define T,(s,,5,,7) to be equal to 1 if

Count(sy{n],Sufts;,n+ 1) < Count(s,{n],Sufls,,n)

and to be equal to be zero otherwise.

Then,
R(s‘,sz,r;)—R(s,,sg,n + D =Wis,[n]) T (s,,8,,0) + Wis,[n] T,(5,,85,n)
Thus,
Ris|,s;,n) = i[W(s.[/]} T\(sy,8,,0) + Wi(s,[/]) T)is,,s,,1)]
Hence,

M,(S|,52)= 2 E[W(s,[!]) T](S],Sz,f’)‘f‘ W(Szll'])' 7’2(5],52,/‘)'

n=0/=n
Also, it is easily seen that

tents|) Lents)) tentsy) Lents))

TOTMis)= 3 3 Wisilih+ 3 3 Wis,[j)

=1 J=1 r=1 =

tenis ) Len(s)) Lents)) Lents)

=3 I wWsh+ S S Wikipts )
J=1 =i

1=1 =1
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It follows from the above equations that
M(s,,s.) < TOTM(s, )+ TOTM(s,)
so we have
0<8is,s)<1

Note that the above equations for M and TOTM are double summations of the form which can be easi-
ly computed with two accumulating registers. Thus, these equations form the basis for an efficient

means to compute 8(s,,s;).

ALGORITHM FOR THE COMPUTATION OF THE
STRING SIMILARITY FUNCTION WITH VARIABLE CHARACTER WEIGHTS

Below is shown a software implementation of an efficient algorithm for the computation of the string
comparison function with variable character weighting.

The algorithm is expressed as a subroutine in the language C. The parameters to the subroutine are
two strings named “s1’ and ‘s2’, two numbers ‘len1’ and ‘len2” which are the lengths of the strings, and
an integer array ‘W’ which contains the character weighting values. It returns a fractional number equal
to 6(s,.s,).

The size of the alphabet is set to 128 bytes. It is assumed that the members of the array T and the
variables R, M, and TOTM will not overflow.

This program is not intended to be the most efficient C subroutine for calculation of 8(s|,s,), but is
rather written to illustrate the preferred a/gorithm. Note that this algorithm runs in a time proportional
to the tength of the longer of the comparand strings.

fioat theta { s1, s2, lenl, len2, W)

char s1[}, s2[};
int lenl, len2;

int W[128];

}
inti;
int Is;
int T[128]; /* Tally Vector for 128 character alphabet */
int R; /* intermediate R Accumulator */
int M; /* Accumulator for Match (Numerator) */
int TOTR; /* Intermediate TOTR Accumulator */
int TOTM; /* Total Possible Match (Denominator) */
float theta; /* String Similarity value */
Is = lenl <len2 2 len2 : leni; /* max (lent, len2) */

/* Clear Tally Vector */
for (i=0; i< 128; i+ +) |
T[i] = 0;
|
/* Compute M, and TOTM, =/

TOTM = TOTR = 0;
M=R=0;
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for li=ls-1; i>=0;i--) |
if Ciclent ) {

T+ + <00} /0Tt

R + = Wis1[i]];
f
TOTR + = Wis1[i]};

!
if (i<len2) |

fOTs20il-- > 00 /Ty

R + = WIs2{il};

J
TOTR + = W{s2]ijl;

|
M 4 = 2*R;
TOTM + = TOTR;

/* Clear Tally Vector */

for (i=0;i<128; i+ 4) |
T[i] = 0;
!

/* Compute M, and TOTM, */

TOTR = 0;
R = 0;
for 1=0;i<ls; i++)}
if (i >=ls-lenl) |
it (T{s1(i-1s+lenl]]+ 4+ < 0)
R += WI[st{i-ls+lent]};
!
TOTR + = W(sl1]i-Is+len1]);
|
Hii>=Is-len2 ) |
if { T{s2fi-Is+len2]]-- > 0) |
R + = WI[s2[i-Is+len2]}};
J
TOTR + = WIs2[i-Is +len2]);
J
M 4 = 2*R;
TOTM + = TOTR;
!

ifTOTM = =0} |
theta = 1.0;
I

else |
theta = (M+0.0)/(TOTM+0.0);
J

return ( theta );

A A

12Tyt

50
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STRING COMPARISON FUNCTION
WITH UNMATCHED CHARACTER COMPENSATION
AND VARIABLE CHARACTER WEIGHTS

Next we describe an extension to the string comparison function discussed in the previous sections.
This extension includes variable character weighting and also provides unmatched character compensa-
tion. Unmatched character compensation provides a means for partially ignoring characters which oc-
cur in only one the strings being compared. This increases the flexibility and usefulness of the string
comparison function.

MATHEMATICAL DESCRIPTION

Assume we are given an alphabet A, a weight function W and a compensation function C. By defini-
tion, W and C are functions defined on A such that, if a€A, then Wi(a) and Cla) are non- negative in-
tegers called the wesght of a and the compensation value of a, respectively.

Furthermore, we must have Wia) > C(a).

We define a string comparison function 8 with domain A*XA* and range [0, 1} as follows:

Definition: Let A be an alphabet with weight function W and compensation function C. Let sy, s, be
strings from A*. The functions M, TOTM, and 8 are defined as follows:

Lents))

TOTMIs\)=[lenis))+ 1} 3, Wis,[/]

r=1

MJisy,s))=3 3 2Wla) Min(Countia, Suf(s,.n),Count(a, Sufls;,mhH

n=0 aeA

M/(S],52)=M,(F/lp(§|),F//p(§2])

COMP(s,,s,)=[Len(s,) + 1} 3 [Cla,) Maxt(O, Countla,,s,)~-Countia,s )|
A

M(s,,sz)=M,(s.,sz)+M,(s‘,sz)+COMP(s.,sz)+COMP(sz,s,)

Mis,,s;)
TOTM(s )+ TOTM(s,)

9(5\,52)2

If the denominator of the last fraction is equal to zero then we define 8(s;,s,) equal 1o 1. This degen-
erate case occurs only if the strings s; and s, are empty or consist entirely of characters with weight
equal to zero.

(in this section the functions M, M, TOTM, M, and @ are defined as above. In other sections, these
functions are defined differently.)

The above definition should be compared 10 the definition in the previous section of the string similari-
ty function with variable character weights (without unmatched character compensation). 1t should
be noted that the definitions of TQ7M, M,, and M, are unchanged. The functions R, /y, and 7, from the
previous section can still be defined in the same way and all of the relationships derived in the last sec-
tion are still valid.

The new factor in the definition of @ is the COMP function. The value of COMAs,,s),) 15 the tota/
weight of the characters in string s; which are unmatched in the string s,. The compensation values are



4,490,811
53 54
added to M as partial compensation for non- matching characters in the comparand strings. This allows
6 to measure two kinds of dissimifarity of words: first, strings can differ by having the same character in
different positions; second, strings can difier by having missing or extra characters.

By properly setting the character weight and compensation functions, 8(s,,s,) can be defined so as to
distinguish between these kinds of ‘dissimilarity’. Since the weight and compensation values can be in-
dependently set for each character in the alphabet A, the string similarity function can treat the two
kinds of dissimilarity differently for each character. This gives the 8 function a high degree of flexibility.

AN ALGORITHM FOR THE COMPUTATION OF THE
STRING SIMILARITY FUNCTION WITH UNMATCHED CHARACTER COMPENSATION

Below is shown a software implementation of an efficient algorithm for the computation of the string
comparison function with variable character weighting and unmatched character compensation. The al-
gorithm closely follows that of the previous section. However, code has been added to compute the
compensation functions.

The algorithm is expressed as a subroutine in the language C. The parameters to the subroutine are
two strings named ‘s1’ and ‘s2’, two numbers ‘len1’ and ‘len2’ which are the lengths of the strings, and
two integer arrays ‘W’ and 'C’ which contain the character weights and character compensations. It re-
turns a fractional number equal to 8(s,,s.).

The size of the alphabet is set to 128 bytes. It is assumed that the members of the array T and the
variables C1, C2, R, M, and TOTM will not overflow.

The variables C1 and C2 are used as intermediate accumulators to aid in the computation of
COMPAsy,s;) and COMPLs,,s,), respectively.

This program is not intended to be the most efficient C subroutine for calculation of 0(s,,s,), but is
‘ather written to illustrate the preferred a/gorithm. Note that this algorithm runs in.a time proportional
o the length of the longer of the comparand strings.

float theta { s1, s2, lent, len2, W, C)

char sT[], s2(};
int lenl, len2;

int W[128};

int C[128]);

|
inti;
int ls;
int T{128}; /* Tally Vector for 128 character alphabet */
int R; /* Intermediate R Accumulator */
int M; /* Accumulator for Match (Numerator) */
int TOTR; /* Intermediate TOTR Accumulator */
int TOTM; /* Total Possible Match {Denominator) */
int C1; /* For computation of COMP(s,,s,) */
int 2, /7 For computation of COMP(s,,s,) */
float theta; /* String Similarity value */
ls = lenl <len2 ¢ len) - lenl; /* max (lenl, len2) */

/* Clear Tally Vector */
for 1=0; i<128; i+ +) {

T(i] = 0;
!

/* Compute M, and TOTM, =/
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Ci =C2 =0
TOTM = TOTR = 0;
M =R =0,

for li=Is-1;i>=0;i--)}
if Ciclenl )|
T+ 4+ < 0| FAN ST
R + = 2°WI{st[il}
C2 - = C[s1]i}];
!
else |
C1 + = C[sHil);
|
TOTR + = W[si|i]|;
|
i (i<len2 } |
if { T[s2{i]]-- > 0} } 1* Ty
R + = 2*WIs2[i]l;
C1 - = Cs2[il};
J
else |
C2 + = C[s2[i}}
|
TOTR + = W]s2(i}];
!
M + =R,
TOIM + = TOTR;

/* Clear Tally Vector */

for( i=0;1<128; i+ +) |
T} = 0,
{

/* Compute M; and TOTM; */

TOTR = 0;
R =0
forti = -1 icls; i+ +) |
if(1 == lIs-lenl-1) |
R + = CI;
|
i ==1Is-len2- 11 {
R +=C2
!
(i >=1ls lenl )}
T i-ls +lent}]++ <0 /o Ty %/
R + = 2*Wijsi[i-Is +lenl]};
|
TOTR + = Wisl[i-Is +lent}};
|
(i >=Is-len2 )|
if { T[s2{i-1s +len2]}-- > 00| /" T %/
R 4+ = 2*WI{s2[i-Is +len2]};
|
TOTR + = W|s2{i-Is +len2}];
|

M + = R;

TOTM + = TOTR;
!
it {(TOTM= =0

)
theta = 1.0,
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}
else |
theta = (M +0.01/(TOTM +0.0);

return ( theta };

STRING COMPARISON FUNCTION WITH DIRECTIONAL BIASING
AND VARIABLE CHARACTER WEIGHTS

In this section we describe how the previously described string comparison function can be augment-
ed by providing the capability to attach importance to the relative position of the letters in a word.
Specifically, the beginning or end of a string can be more strongly emphasized. We will first define
mathematically the extension to the string comparison function and then will discuss further the uses of
directional biasing.

MATHEMATICAL DESCRIPTION

Let A be an alphabet with two weight functions W, and W,. W, is called the forward weight function
and W, is called the reverse weight function. Recall that a weight function is a non- negative function
with domain A; so W,(a) >0 and W4a) >0 for all 2eA. We will also use the bras function 8 which is de-
fined by

Bla)=W4da)-W.a)
for 2€eA.

Recall that without directional biasing, the importance of a particular character is proportional to its
weight. With directional biasing, the importance of a character at the beginning of a word is proportion-
al to its forward weight value and at the end of a word is proportional to its reverse weight value.

The string comparison function with variable character weights and directional biasing is the function
8 with domain A* < A* and range [0, 1] defined below.

Definition: Let A be an alphabet, W, and W, be the forward and reverse weight functions. Let sy, s,
be strings from A*. The functions TOTM, M, M, M, and 8 are defined as follows.

TOTMIs)=S S Wiis, i+ S S Wis i

n=0+=n n=0 /=1

Mls;,s))=3 3 2W a)Min(Count(a, Sufls,,n),Countia,Sufis,,n)))

n=0 a¢A

MAss)=3 3 2WiaMin(Count(a, Suf(Flip(s,),m),Countla,, Sufiflip(sy),m))
n=0 de€A

Ms,,s,)=M,Is,,8,} +M[s,,s,)

Mis,,s,)
TOTM(S|)‘|" TOTM(Sz)

O0(s,,s;)=

If the denominator of the last fraction is equal to zero then we define 6(s,,s,) equal to 1. This degen-
erate case occurs only if the strings s, and s, are empty or consist entirely of characters with weight
equal to zero.
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In this section, we will always use TOTM, M, M, M, and 8 as defined above. In other sections,
these functions are defined differently.

The reader should compare the above definition to the definition of the string comparison function
with variable weights but no directional biasing in a preceding section. The only difference in the defini-
tions is that M, and M, are now defined in terms of the reverse and forward weight functions W, and W,
and TOTM has been redefined to use both weight functions. When the forward and weight functions
are identical (i.e. the bias function 8 is zero), then the above definition is identical to the previous defini-
tion.

By examination of the above formula, it is easily seen that the forward weight, W, is more important
for characters near the beginning of the strings s, and s, and that the reverse weight, W,, is more impor-
tant for characters near the end of the strings. We now show a simple example which will illustrate the
effectiveness of the directional biasing function.

Let s, be the string ‘xAxx’ and s, be the string "Axxx’. Let W x)=W{x)=0, so we may ignore the
character ‘x’ for our calculations. Also, let

WAA) =2
W A)=1
50 that the forward weight of 'A’ is twice the reverse weight. Thus,

BIA) = WLA)-W (A)=1.

Then,
TOTM(s\)+TOTM{s,) =17
and
Mis,,sp)=14.
So,
Bls.,sz)=%‘

But now, if we compare the strings s; and s, defined by

s, ="xxAx’

sy ="xxxA"’
then,

TOTM(s ;) +TOTM(s,) =13
and
Mis,; s, )=10.
So,
O(sys,) = % < %‘-— =0(s,,s;)

as expected.

It should be noticed that the difference between the numerator and the denominator is equal to 3 in
both of the above two examples. It is generaily true that as characters are uniformly shifted left or right,
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that the difference between the tora/ possible match (the denominator) and the actua/ match (numera-
tor M) remains constant. The match coefficient, 8, changes however, as illustrated above.

ALGORITHM FOR THE COMPUTATION OF THE STRING SIMILARITY FUNCTION
WITH VARIABLE CHARACHTER WEIGHTS AND DIRECTIONAL BIASING

Below is shown a software implementation of an efficient algorithm for the computation of the string
comparison function with variable character weighting and directional biasing.

The algorithm is expressed as a subroutine in the language C. The parameters to the subroutine are
two strings named ‘s1” and *s2’, two numbers ‘lenl’ and ‘len2’ which are the lengths of the strings, and
two integer arrays ‘Wf' and ‘Wr’ which contains the character forward and reverse weight values. It re-
turns a fractional number equal to O(s,,s,).

The size of the alphabet is set 16 128 bytes. it is assumed that the members of the array T and the
variables R, M, and TOTM will not overflow.

This program is not intended to be the most efficient C subroutine for calculation of 6(s,,s,), but is
rather written to illustrate the preferred a/gorithm. Note that this algorithm runs in a time proportional
to the length of the longer of the comparand strings.

float theta ( 51, 52, lent, len2, Wi, Wr)

char s1{), s2[);
int lent, len2;

nt Wf[128];

int Wr[128};

{
ne i;
int ls;
mnt T{128]; /* Taily Vector for 128 character alphabet */
int R; /* Intermediate R Accumulator */
int M; /" Accumulator for Match (Numerator) */
int TOTR; /* Intermediate TOTR Accumulator */
int TOTM; /* Total Possible Match (Denominator) */
float theta; {* String Similarity value */
Is = lent <len2 ? ten2 - lent; /* max (lenl, ten2) */

/* Clear Tally Vector */

for i=0;i<128; i+ +} }
Tli] = 0;
}
/* Compute M, and TOTM, */
TOTM = TOTR = 0;

M =R =0
forli=ls-1;i> =0;i--) {
if Ciclenl ) |
FOTsHill++ < 0) | /7

R + = Wrsi[i}];
|
TOTR + = wr|s1]i}};
!
if (iclen2) )
CTs20)-- > 00 AN PO
R 4 = Wr[s2[i]};
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f
TOTR + = Wrls2lill;

!

M + = 2*R;

TOTM + = TOTR;

I

/* Clear Tally Vector */

for(1=0;1< 128, 1+ +) }
Tli} = 0;
|

/* Compute M, and TOTM, */

TOTR = 0;
R = 0;
for (i=0; i<ls; i+ +) }
if (1 >=Is-lenl) |
if (T(s1fi-ls+len1])j++ <0} § /T %/
R + = Wi|sl[i-Is+lent]};
J
TOTR + = Wif[s1[i-ls+lenl]j;
|
ifti >=Ils-len2) |
if ( T{s2(i-ls+len2]}-- > 0) | [* Ty */
R + = WI[s2[i-Is +len2]];
|
TOTR + = Wif{s2[i-Is+len2}}];

[

M+ = 2°R;

TOTM + = TOTR;
|

if (TOTM==0) |
theta = 1.0;
i

else |
theta = (M+0.0}/{TOTM +0.0);

!

return { theta );

THE FULL STRING COMPARISON FUNCTION WITH
VARIABLE CHARACTER WEIGHTS, UNMATCHED CHARACTER
COMPENSATION AND DIRECTIONAL BIASING

Now we define the complete and most complex version of the string comparison function. This incor-
porates both unmatched character compensation and directional biasing, which were introduced
separately in the last two sections. The complete string comparison function is an very flexible, function
which can be tailored for many different applications and set up to compute very different types of
string similarity. This tailoring is done by setting the character forward and reverse weights and compen-
sations to achieve the desired characteristics.

in the section below, we first define the full string comparison function mathematically and give a
software example of a preferred algorithm for the computation of the string comparison function. This
section will conclude the theoretical discussion of the string comparison function and means for the
computation of the string comparison function. In another section we will discuss preferred logic
designs and preferred hardware implementations for the computing of the string comparison function.



4,490,811
65 66

MATHEMATICAL DESCRIPTION

Let A be an alphabet with compensation function C, forward weight function W,, and reverse weight
function W,. Each of these functions is a non- negative function with domain A. Furthermore the com-
pensation of a character must be less than its weights, that is,

Cla) < MintW (a), Wia))
for all aeA.
We now define the full string comparison function @ with domain A* X A* and range [0,1]. This defini-

tion is the most complex and sophisticated definition for the 8 function.

Definition: Let A be an alphabet. Let s, and s, be strings from A*. Then the functions My, M,
COMP, M, TOTM and 8 are defined as follows:

TOTMs) =3 I Wis\[D+ 3 3 Wis /)
n=0 s=n n=0i=1

Miss)=3 ¥ 2W lapMin(Count(a, Sufts,,n)),Countia,, Sufis,,n)))

n=0 aeA

MAsy,8;)= i 2 2WiaMin(Count(a, SuflFlip(s,),n)),Countla, SuftFlip(s,),n))

n=0 a6A

COMP(s|,s)=[Len(s )+ 1} 3, [Cla,)> Maxt(0, Countla,s|}-Countla,,s,))]

2,6A

M(Shs‘))ZM,(5|,52)+AV1AS|,51)+COMP(S|,52)+COMP(52,S1)

0( ) Ml§|,53)

$,,8,)=

T TOTMIs )+ TOTMs,)

If the denominator of the last fraction is equal to zero then we define 6(s,,s,) equal to 1. This degen-

erate case occurs only if the strings s, and s, are empty or consist entirely of characters with weight
equal to zero.

The reader should compare the above definitions to those of the last two sections. This definition of
@ combines the compensation and directional biasing capabilities into a single function.

ALGORITHM FOR THE COMPUTATION OF THE FULL STRING SIMILARITY FUNCTION
WITH VARIABLE CHARACTER WEIGHTS, DIRECTIONAL BIASING
AND UNMATCHED CHARACTER COMPENSATION

Below is shown a software implementation of an efficient algorithm for the computation of the full
string comparison function with variable character weighting, unmatched character compensation and
directional biasing.

The algorithm is expressed as a subroutine in the language C. The parameters to the subroutine are
two strings named ‘s1’ and ‘s2’, two numbers ‘len1’ and ‘len2’ which are the lengths of the strings, two
integer arrays ‘“Wf" and ‘Wr’ which contains the character forward and reverse weight values, and an in-
teger array ‘C’ which contains the character compensation values. It returns a fractional number equal
to O(s,,s,).
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The size of the alphabet is set 10 128 bytes. It is assumed that the members of the array T and the
variables R, M, and TOTM will not overflow.

This program is not intended to be the most efficient C subroutine for calculation of 6(s,,s;), but is
rather written to illustrate the preferred a/gorithm. Note that this algorithm runs in a time proportional
to the length of the longer of the comparand strings.

float theta ( s1, 52, lenl, len2, Wf, Wr, C)

char s1{}, s2{};
int lent, len2;
int Wf[128]);
int Wr{128];

int C{128};

!
int i
int ls;
int T{128]; /* Tally Vector for 128 character alphabet */
int R; /* intermediate R Accumulator */
int M; /* Accumulator for Match (Numerator) */
int TOTR; /* Intermediate TOTR Accumulator */
int TOTM; /* Total Possible Match (Denominator) */
int C1; /* For computation of COMP(s,,s,, */
int C2; /* For computation of COMP(s,,8, "/
float theta; /* String Similarity value */
Is = lenl <len2 ?len2 : lend; /* max {lenl, len2) */

/* Clear Tally Vector */

for =0 1< 12814 +) |
!

/* Compule M, and TOTM, */

Cl =0C2 =0;
TOTM = TOTR = 0,
M =R =0;
forli=ls-1;i> =0, i--] |
if Ciclent )|
TSI+ + <0y /2T, *)
R + = 2*Wr[sili]];
C2 - = C[s1}il;
!
else |
C1 + = C|st1fi]};
f
TOTR + = Wrs1]i}l;
|
i Ciclen2 ) )
W OTs2])-- » 0] [T
R + = 2*Wr[s2[il];
C1 - = C[s2{i]);
|
else |
C2 + = Cs21il);
|
TOTR + = Wr{s2]i}l;
|
M + = R;
TOTM + = TOTR;
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/* Clear Tally Vector */
for (i=0;1<128; i+ +) |

) = 0;
f

/* Compute M, and TOTM, */

TOTR = ©;
R =0
for (i = -1 i<ls; i+ +) |
if (i ==ls-lenl-1) |
R += CI;
J
(i ==Is-len2-1} {
R +=C2;

if (1 >=Is-lent )}
(Tl fi-ls+lenl]]++ <0y ) /T "/
R + = 2*Wi[s1]i-Is +lent}];
|
TOTR + = Wi[s1[i-'s +-lent]|;
j
if (1> = ls-len2 )}
if (T{s2fi-ls+len2{]-- > 01} /*7,*/
R + = 2*Wi[s2]i-Is +len2]];
[
TOTR + = Wils2]i-Is +len2]|;
|
M+ =R
TOTM + = TOTR;
|

if (TOTM=

=0
theta =

)
1.0;
|
else |

theta = (M+0.0}/{TOTM +0.0);

}

return { theta J;
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APPENDIX 3

PROXIMETY DEVICES CORPORATION
5353 N. Federal Highway - Suite 200
Fort Lauderdale, Flonda 334308
Phooe: 305-491-8383

ADVANCED PRODUCT DESCRIPTION

The PF474 LSt microcircuit is a totally new

device which implements a high speed 8- o T L_J v,
proximity computer and ranker on a single sili- A -
con chip using high speed NMOS technology. ., O ) 5sAeR
A ‘8- proximity computer’ {(United States and N ) e
foreign patents pending) is a device that com- A': -
pares two symbol strings to arrive at a number 4

which is indicative of their similarity. With the * 5 -
PF474, this number is a 32-bit binary fraction e -
ranging from zero to one. The notion of similari- A, O o=

ty computed is highly sophisticated and flexible Ay [ REstT
and can be adjusted to address a wide spec- A, PF474 W
trum of applications. It is useful to think of the Ao T [T
PF474 as a scoring device that produces high A, -
scores for very similar strings and low scores sy, o,
for highly dissimilar strings. Typically, the N = =l
PF474 is used to search a list of entries that are N - v,
similar to a query which is fixed for the dura- as o
tion of the operation. When the search is com- W“:: :DJ
plete, the ranker portion of the device can be —_— ¢
accessed by the outside world to identify which WREq O —
members of the list received the highest scores. o L3 30,
This document is preliminary and is intended to cnvo [ o,

provide the information needed to facilitate lim-
ited advanced applications engineering.

FEATURES

@® Computes 32-bit 8- proximity value

All pins LS TTL compatible

@ String lengths up to 127 8-bit symbols

Designed for compatibility, the PF474 fits
naturally and simply into uP based systems

® High-reliability 40-pin ceramic DIP pack-
age 4MHz operation
® @8- proximity is tailored by internal para e- Single +5 volt supply
ter tables stored in externally accessi.le Nominal throughput is 25,000 comparisans
RAM .
and rankings per second
® Maintains internal 16-element ranked list of High-speed DMA facility permits rapid
best matches .
loading from external memory
® Permits location of 15 additional next best Smart DMA permits optional editing of the
matches : .
input data to offload certain useful prepro-
® Modern programming architecture whereby cessing tasks from the host uP

the device is controlled by addressing it as
memory and accessing assigned locations
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PKELIMINARY
Pin Functions
LABEL PIN DESCRIPTION
Vee 40 +5 Volt Power Supply
GND 20 Ground
D0-D7 21-28 Data bus (input/output - active high)
D0- D7 constitute an 8- bit bidirectional data bus. The bus is configured as an
output during read accesses to the PF474. At all other times it is configured as
an /nput.
AD-A9 1-10  Address bus (main) (input/output - active high)
AD- A9 constitute a 10- bit bidirectional address bus. The bus is configured as an
output during PF474 DMA operation. At all other times it is configured as an
input.
A10-A15 11-16  Address bus (extension) (3-state output - active high)
A10-A15 constitute a 6- bit output-only address bus. The bus is configured as
an output during PF474 DMA operation. At all other times it is in the 3-state
off condition. These six outputs together with the ten outputs A0- A9 enable the
PF474 to generate a 16- bit address during DMA operation which facilitates sim-
ple interface to most uP systems.
CE 30 Chip enable finput - active low)
CE must be active to select the PF474 in order to read from or write to its inter-
nal memory. It must be held high during DMA. Selection indicates that the ad-
dress bus is valid at the falling edge, and in the case of a write that the data bus
is valid at the rising edge.
R/W 31 Read/Write mode select (input - read- high/write- low)
This signal is an input and selects read or write mode for accesses to the PF474
internal memory during non- DMA operation.
MREQ 18 Memory Request (output - active low)
When active, MREQ indicates that the PF474 is performing a direct memory ac-
cess, and that A0-A15 contain valid data. MREQ is only active during DMA
operation.
BUSREQ 37 Bus Request (output - active Jow)
The BUSREQ signal is used to request control of the data and address buses in
preparation for a PF474 DMA operation.
BUSACK 38 Bus Acknowledge (input - active low)
This signal must appear in response to BUSREQ and informs the PF474 that it
has control of the signals necessary for its DMA operation.
e 19 Clock finput)
A single phase TTL square wave clock meets all PF474 clock requirements.
RESET 32 Master Reset (input - active low)
RESET effects a master clear of the PF474. While RESET is active, DO- D7 and
AO- A9 are configured as input, A10-A15 are held in their high impedance
state, and MREQ and BUSREQ are held high. The reset function terminates any
PF474 operation in progress including DMA transfers. RESET must be active for
a minimum of 2 clock periods.
WAIT 17 Wait (input - active fow)
WAIT is used to lengthen DMA cycles, permitting the use of arbitrarily slow
external memories. lts state is sampled and latched at each rising edge of the
clock.
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GENERAL INTERFACE CHARACTERISTICS

The PF474 is interfaced much like a 1024x8
static RAM. It has a data and an address bus, a
chip enable input and a read/write control input
line. In addition, it requires a single phase
clock. A reset pin may be connected directly to
the reset line in most systems to effect a master
clear. A DMA facility exists which permits high
speed reads from the system’s memory. The
use of this facility is entirely optional. Three
pins control the DMA operation using a simple
and widely used protocol. A single +5 volt
power supply is required.

When accessed as memory, the PF474 re-
quires a 10-bit address which is provided at
pins AD- A9 (described above). During DMA the
PF474 generates a 16 bit address. The low ord-
er 10-bits are output on pins A0-A9 and the
high order 6-bits are output on pins A10-A15
{described above). Thus, the PF474 uses its ad-
dress bus in two ways. In standard mode, the
low order 10- bits AD- A9 are used as inputs to
address a particular location within the device.
The high order 6-bits A10-A15 are held in the
3- state off condition. This mode exists whenev-
er DMA is not active. In DMA mode, the en-
tire 16-bits AD-A15 are used as outputs to ad-
dress a location of the external system’s
memory.

ELECTRICAL SPECIFICATIONS

The electrical specifications on the following
page are preliminary and subject to change
since the PF474 has not yet been character-
ized. They should serve as guidelines to aid in
preliminary applications analysis.

INTRODUCTION TO §- PROXIMITY

The simplest mechanical comparison of two
strings does nothing but determine whether or
not they are identical. Slightly more sophisticat-
ed techniques check for alphabetical order,
treat capital letters the same as small letters,
identify one string as a prefix of the other, etc.
The lack of a generally accepted function to
compute the similarity between strings that are
only slightly different has been a major handi-
cap in the development of many applications.
In particular, computers are now increasingly
being cailed upon to deal with real- world data.
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When processing such data it is absolutely
essential that a computer cope with the task of
recognizing slightly different patterns.

Developed over the last four years by
Proximity’s staff, the 8- Proximity function is a
mathematically elegant definition of similarity
that can be computed at high speeds. ldentical
strings are said to have a 8 of 1. Totally dissimi-
lar strings (no characters in common) have a 6
of 0. Slightly differing strings have 8 values
slightly below 1.

The @ function’s notion of similarity agrees
very well with human intuition; the function
‘sees’ the same similarities that people do. This
property alone makes 8 a very exciting program-
ming tool.

PROGRAMMING THE PF474

The figure below is a basic memory map of
the 1K byte region occupied by the PF474.
There are four main sections of 256 bytes. The
Control section contains command, option,
status and DMA control registers. The Parame-
ter section is a table containing a one byte entry
for each of the possible 256 symbols. The two
strings to be compared are stored in the String
section; the Ranker section contains the results
of the proximity comparisons in an internal
ranked list. A program can directly store strings
into the String region or use a software invoked
DMA process to accomplish this at greater
speeds.

768-1023 Ranker

512-767 String

256-511 Parameter

0- 255 Control
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Absolute Maximum Ratin
Limits .
Symbol Parameter vin | Max Units
Vee Supply Voltage -0.3 7.0 )
Vin Input Voltage -0.3 7.0 \
Ta Operating Temperature 0 70 Degrees °C
Terc Storage Temperature -55 | 125 | Degrees °C
A.C. Characteristics
Limits
P t it
Cycle Symbol arameter Min Max Units
f Frequency of Operation 2 4 MHz
T Clock Period (cycle time) 250 500 nsec
Clock cve
Tor Clock Rise or Fall 25 nsec
|
{ szp Clock pulse width 125 250 nsec
7 Tash RESET hold from rising ¢ edge 2 Teve
Reset Tess RESET setup to rising ¢ edge 90 nsec
TRsf Delay to 3- state configuration 100 nsec
Ter Chip enable (active) 250 1500 nsec
L Chip enable finactive), read cycle 100 nsec
TorCEi Chip enable finactive), write cycle 150 nsec
Trdweyc Read/write cycle time 450 nsec
T Address setup time 0 nsec
Read/ T Address hold time 60 nsec
Write clal
Tds Data setup time 60 nsec
Tan Data hold time 10 nsec
Toce Access from CE 250 nsec
Tam Data hold 40 nsec
Tyr Data float 80 nsec
T dnMRw MREQ pulse width 3 L
T ymacyc Read cycle time 4. T0p
DMA T 4nAh Address hold 3 T¢p
T dnMRe MREQ transition 30 nsec
TanAs Address setup 20 nsec
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The CONTROL Section

The control section consists of five registers. It occupies addresses 0-255 although only a few ad-
dresses are actually assigned at this time. Any unused location should be considered reserved for possi-
ble future use. The STATUS, OPTIONS, COMMAND and DMA registers are accessible during all
phases of a proximity computation and ranking. The ACPOS resister is accessible when SBUSY is reset,
as is explained below.

128 [ ACPOS Register |

DMA Register

4 [ COMMAND Register |

2 [ OPTIONS Register |

1 r STATUS Register I

STATUS is a read- only register located at address 1. By examining this register a program can deter-
mine if there is a proximity computation or ranking in progress.

The STATUS Register
1 [Busy Jo JoJoJolo]o]ssusy|
7 6 5 4 3 2 1 0

The low order bit SBUSY when set indicates that a Proximity computation is in progress. The String
and Parameter sections of the PF474 cannot be accessed while SBUSY is set. The high order bit BUSY
when set indicates that either a proximity computation or a ranking is in progress. The Ranker section
of the PF474 cannot be accessed during a ranking operation. Unused bits are returned as zero. The
table below summarizes the 3 possible values of this register.

Register Contents Accessibility
(Binary) PF474 Status String | Parameter | Ranker
00000000 idle Yes Yes Yes
10000001 Proximity No No No
Computer
busy
10000000 Ranker busy Yes Yes No

The significance of the 10000000 value is that the program may initiate a new proximity computation
even though the PF474 is still ranking the last one. )

We now turn to the OPTIONS register. To understand this register and the DMA process we must
first examine the alphabet of the PF474.

The PF474 deals with one byte symbols of which there are of course 256. The table below summar-
izes the special meanings attached to some of these symbols:
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Binary Symbol
Value
00000000 . NULL Used to terminate PF474 strings. This symbol is there-
fore not available for other uses.
00000001 FILL During DMA this symbol is always deleted, i.e. read
from external RAM but ignored. It has no other special
attributes.

10xxxyyy GA™ These are the 64 GA (which stands for group A) sym-
v bols. They are treated specially only during DMA and

then only if the OPTIONS register so indicates. When

xxx=yyy we call the resulting symbol SAX". For exam-

Name Description

ple, when xxx=yyy=101 we have SAS. SA stands for
state symbol/A-group. When xxx#yyy we call the
resulting  symbol TA';;:/. TA stands for transition

symbol/A-group.

11 xxxyyy GB™* These are the 64 GB (which stands for group 8) sym-
vy bols. They are treated specially only during DMA and

then only if the OPTIONS register so indicates. When

xxx=yyy we call the resulting symbol S8, . For exam-

ple, when xxx=yyy=101 we have SBS. SB stands for
state symbol/B8-group. When xxx#yyy we call the
resulting symbol TB;;;. TB stands for transition

symbol/8B- group.

The purpose of the options register is the specification of several parameters for the DMA process. It
is a read/write register with the following layout:

The OPTIONS Register
2 { cMDA | siL [ ENGB | ENGA | DELB | DELA | DELDUPB | DELDUPA |
7 6 5 4 3 2 1 0

The upper bit CMDA is used to select an automatic sequence designed to allow a very tight software
loop to control the PF474. When a DMA operation is initiated (See the DMA registers) while CMDA is
set, the following sequence of events occurs:

® If SBUSY is set, the PF474 waits until it is reset

@® The string position register is cleared (Same as writing to the ACPOS register)
® A DMA operation is performed
]

A proximity computation/ranking is initiated (Same as the GO signal to the COM-
MAND register)

By using CMDA, a program can ignore the status of the PF474 and just initiate operations as quickly
as it can. It is only after the final operation that the program needs to check the STATUS register.

The SEL bit of the OPTIONS register is used to determine whether String #1 or String #2 will receive
the DMA data. Zero selects the first string and one selects the second.

The remaining bits: ENGA/B, DELA/B, DELDUPA/B are used to specify what editing of the GA and
GB symbols is to be performed during DMA. We will describe only the behavior of ENGA, DELA and
DELDUPA in detail, since their 8 counterparts behave analogously.
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I DELA is set then all SA symbols are filtered out (stripped/ deleted) during the DMA operation. In
the example below there are three SA symbols which are deleted. There is also a FILL symbol which is
deleted.

For example, if the OPTIONS register contains xx000100:

String in external memory (hex)

2 98 33 8F 44 01 55 00 .
l [
3 55 00

44
String that arrives in PF474 string memory

11 80 2
R 22 3

if DELDUPA is set then all repeated (duplicated) SA symbols are filtered out (stripped/ deleted) during
the DMA operation.
For example, if the OPTIONS register contains xx000001:
String in external memory (hex)
11 89 22 9B 9B 33 BF 9B
11 89 22 98 33 BF 98 00

String that arrives in PF474 string memory

00

If ENGA is set then the PF474 will generate TA symbols during DMA as SA symbols are encountered.
For example, suppose the options register contains 00010000:

Input; SA1 SA2 S/\3 SA3 SA4 NULL
. 1 2 3 4
Result: SA‘ TAO SA2 T,‘"\1 SA3 TA2 SA3 SA-& TA3 NULL
The example above in hex is:

String in external memory (hex)

89 92 98 98 A4 00
|—’L
89 88 92 91 9B 9A 98 A4 A3 00

String that arrives in PF474 string memory

ENGA functions independently of DELA and DELDUPA. Also DELA overrides DELDUPA. It is
worthwhile to note that the use of ENGA/B may lengthen a string as it is transferred from external

memory to the PF474. 1t is the user’s responsibility 1o see that this never results in a siring of length
greater than 127 {excluding the NULL terminator).

The COMMAND Register

a - - T-T-T-T-Treser [co ]
7 6 5 4 3 2 1 0

The COMMAND register is used to start a proximity computation/ranking or to cause a software
reset. It is a write-only register. The GO bit 15 used to start the PF474 in cases where CMDA is not
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used (see the OPTIONS register). The RESET bit is used to perform a software reset (same function as
hardware reset pin). Specifying GO and RESET is a programming error. RESET aborts any computation
in progress and returns the PF474 to an idle state within three clock cycles. In many applications the
COMMAND register may be totally unused since the PF474 may be reset at power-on time and the
CMDA bit may be set in the OPTIONS register.

The DMA Register

9 [ Ais | A1a | A13 | A12 | Anr A1g | A9 | As
8 A7 Ab As A4 Al A2 Al | Ao
7 6 5 4 3 2 1 0

The DMA register occupies locations 8-9 and holds a 16 bit address. The PF474 maintains an inter-
nal modified flag for each of its two bytes. When both are set indicating that the program has written a
full 16 bits DMA is automatically invoked. After DMA the flags are reset. After a DMA operation read-
ing this register will provide the address immediately folowing the NULL that terminated DMA. Under
normal circumstances at most 128 characters are read from external memory. Starting DMA on a string
of longer length is considered a programming error. On some systems this increased DMA length (in
tme) might even interfere with the refresh of main memory.

The ACPOS Register

128 [ - |- T-T-T- T T-TcLear]
7

6 5 4 3 2 1 0

The PF474 contains an internal register called POS which is used during DMA as a position index.
Zero corresponds to the first string position and so on. Writing a one (actually anything) to ACPQS
zeros the POS register. The ACPOS register is not of any use if the CMDA option of the OPTIONS regis-
ter is used. To illustrate its use, suppose that the string pic is stored in external memory at address 100
and the string tur is stored at 200, and the string es is stored at 300. Then the following register opera-
tions would be needed to load the string pictures into PF474 string memory:

- Wait until SBUSY in the STATUS register is zero
- Write 1 to ACPOS

- Write 100 to the DMA register

- Write 200 to the DMA register

- Write 300 to the DMA register

Note that the ACPOS register must not be written to if SBUSY is set. ACPOS is a write- only register.

The PARAMETER Section

This section occupies addresses 256-511 and consists of 256 Symbol Parameter Control Bytes
(SPCB’s). Each SPCB controls the manner in which the PF474 processes a particular symbcl. For exam-
ple, the thirtieth SPCB has address 256 +30=286 and affects processing of the symbol having decimal
value 30. Thus it is possible to individually specify processing parameters for each symbol used in a
given application. It is worth noting that according to the scheme above, the first SPCB would control
processing of the NULL symbol. But NULL is used to mark the end of strings and is therefore not a us-
able data symbol. Therefore the first SPCB is essentially unused and writing values into it will have no af-
fect whatever on the PF474's processing. This byte may be used for other purposes. The contents of
this section are not predictable at power up time and therefore should be initialized before the PF474 is
used. However there is no need to load SPCBs corresponding to symbols that are not used in a given
application. Resetting the PF474 has no effect on this section. There are restrictions on ‘setting an SPCB
that we summarize later. Violation of these is considered to be a programming error. in the event of
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such an error, the proximity computation may produce an erroneous value but this is the only effect of
such errors. Each SPCB8 is divided into three separate bit- fields as shown below:

SPCB Layout

{  COMPENSATION | BIAS | WEICHT ]
7 6 5 4 3 2 1 0

WEIGHT is a three bit unsigned binary field used to adjust the weight (intuitively, importance) of a
symbol.

Bit-2 Bit-1  Bit- 0 | WEIGHT
0 0 0 0
0 0 1 1
0 1 0 2
0 1 1 3
1 0 0 4
1 0 i 5
1 1 0 6
1 1 1 7

Smaller values correspond to less weight. Therefore seven is the maximum weight. A weight of zero
causes the PF474 to virtually ignore the symbol. However even weight zero symbols occupy space in
a string and therefore affect to some extent the proximity computation. To avoid an internal arithmetic
overflow condition within the PF474 a rule must be obeyed when setting the weight field. This is
covered in more detail later. This rule only restricts the weight field when string length exceeds 67
characters (not including the NULL terminator). In other words, if an application will never involve
strings of length greater than 67, then weights may be used freely.

BIAS is a two bit signed two’s complement binary field that may be used to adjust the positional sensi-
tivity of the proximity computation to non- corresponding (missing or extra) symbols. Negative bias
values increase sensitivity towards the beginning of the string, reducing linearly with position. Positive
bias values increase sensitivity towards the end of the string, reducing linearly with position. A bias of
zero is the neutral setting. There is a simple restriction on the setting of bias; that the sum of bias and
weight must fall in the range 0-7. For example, if bias is set to - 1, the range of legal weights is 1-7.

Bit-4  Bit-3 | BIAS
1 0 -2
1 1 -1
0 0 0
0 1 1

COMPENSATION is a three bit unsigned binary field that is used to adjust overall sensitivity of the
PF474 to non-corresponding symbols. When set to zero the PF474 is least tolerant of non-
corresponding symbols. In this case the result of comparing a with & would be zero. Raising compensa-
tion increases tolerance. The extreme case occurs when compensation is equal to weight. For exam-
ple, if this extreme case occurs for symbols ‘a’ as well as ‘b’ then the result of comparing a with b
would be unity! Compensation is restricted in that it should never be greater than weight or greater
than the sum of weight and bias. It is useful to state generally that low compensation values place a
high weight on occurence and less weight on position while high compensation values place a high

weight on position and a less weight on occurence.
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Bit-7 Bit-6  Bit-5 | COMPENSATION
0 0 0 0]
0 (0] 1 1
0 1 0 2
0 1 1 3
1 0 0 4
1 0 1 5
1 1 0 6
1 1 1 7

Setting all SPCBs to 1 is perhaps the most basic setting (and a good one to try when getting started).
Adjusting the SPCBs is a powerful method for adjusting the proximity computation. In some cases this
adjustment will occur during a product’s design cycle and then be frozen (or static) for a given applica-
tion during product operation. More sophisticated applications may require dynamic adjustment of the
SPCBs in real-time. Having covered the basics of the SPCB we now return to the issue of weight and
bias selection vis- a- vis the PF474's arithmetic overflow design restriction. We begin by defining the to-
tal weight (TW) of a string:

[4
W=7 i8,+WAL+1)

i=1

In the equation above 8. refers to the bias of the ith symbol in the string, W, refers to the weight of
the jth symbol and £ refers to the length of the string. The overflow condition is just:

TW « 32,768
But by making some assumptions we can reduce this to a more usable table of design guidelines.

If we denote by Wmax the maximum weight we intend to use in an application and if we assume that
it would be possible for the entire string to consist of symbols of this weight, then we have:

[4
TW=WmaxL(L + N+ 3i8;

=l
if we denote by Bmax the maximum bias we intend to use in an application and if we assume that it
would be possible for the entire string to consist of symbols with this bias, then we have:
W=+ 1) (Winax + Bmax/2)

We now use this relation to provide a quick reference table:

Wmax
0 1 2 3 4 5 6 7
1 127 127 113 96 84 76 70 -
Bmax 0 127 127 127 104 90 80 73 67
-1 - 127 127 113 96 84 76 70
-2 - - 127 127 104 90 80 73

For example, if the maximum bias value used in a given application is zero and the maximum weight
is 6, then the under all circumstances strings of length 73 or less are legal.

This is a brief summary of the PF474 SPCB value restrictions:

® BIAS + WEIGHT should always be in the range Q-7
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® COMPENSATION must be no greater than WEIGHT or WEIGHT + BIAS

® The tota/ weight (defined above) must be less than 32,768

The STRINGS Section

This section holds the two strings to be compared. It is basically 256 bytes of RAM divided into two
128 byte sections. The strings are NULL terminated. They may be written here under program control,
treating the PF474 as just another memory region, or they may be loaded via DMA. The first byte of
each string is at the lowest address in the region. Because of the NULL terminator, the effective usable
string length is 127 instead of 128.

767

String 2
640
638

String 1
512

WARNING: If there is no NULL terminator, the PF474 will not behave properly.

Also, the PF474 recognizes on/y the most recent NULL written as the end of string. Thus, the following
sequence of program writes is improper:

. Write ‘¢’ to location 512
. Write ‘a’ to location 513
. Write ‘t’ to location 514

. Write 0’ to location 515
. Write ‘0’ to location 516

| R R

But the following sequence does not constitute a programming error:

. Write ‘c’ to location 512
. Write ‘a’ to location 513
. Write ‘t’ o location 514

. Write ‘0’ to location 516
. Write ‘0’ to location 515

Vb N -

This sequence is O.K. because the PF474 remembers location 515 as the last location to which a NULL
was written, which is the where we wanted the string terminated.

The RANKER Section

The primary purpose of the ranker is to maintain up to 16 slots corresponding to the best matches
that the PF474 has encountered. It occupies addresses 768- 1023 and consists of two major subsec-
tions of 128 bytes each as shown below:
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1023
Ranked List
896
895
Ranker Control
768

The Ranked List contains the slots referred to above and the Ranker Control consists of control and
status registers. Two pieces of information are maintained in a slot; a proximity value and an IRN (Inter-
nal Record Number). You will note that the strings which were compared to produce the proximity
value are NOT stored in the ranker slot. This is due to both speed and space constraints. Instead an
IRN is stored in their place. Thus IRNs should in most cases be assigned so as to uniquely identify a par-
ticular computation. For example, the IRN might be nothing more than a record number in a database.

We begin by examining the Ranker Control portion. The map below details its layout:

788 | NB Register |

786 | SIZE Register |

785 | LRANK Register |

784 | RANKED Register |

783

NXIRN Registers
776
775

LVAL Registers
768

Note that all locations are not used in the map above. Any unused location should be considered
reserved for possible future use.

The LVAL registers together contain the last 32- bit proximity value computed by the PF474. There
are eight LVAL registers occupying locations 768 through 775. Each is read only and should not be
written to. LVAL stands for Last Va/ue. The purpose of these registers is to permit a program to deter-
mine the value resulting from the last proximity computation performed (only if the last word examined
ranked). This register is is not used in most applications since the proximity values of most interest are
those which rank and therefore are stored in the ranked list. Building a 32- bit proximity value from the
contents of these registers is less than straightforward since only one nibble (4- bits) is obtained from
reading a single register. Calling the 32-bit proximity value P with bits 0-31 (0 is low order) we have
the following layout:

LVAL Layout

775 | O 0Ojotjo P3 P2 Py Po
774 10O 0O JOo]oO Pz Pe Ps Ps
773 0 0 0 0 Pi1 P10 P9 Ps
772 0 0 0 0 Pis | Pia | P13 P12
771 0 0 0 0 P19 | P18 | P17 | Pis
770 | O 0 0 0 P23 | P22 P21 P20
769 | O 0 0 0 P27 | P26 | Pas P24
768 | O 0 0 0 P31 P3o | P29 | P2s

7 6 5 4 3 2 i 0
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The NXIRN registers together contain the next 32-bit IRN to be used by the PF474. There are eight
NXIRN registers occupying locations 776 through 783. Each is a read/write register. NXIRN stands for
Next Internal Record Number. Just before a search or perhaps a phase of a search begins, the program
writes a 32-bit value into these registers, one nibble at a time as indicated by the table below. After
each proximity computation is performed the ranker circuits of the PF474 attempt to place it in the
ranked list. If the record is ranked, then the value of the NXIRN register is copied into the proper rank-
er slot along with the proximity value. Whether or not the computation ranks, but after the attempt has
been made, the NXIRN value is incremented as a 32-bit unsigned binary quantity. Thus NXIRN is a
counter which may be used to uniquely identify items in the ranked list. Calling the 32-bit IRN A with
bits 0- 31 (0 is low order) we have the following layout:

NXIRN Layout
783 0 0 0 0 N3 N2 N1 No
7821010 101]0O N7 N6 Ns N4
781 0O ]1]O0 |01} 0] N1t ] Nio N9 N8
780 | O 0 0 0 ] Nis § Ni14a | N13 | Ni2
779 1 O 0 0 0 | Nis | Ni1g | Ni7 | Nie
778 | O 0 0 0O | N23 | N22 | N2y N20
777 | O 0 0 O { N27 | N26 | N2s | N2aa
776 1 O 0 0 0 ] Nu N30 | N29 | Nas
7 6 5 4 3 2 1 0

The SIZE register is used to set the size of the PF474’s ranked list. It is a read/write register located
at location 786. Only the lower four bits are used:

SIZE Register
786 Lo ] oo o [s3[s2]st]sol]
7 6 5 4 3 2 1 0

The size of the ranked list can be set to any value from 1 to 16, by writing the desired size minus one
into the SIZE register. For example, to set the size to 11 (decimal) one writes 10 (decimal) which is
00001010 (binary). In actuality the upper four bits are ignored during a write but are returned as zero
during a read operation. Normally the SIZE register is just set to its maximum value of 15. Lower
values may slightly improve the PF474’s overall throughput but in general do not do so significantly.
However, if the user code examines the RANKED and LRANK registers after each computation, then a
smaller ranked list might significantly improve performance by reducing the frequency with which com-
putations rank.

When read the LRANK register provides the position number in the ranked list that received the last
ranked record. If a record does not rank the LRANK register is unchanged (see the RANKED register
below). It is normally used as a read- only register but can be written to. The upper four bits are re-
turned as zero.

LRANK Register
785 {oJofJololrs]rP2]P [ro]
7 6 5 4 3 2 1 0

When read the RANKED register returns high values (00001117 binary) if the last proximity computa-
tion ranked and returns zero otherwise.

RANKED Register

If last record ranked:

784 {oJolofJol 1T 111l

7 6 5 4 3 2 1 0

If last record did not rank:
784 {o0JoJoloJoloJolol
7 6 5 4 3 2 1 0
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NB is a write- only register located at address 788 which establishes the ranker’s general mode as nor-
mal or next best. In normal mode the ranker selects the best matches it encounters and ranks them.
Next- best mode is used to effectively extend the size of the ranked list by locating up to 15 next best
matches. Typically the first time the PF474 processes a list of records it is used to locate the best 16.
Then if a longer list is desired, the application program copies the IRN and the Proximity value ranked
lowest during the first pass into the highest ranked slot, then writes a one into the NB register, then uses
the PF474 to re- processes the record list. What remains is the next- best 15 matches. This process can
be repeated to get the next next-best 15 and so on. In our example we assumed the SIZE register con-
tained 15 (selecting a ranked list size of 16) but next- best processing will work for any ranked list length
above 1. It is very important to note that next- best processing will function properly only if the records
are processed in order of increasing IRN’s. It should also be noted that the SIZE register can be set dif-
ferently during the first pass and subsequent passes. For example, the SIZE register could be set to say 5
for the first pass and to 15 for the second. The NB register is not affected by a RESET and, therefore,
must be initialized before the first proximity computation is initiated.

When writing to the NB register only the lower bit is important. ‘1’ selects next- best mode and ‘0’
selects normal mode.

NB Register
7e8 [ - [ - 1. 1. 1. [-T. [Nsrac ]

7 6 5 4 3 2 1 0

We now turn to the Ranked List section of the ranker region. It occupies locations 896 through 1023
(128 bytes) and consists of 16 slots of 8 bytes. The lowest ranked slot is the first slot, occupying ad-
dresses 896 through 903. The highest ranked slot is the one corresponding to the value of the SIZE re-
gister. Thus, if the SIZE register contained 15, the highest ranked slot would be slot 15 occupying ad-
dresses 1016 through 1023.

The Ranked List

1023
Slot 15 Highest Ranked
1016
L ]
[ ]
®
993
Slot 0 Lowest Ranked
896

Each slot holds a 32-bit proximity value as well as a 32-bit IRN. Each of these occupies 4 bytes with
the low order byte in low memory. The diagram below details this layout calling the 32- bit proximity
value P with bits 0- 31 (0 is low order) and calling the 32-bit IRN / with bits 0-31 (0 is low order):

Ranker Slot Layout

Byte7 131 130 129 128 127 126 125 124
Byteb6 123 122 121 120 119 AE:] 117 116
ByteS 115 114 h3 112 I 110 l9 I8
Byted |7 6 I5 14 I3 12 h lo

Byte3 | P31 P30 | P29 | P2s | P27 | P26 | P2s | P24
Byte2 | P23 | P22 | P2y P20 | Pis | P18 | P17 | Pie
Bytel Pis | P1a | P13 § P12 I P11 | Pio Pg Ps
ByteO P7 Pe Ps P4 P3 P2 P1 Po

7 6 5 4 3 2 1 0

The ranker memory MUST be initialized after power- up and before the first comparison is initiated.
In addition it should be initialized after a software initiated reset except in cases where the status regis-
ter was examined and revealed that the ranker was not busy. Initialization must minimally consist of
writing at least one byte of data to each slot but normally consists of setting the entire list to zero.
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DMA Memory Read Cycle Timing (With wait states)

CLK
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DO-D7
AO-ATS
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PF474 AC Timings
This page summarizes the basic PF474 operating sequences
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BUSACK

102

MREQ

DO-7 e VALIDE e

AO-15 ~lvaupt

RESET

RESET oo L

............. VALID

R/W ...............................

CS e

MREQ oo |

m .......... I

DO-7 e b

APPENDIX

4

S-100 BUS INTERFACE WITH PF474

The following is an exampie of an electrical interface of the PF374 with the $- 100 Bus, a widely used
system for computer interconnections. The cCircuit described below supports appropriate Ccommunication
between the PF474, a 2K- word by 8- bit RAM. and any of the widely used computer systems which are

compatible with the S- 100 Bus.

For details on the S- 100 Bus, see The S-100 Bus Handbook by Dave Bursky, Hayden Book Com-
pany, Rochelle Park, New Jersey, 1980. For details of the TTL LS parts referred to below, see Signetics
Logic- TTL Data Manual 1978. For details on the RAM used, see the '80 Semiconductor Data Book

Hitachi IC Memories.

FIG. A4-1 shows the overall plan of the $- 100 Bus interface to the PF474. The 5- 100 bus itseli,
237, is expanded in FIG. A4-2 to show the bus signals used in this interface. S- 100 pins 79, 80, 81,
31, 30, 29, 82, 83, 84, 34, 37, 87, 33, 85, 86, 32 are Address lines 0-15 respectively (200). Signal

207 indicates Output Status (pin 45); signal 208 is the Write

Strobe (pin 77); signal 209 indicates Write

Cycle Status (pin 97); signal 210 indicates Memory Read Status (pin 47); signal 211 is Power-On Clear

{pin 99); signal 212 is Reset (pin 75); and signal 213 is Hold

Acknowledge (pin 26), indicating the relin-

quishing of the bus by the CPU. These signals are used by the control logic 206 as described below.
Signal 214 is Hold (pin 74), an input to the S- 100 bus used to request bus control for DMA. S- 100

pins 36, 35, 88, 89, 38, 39, 40, 90 are Data Qut lines 0-7
42, 91,92, 93, 43 are Data in lines 0- 7 respectively, 233.

The address tor any processor operation travels over the S-
address latch 201. As FIG. A4-3 shows, this latch consist
trolled by lines 215 and 216 as described below. The stored

respectively, 232. 5-100 pins 95, 94, 41,

100 Address lines 200 and is stored in the
s of two SN7415373s 238 and 239, con-
address is delivered through the interface

on the address bus 202. Address lines 12- 15 203 are used only by the control logic to drive chip select
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lines. Address line 11 203A is also used by the chip select logic, and may be driven by the PF474 228
during direct memory access (DMA) operation. Address lines 0-11 204 access the PF474 228 (FIG.
A4-5), and may also be driven by the PF474 during DMA. Address lines 0-10 205 access the RAM

231 (FIG. A4-6).

Three modes of data flow are supported. Data written to the board enters on the S- 100 Data Out
lines 232 and drives the tri- state buffers 234 (a SN7415244, FIG. A4-4) which are enabled by line 227.
When this line is asserted, data being written enters the data bus 236 and is accepted by either the
PF474 228 or the RAM 231. )

During read operations the other set of tri- state buffers 235 (another SN74L5244, FIG. A4-4) is en-
abled by line 226, and data from the data bus 236 is transferred to the S- 100 Data In lines 233.

During DMA neither set of buffers is enabled and data flows from the RAM 231 to the PF474 228 on
the data bus 236.

The PF474 228 is the subject of this document, with connections shown in FIG. A4-5. Bus Request
line 220 and Memory Request line 221 are outputs of the PF474. These signals control DMA operation.
The signals Reset 222, Bus Acknowledge 223, Chip Enable 224, and Read/Write 225 are inputs generat-
ed by the control logic as described below. The clock signal 229 is generated by a 4 megahertz crystal
oscillator clock 230 by a well- known method.

The RAM 231 is a Hitachi HM6116P-3 2048- word by B- bit Static Ram, with connections shown in
FIG. A4-6. The signals Write Enable 217, Chip Select 218, and Qutput Enable 219 are generated by the
control logic as described below.

The control logic 206 is described in FIG. A4-7 and FIG. A4-8. FIG. A4-7 shows the logic generat-
ing the Chip Select signals 218 and 224 for the PF474 228 and the RAM 231 respectively. Address sig-
nals 12-15 203 and their inversions generated by inverters 242-245 are the eight inputs to a jumper
platform 246. Four jumpers are assumed connected by the user from four of these eight lines to the
four output lines, selecting a 4K address space for this board. The four-input OR 247 accepts these
lines as inputs and generates a signal indicating a valid address for this board.

The three inputs of NOR 255 represent the three valid conditions for asserting any chip enable signal,
any one of which is sufficient, which are as follows. The first is a read operation: a valid address signal
from OR 247 is combined with the S- 100 Memory Read Status signal 210 (which is inverted by
Schmidt Trigger 248) in the two- input NOR 253 to generate the signal indicating a valid read.

The second is a write operation: the three-input NOR 254 combines the valid address signal from
OR 247 with the 5- 100 output status signal 207 and the S- 100 write cycle status signal 209. 207 and
209 are first protected against noise by Schmidt Triggers 249 and 250 respectively, and then restored
by inverters 251 and 252 respectively.

The third cause of a valid chip select signal is a DMA operation: the Bus Acknowledge signal 223, gen-
erated elsewhere, and the Memory Request signal 221 from the PF474 228 are combined in two- input
NOR 259. Thus three-input NOR 255 generates a Master Chip Select signal 261 indicating that one of
the two Chip Select signals 218 or 224 should be generated. Address line 11 203A determines which
chip select becomes asserted. If 203A is low, OR 256 combines 203A with the active low Master Chip
Select 261 to assert (low) the RAM Chip Select signal 218. If 203A is high, its inversion through invert-
er 258 is combined in OR 257 with Master Chip Select 261 to assert (low) the PF474 chip select signal
224,

Note that signal 225, the PF474 Read/Write control, is produced as a by- product. This signal is the
same as S- 100 write cycle status signal 209, protected against noise by Schmidt Trigger 250 and re-
stored by inverter 252. 240, 241, 260, and 261 are signals used elsewhere in controlling logic, as
described below.

FIG. A4-8 shows the remaining control logic. The PF474 Bus Acknowledge signal 223, also used as
an input to the chip select logic above, is the inverse of the $- 100 Hold Acknowledge signal 213, gen-
erated by Schmidt Trigger 262.
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The S- 100 Hold signal 214 is the PF474 Bus Request signal 220 slightly delayed by inverters 263 and
264. The inverted version of Bus Request 220 is used to disable the outputs of the address latch 201 by
line 215. )

The S- 100 Reset 212 and Power-On Clear 211 are combined in AND 265 to produce the PF474
Reset signal 222,

The inverted version 241 of the S- 100 write cycle status signal 209 is combined with the Ram Chip
Select line 218 to produce the Ram Output Enable signal 219 (Both 241 and 218 are produced in FIG.
Ad-7).

The Ram Write Enable signal 217 is the same as the S- 100 Write Strobe 208, protected against noise
by Schmidt Trigger 268 and restored by inverter 267.

The address latch enable signal 216 is generated from 260, 240 and 241 by NAND 269 and NOR
270. 260, 240 and 241 are generated in FIG. A4-7, and represent the inverses of the S- 100 signals
Memory Read Status 210, Output Status 207, and Write Cycle Status 209 respectively.

The enable 226 of read buffers 235 is the logical OR 271 of Master Chip Select 261 with 241, which
15 the inverted S- 100 Write Cycle Status signal 209. The enable 227 of the write buffers 234 is pro-
duced by the logical NAND 272 of PF474 Bus Acknowledge signal 223 (generated above as the inverse
of 5- 100 Hold Acknowledge signal 213) with the enable 226 of the read buffers 235.
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We claim:
1. An indicia string comparator circuit for providing
a numeric measurement of the degree of indicia string
similarity between a record indicia string and a query
indicia string, comprising;
first means including an output for presenting record
string indicia and query string indicia alternately
and for presenting control information at said out-
put, said first means connected to a digital source of
record string indicia and query string indicia,
read/write memory operably connected to a second
means,
said second means having an input operably con-
nected to said output of said first means, said sec-
ond means having an output, said second means for
reading from and writing to said read/write mem-
ory and for indicating at said output of said second
means common portions of the indicia strings by
generating control signals based on indicia counts,
and
third means includes an input and output, said input
of said third means connected to said output of said
second means, said third means for computing a
numeric measurement of the weight of the com-
mon portions of the indicia string, and for present-
ing a digital signal representing said numeric mea-
surement at said output of said third means.
2. An indicia string comparator circuit as set forth in
claim 1, wherein;
said indicia string comparator circuit including said
first means, said read/write memory, said second
means, and said third means for computation in a
time span generally proportional to the average
length of said indicia strings.
3. An indicia string comparator circuit as set forth in
claims 1 or 2, wherein
said indicia string comparator circuit provides the
degree of indicia string similarity which approxi-
mates the formula;

LL + 1) — (mlawi)nmav.)) + (n{aw.n(awni)

Stwv) = 0L+ D

4. An indicia string comparator circuit as set forth in
claim 1, wherein
said first means including parameter means having an
input connected to said first means and an output,
said parameter means for presenting at said output
of said parameter means the indicia’s weights,
said second means for presenting at said output of said
second means the indicia weights obtained from
said first means.
5. An indicia string comparator circuit as set forth in
claim 4, wherein
said parameter means for presenting the indicia’s
weight and the indicia's compensation values,
said second means for presenting the indicia weights
and compensation values obtained from said first
means at said output of said second means.
6. An indicia string comparator circuit as set forth in
claim 4, wherein;
said first means includes string control means and said
parameter means is a parameter generation means,
said string control means including an output, said
string control means for presenting record string
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indicia and query string indicia alternately and
presenting control information,
said parameter generation means connected to said
output of said string control means, and said pa-
rameter generation means for presenting an indicia
weight value for the indicia input from said string
control means and for presenting all the inputs
from said string control means, said output of said
parameter generation means is said output of said
first means.
7. An indicia string comparator circuit as set forth in
claim 6, wherein:
said parameter generation means for presenting an
indicia weight and an indicia compensation value;
said second means for presenting the indicia weights
and compensation values obtained from said first
means at said output of said second means.
8. An indicia string comparator as set forth in claim 1,
wherein:
said third means includes R means having an input
and output and M means having an input and out-
put,
said R means for providing a tally of common por-
tions of the indicia strings by summing input from
said second means, said R means input is said third
means input,
said M means for computing a numeric measurement
of the common portions of the indicia string by
summing input from said R means, said output of
said R means connected to said input of said M
means, said output of said M means is said third
means’ output.
9. An indicia string comparator as set forth in claims
4 or 6, wherein;
said third means including R means including an
input and output, and M means including an input
and output;
said R means for providing a tallying sum of the
weights of the weights of the common portions by
summing input from said second means, said input
of said R means is said input of said third means;
said M means for providing a numeric measurement
of the weight of the common portions of the indicia
strings by summing input from said R means, said
input of said M means connected to said output of
said R means, said output of said M means is said
third means’ output.
10. An indicia string comparator as set forth in claims
Sor7;
said third means for computing a numeric measure-
ment including CA means including an input and
output CB means including an input and output, R
means including an input, and output M means
including an input and output,
said CA means for providing a numeric measurement
of the sum of the compensation values of the indi-
cia of the shorter string unmatched by indicia in the
longer string, said input of said CA means is said
third means input,
said CB means for providing a numeric measurement
of the sum of the compensation values of the indi-
cia of the longer string unmatched by indicia in the
shorter string, said input of said CB means con-
nected to said output of said CA means,
said R means for providing a tallying sum of the
weights of the common portions and of the com-
pensations by summing output from said CA
means, CB means and said second means, said input
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of said R means connected to said output of said
CB means,

said M means for providing a numeric measurement
of the weight of the common portions of the indicia
strings by summing input from said R means, said
input of said M means connected to said output of
said R means, said output of said M means is said
third means’ output.

11. An indicia string comparator circuit as set forth in

claims 1, 2, 4, 5, 6, 7, or 8, wherein

fourth means having an input and output, said fourth
means for computing a numeric measurement of
the total weight of the indicia strings, said fourth
means connected to said output of said second
means.

12. An indicia string comparator circuit for providing
a numeric measurement of the degree of indicia string
similarity between a record indicia string and a query
indicia string, comprising: »

a first means connected to a digital source of record

string indicia and query string indicia;

said first means includes string control means and a
paramenter generation means,

said string control means including an output, said
string control means for presenting record string
indicia and query string indicia alternately and
presenting control information at said output of
said string control means,

said parameter generation means connected to said
output of said string control means, and said pa-
rameter generation means for presenting an indicia
weight and an indicia compensation value for the
indicia input from said string control means, for
presenting all the inputs from said string control
means and for presenting an indicia weight and an
indicia compensation value,

read/write memory operably connected to a core
means,

said core means having an input operably connected
to said output of said parameter generation means,
said core means having an output, said core means
for reading from and writing to said read/write
memory and for indicating at said output of said
core means common portions of the indicia strings
by generating control signals based on indicia
counts,

CA means having an input and output for providing
a numeric measurement of the sum of the compen-
sation values of the indicia of the shorter string
unmatched by indicia in the longer string, said
mnput of said CA means connected to said output of
said second means,

CB means having an input and output for providing a
numeric measurement of the sum of the compensa-
tion values of the indicia of the longer string un-
matched by indicia in the shorter string, said input
of said CB means connected to said output of said
CA means,

R means for providing a tallying sum of the weights
of the common portions and of the compensations
by summing output from said CA means, CB means
and said second means, said input of said R means
connected to said output of said CB, means,

M means for providing and presenting a digital signal
representing a numeric measurement of the weight
of the common portions of the indicia strings by
summing input from said R means, said input of

5
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said M means connected to said output of said R
means,

fourth means having an input and output, said input
of said fourth means connected to said output of
core means, said fourth means for computing and
presenting a digital signal representing a numeric
measurement of the total weight of the indicia
strings.

13. An indicia string comparator circuit as set forth in

10 claim 1 or 8 including,
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a fourth means including TOTR means and TOTM
means,

said TOTR means having an input and output for
providing a tally of indicia by summing input from
said second means, input of said TOTR means
connected to said output of second means,

said TOTM means having an input and output for
providing a numeric measurement of the total
weight of the indicia strings by summing input
from said TOTR means, said input of said TOTM
means connected to said output of said TOTR
means, said output of said TOTM means is said
fourth means’ output.

14. An indicia string comparator circuit as set forth in

claims 12, wherein:

said fourth means including TOTR means and
TOTM means,

said TOTR means having an input and output for
providing a tally of indicia by summing input from
said second means, input of said TOTR means
connected to said output of core means,

said TOTM means having an input and output for
providing a numeric measurement of the total
weight of the indicia strings by summing input
from said TOTR means, said input of said TOTM
means connected to said output of said TOTR
means, said output of said TOTM means is said
fourth means’ output.

15. An indicia string comparator circuit as set forth in

claim 14, wherein

divider means including an input and output, said
divider means for computing and presenting a digi-
tal signal representing the ratio of the output of said
M means over said output of said TOTM means.

16. An indicia string comparator circuit as set forth in

claim 8 including,

a fourth means including TOTR means and TOTM
means,

said TOTR means having an input and output for
providing a tafly of indicia by summing input from
said second means, input of said TOTR means
connected to said output of second means,

said TOTM means having an input and output for
providing a numeric measurement of the total
weight of the indicia strings by summing input
from said TOTR means, said input of said TOTM
means connected to said output of said TOTR
means,

divider means including an input and output, said
divider means for computing and presenting a digi-
tal signal representing the ratio of the output of said
M means over said output of said TOTM means.

17. An indicia string comparator circuit as set forth in

claim 12, wherein

said indicia string comparator circuit including said
first means, said read/write memory, said core
means, said CA means, said CB means, said R
means, said M means and said fourth means for
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computation in a time span generally proportional
to the average length of said indicia strings.

18. An indicia string comparator circuit as set forth in
claim 14 including:

divider means including an input and output, said
divider means for computing and presenting a digi-
tal signal representing the ratio of the output of said
M means over said output of said TOTM means,

a bus control means connected to said string control
means and said parameter generator means for
controlling all external accesses to said indicia
string comparator circuit and a ranker means and
for monitoring the activities of said ranker means
and the indicia string comparator means;

said ranker means for maintaining a ranked list of the
best string comparison results for saving said
ranked list in a memory accessible to external de-
vices, for having said ranked list contain entries
consisting of a record pointer and a string similarity
coefficient, and for having said string similarity
coefficient as an input from said divier means.

19. A system circuit as set forth in claim 18, including;

a Master Control means connected to said bus control
means and said string control means for automatic
loading of words from an external memory into the
memory of said string control means.

20. A word comparator device for use with a digital
data processing device and an input/output display
device, said word comparator device for providing a
numeric measurement of the degree of indicia similarity
between query words and record words whereby said
records words can be ranked by said digital data pro-
cessing device and displayed according to rank by said
mput/output display device in a quick and expeditious
manner, comprising:

a selecting means having at least one selecting means
input and a selecting means output, said selecting
means for alternately addressing and routing a
query word character and a record word character
to said selecting means output;

said record word storage area electrically coupled to
a selecting means input;

said query word input/output device electrically
coupled to a selecting means input;

a read/write memory means having a memory means
input, memory means output, and updating input,
said memory means input is connected to said se-
lecting means output, said read/write memory
means for storage and retrieval of numeric infor-
mation addressed by said selecting means;

control timing circuit means for selecting either the
read or write mode of said read/write memory
means and for defining whether a query word or
record word is being processed, said control timing
circuit connected to a selecting means input for
controlling the input of query words and record
words;
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said control timing circuit means connected to said
read/write memory means,

an adder means including an adder input connected
to said read/write memory means output and an
adder output, said adder means for incrementing or
decrementing the numeric information and updat-
ing of said read/write memory means;

said control timing circuit means for controlling the
state of said adder means, connected to said adder
means;

latching means connected to said adder output, said
latching means for updating said read/write mem-
ory means with said adder output;

said control timing circuit means for controlling the
state of said latching means, connected to said
latching means;

a test means including comparator means, said test
means for generating a test output depending on
the state of said control timing circuit means, said
test output being representative of the numeric
character similarity between a query word and a
corresponding record indicia string;

said control timing circuit means for controlling said
test means, connected to said test means; and

output latch means connected to said test means; said
output latch means for providing an output which
represents a cumulative numeric measurement of
the numeric character similarities representative of
the degree of word similarity between the record
word and the query word.

21. A method of ordering stored data words using a
general purpose electronic data processor having a
central processing unit with a working storage area, at
least one random access storage device and at least one
input/output means, said method of ordering stored
data words comprising the steps of:

generating a query word of sequentially ordered data
characters;

generating strings of sequentially ordered stored data
word characters, each said string representing a
stored data word;

comparing each ordered data character of each said
stored data word with a respective ordered data
character of said query word;

calculating a forward similarity function between
said query word and each said stored data word;

reversing the ordered sequence of said query word
data characters and each said stored data word;

comparing each ordered data character of each said
string with a respective ordered data character of
said query word;

calculating a reverse similarity function between said
query word and each said stored data word;

calculating a total similarity function between each
said stored data word and said query word;

ordering said stored data word relative to said total

similarity function.
* - * L] *



