12260 1’}

1 96 05 7 4 84 Signal Processing Apparatus and Method This invention.
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appllcable to processing signals which can con51st of a

plurality of components each répresentative of an aspect
of a physical entity and the invention provides means
for improving the information content or réﬁucinéixhe
uncertainty of such signals.

Signal processing systems are known which process
signals consisting of a plurality of components in
accordance with predetermined information about
relationships between the components. So-called
'tartificial intelligence' systems employ processors
which represent known relationships in some form of rule
representation and apply the rule representation to an
input signal to pioduce an output signal having an
enhanced information content. Conventionally, the rule
representation may contain a large number of logical
relations between the possible components of the input
signal (which generally speaking represent known
information about a physical entity) and a searching
process 1is- carried out through the rule representation
in an attempt to derive further relations and
information. During.the searching process further rules
nay be established and a large amount of information may
have to be stored concerning the results of the
application of individual rules already visited. Thus a
problem with conventional systems is that storage
requirements may become very large. This has proved a
disadvantage when attempting to implement conventional
systems in small-scale processing apparatus, such as

‘microcomputer systems.

Considerable effort has also been devoted to rule
searching strategies in an attempt to find techniques
for rapidly arriving at the required information, but.

none of the known techniques are entirely satisfactory.



_representation may contain a large nunber of |ogical retations between the

possi bl e ‘conponents of the input signal (which generally speaking represent
known informati on about a physical entity) and a searching process )
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possible means for receiving said input signal and o
identifying any set which contains 1nformatlon gbout a
component of said input signal which is determlnate A
neans for identifying from the respective identified
set(s) the combinations consistent with 'the values of
components of the input signal, and means for
determining from the identified combinations 1nformat10n
about the value of at least one component of the input
signal.

Viewed from another aspéct, the invention provides
a method of enhancing the information content of an
input signal by the use of stored rule information,
comprising storing the signal in register means as a
plurality of two-bit pairs each corresponding to a
variable in the input signal, the rule information being
stored as binary words each representing an allowable
combination of the variables ordered in the same ranner
as in the inpﬁt éignal, taking all of the first bitg of .
the pairs as a first signal component and the second
bits as a second signal component, combining in an OR
relation a rule binary word with one of the first and
second components, combining in an OR relation the
complement of the binary word with the other of the
first and second components, and storing the resulting
combinations in register means as an output signal.

Viewed from a third aspect the invention provides a
method of processing data in accordance with information
contﬁined in a set of rules each expressing a relation
between a plurality of variables, comprising converting
each rule to a plurality of first binary words
indicating whethér or not particular combinations of
variables are allowable and a second plurality of binary.



.2 Viewed fromone aspect, the invention provides sigmal processing’
apparatus for reducing the uncertainty of -an input signal which can consi st

~of a plurality of conponents, conprising neans for storing a signa
representation of sets of comnbinations of said conponents which indicate
whet her the conbinations are possibleg, nmeans for receiving said input
signal and identifying any set which Contains informtion about a conponent
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ConpomyUaplagmgsi@%&eé&gnﬁk'the same order in all the first and
second words, taking data containing known values of at
least one o% said variables, ;Qentifying from the second
words any rule involving the Known variable or
variables, selecting the first words corresponding to
the identified rules and using the selected words to
determine the wvalue of at least one other wvariable.

Viewed from a fourth aspect the invention provides
rule representation apparatus for processing inforration
contained in a set of rules each expressing a reiation
between a plurality of variables, comprising a rule
memory arranged to store binary words each indicating
whether or not a particular combination of variables is
allowahle, said words including bits representing the
respective variables in the combinations, a control
memory arranged to store respective binary words for
each rule with the bits of each word indicating whether
a particular variable is involved in the corresponding
rule and the order of the variables associated with the
rule memory words being the same as that of the control
memory words, and addressing means providing access to
each rule memory binary word of a particular rule in
response to an outpuf of the control memory indicating
that the particular rule is required. '

Preferably the components of the input signal
comprise binary representations of aspects of a physical
entity; further preferably, the means for storing is
arranged to store an array of binary codes each
representing a combination of said components which is
known to be possible.

. Certain embodiments of the invention will now be
described by way of example and with reference to the
accompanying drawings, in which: )

Figure 1 illustrates the general concept of a

signal processing method according to the invention:



“Viewed from anot her aspect, the invention provides a nethod of enhancing
the information content of an input signal by the use of stored rule
_information, conprising storing the signal in register nmeans as a plurality

~of two-bit pairs each corresponding to a. variable in the input signal, the
rule information being stored as binarxgmords each representing an
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Figure 3b illustrates the operation of the rule
base scanning unit of Figure 3 in flow chart form:;

Figure 3c illustrates the operation of the rule
consultation unit illustrated in Figure 3 in flow chart
form;

Figure 3d illustrates the operation of the rule
determination unit in flow chart form. :

Figure 4 illustrates in more detail the rule
consultation unit of Figure 3;

Figure 5 illustrates the contents of registers in
the apparatus of Figures 3 and 4;

Figure 6 illustrates the structure of the rule base
of the apparatus of Figs. 3 and 4;

Figure 7 illustrates the processing of a single
rule;

Figure 8 is a flow chart of steps carried out in
the rule consultation unit of Figs. 3 and 4; *

Figure 9 illustrateé:the logical process for
identifying rules to visit performed by the rule base
scanning unit of Fig. 3;

Figure 10 shows the same process as Figure 9 on a
second iteration;

Figure 11 shows the results of the rule
consultations of Figs. 9 and 10;

Figure 12 illustrates a rule consultation process
using an array rule representation;

- Figure 13- shows the inference engine of Fig. 3

extended with a rule determination unit and further
registers;

BN

Figure 14 illustrates the process of derived rule
determination:; '

Figure 15 illustrates the process of theorem



".between a plurality of variables, conprising.converting each raule-to-a:- -
plurality of first binary words indicating whether or not particular

conbi nati ons of variables are allowable and a second plurality of binary.

-3 words each corresponding to a rule and indicating which variables are
i'nvol ved in that rule, individual bits in the first and second words
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provi des apparatus is arranged to recelive an input signal
designated the input state vector SV and to convert it
into an output signal, the output state vector, by the
application of information contained in a rule base.
The input state vector may contain information in some
of the locations sl to sN about known aspects of a
physical entity, for example the state of sensors, but
generally other components of the input state vector
will be unknown. It is the functioﬂ of the signal
processing apparatus and method to determine soﬁe or all
of the unknown components where the rule base enables
this. The output state vector is said to be the
conjunction of the input state vector and the rule base.

In the present system the possible values stored in

the state vector each have one of four possible two-bit
forms which have the following meaning:

0 1 true
1 0 false
1 1 tautology (undefined or don't care)

0 0 contradiction

Figure 2 shows three possible ways of representing
in a digital form a propositional relation between three
aspects of a physical system. The following ruie is
given by way of example:
"If the system is at standby, or no disc is present,
then the turntable is not rotating.®

The Figure shows three binary state variables STBY,
DISC, and ROTATING. Note that this rule is silent on
certain combinations of the variables and thus also
permits the turntable to be not rotating if a disc is
present but the system is not at standby. Figure 2a
shows an array form of representing this rule in which =
each of the eight bits in the boxes is associated with
one of the eight combinations of the three variables and
indicates whether or not that combination is allowable.



.rule representation apparatus for processing information contained in a set
of rules each expressing a relation between a plurality of vari abl es,
conprising a rule nmenory arranged to store binary words each indicating
“.whet her or not a particular conbination of variables is allowable, said
words including bits representing the éespective vari ables in the

conbi nations, a control nenory arranged to store respective binary wor ds
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means for storing
listed. Flgure 2c shows the complementary negative

index form which lists the unallowable combinations.
Referring now to Figure 3, the main components of
the signal processing apparatus, also referred to as an
inference engine, are shown. The apparatus comprises a
rule base memory 2 which is a memory'in which thg rules
are stored, preferably in positive index form. It is to
be noted that the rules (the columns in the Figure) will
generally not be all the same size, depending upon the
number of legal combinations in each rule. This is
indicated by the different suffices C, J, D and S. 1In
addition, the apparatus includes a proposition structure
(PS) memory 1 which indicates the reiation between the
rules and the variables, i.e. which rules involve which
variables. For example, a binary 1 will be stored at
location Bij if variable Vj is involved in rule Ri. The
information measured from the environment is stored in
state vector register 10 and the apparatus includes a
rule consultation unit 5 which operates on the contents
of this register using the information contained in the
proposition structure memory 1 and rule base memory 2 to
provide new values in the state vector register 10 with
all possible new information deduced. During this pro-
cess a list is kept in explanation vector 7 of the num-
bers of rules which have led to new information, and if
a contradiction is encountered the number of the rule
giving the contradiction is stored in contradiction rule
number register 6. The rules which are consulted are
determined based on the information in proposition
structure memory 1 by a rule base scanning unit 3, rule
list register 4 and variable control and rule control
registers 8 and 9 as will be described in more detail



- arranged to store an array of binary codes each representing a conbination

of said conponents which is known to be possible. Certain enbodi nents of
the invention will now be.described by way of exanple and with reference to
.the acconpanying drawi ngs, in which: Figure 1 illustrates the general
concept of a signal processing nethod ﬂccording to the invention; 4
Figure 2 represents three possible ki nds of know edge representation;
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in the flow chart adjacent the blocks in the- flow chart
of Flgure 3a. : )

Before proceeding with a more detalled description

of the apparatus, the information processing (inference)
procedure will be explained with reference to a very
simple case of only one rule. Assume, for example, that
the rule is:
uIf A or not B, then not C". This rule is transformed
to positive index form:

HRPOOOM
PFOoOrROW
coroon

Suppose the input state "A is true; B and C are
unknown! is measured from the environment. Thus, we
have the input state vector:

A 0 1
B 1 1
c 1 1

The rule consultation unit is effective to identify
all of the rows in the rule matrix which satisfy the
input state vector constraints. In this example it is
the last two rows only. Each column of the sub-matrix
containing only the identified rows is then tested: if a
column contains all 1s the corresponding state variable
is bounded to be true; if all of the values in the
column are 0, the state variable is bounded to be false:
and if both 0 and 1 appear the state variable is
unbounded (tautology). Thus we have the following
output state vector after the consultation:

A 0 1
B 1 1
c 1 0



_base scanning unit of Figure 3 in flow chart form Figure 3c illustrates
the operation of the rule consultation unit illustrated in Figure 3 in flow
chart form Figure 3d illustrates the operation of the rule determ nation

“.unit in flow chart form Figure 4 illustrates in nore detail the rule
consultation unit of Figure 3; Figurg 5 illustrates the contents of )
registers in the apparatus of Figures 3 and 4; Figure 6 illustrates the
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iIIustrat%% t he, processing of a single rule; Figure 8 is a flow chart of
steps cAPfT&Y™but in the rule consultation.unjt. of Figs. 3 and 4; Figure 9
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the rul ¢,83%8 186NBhPEa ALt Qf thegrule base memory 2 and Y
’ proposition structure memory 1 will first be discussed. -
A precondition for simple inference methods is an_
unambiguous and compact knowiedée representation. In .
conventional systems both of the well-known elements of
knowledge, namely rules and facts, are stored in the
same "knowledge base". In the present invention a clear
distinction is made between rules and facts: rules or
propositional functions are stored in the rule pase
memory 2 and facts are stored in the state vector
register 10. Simple expressions and propositions like
“"A and B", “"A or not A" (tautology) and "A and not A"
(contradiction or inconsistency) are regarded as facts
and not rules.

In a practical system, an operator interface (known
as a compiler) has to be provided for converting rules
expressed by an operator as logical relations into the
binary form (preferably positive index form) used in the
rule base memory. The compiler may also check for
redundancy in the input information and inconsistency
with previous rules. The former may be carried out with
the theorem proving technique described later, and the
latter with the derived rule technique. With current
technology the positive index form is the most suitable
due to high rule consultation speed, but the other forms
nay be used if preferred.

In the rule base memory 2 each legal bit
combination in a rule is stored in an addressable memory
location, e.g. in a 16-bit word. As mentioned above,
the rules may have different sizes; thus the first rule
ma? occupy C words and the second J words. The order of
the individual legal combinations in a rule is without
importance for the function of the invention. Howéver,

the order of the state variables is important because of
the addressing mechanism used, as will be described.



"JFigure 10 shows the sane process as Figure 9 on a second iteration; Figure
11 shows the results of the rule consultations of Figs. 9 and 10; Figure 12
.illustrates a rule consultation process using an array rule representation;
Figure 13-shows the inference engine of Fig. 3 extended with a rule
deternination unit and further registers; Figure 14 illustrates the process
of derivenheuVardahmaﬁliniany Faler aréborBletetlr dheaddwqHeessieh t heorem

5 Proving, aBfnbroWchelfs 'Aéfééiﬁé?ée%hﬁe%‘}%‘éﬁs +0f DG 100, o BeLGr i N0

first to Flgure : e 3|gna processin
or “domaln‘ This makes it possible to make a very

simple addressing of rules and variables.

As mentloned above, the proposition structure
memory 1 indicates the binary relation between rules and
variables. Bij is 1 if variable j is found in rule i,
else 0. One may regard the contents of the PS memory as
the fundamental addressing information which is used to
determine which rules to visit. A simple example
illustrating the contents of the rule base memory 2 and
the proposition structure memory 1 is given in Fig. 6.
This concerns the following two rules: )

Rule 1: Y"If the system is at standby, or no disc is
present, then the turntable is not rotating".

Rule 2: "The pickup is on, if and only if the turntable
is rotating".
An order for the variables is selected to apply
throughout the whole system, for example the
alphabetical order shown. The rules are transformed to
positive index form (legal combinations), with the
variables ordered in accordance with the predefined
scheme or domain. The binary patterns are stored in the
rule base memory 2. The corresponding proposition
structure is stored in the PS memory 1. This clearly
indicates that rule 1 involves STBY, DISC and ROTATING
and rule 2 involves PICKUP and ROTATING. The variables
within the rule words are ordered in accordance with the
common domain, so the information in the PS memory
indicates which variable the bits of the rule words
represent. The operation of the rule base scanning unit
3 is illustrated in the flow chart of Figure 3b (the
respective APL code is also provided).

Alternatively, the information stored in the PS

memory may be represented in one of the following index
forms:



“.apparatus is arranged to receive an input signal designated the input state
vector SV and to convert it into an output signal, the output state vector,
.by the application of information contained in a rule base. The input state
vector may contain information in sonme of the |ocations sl to sN about
known aspects of a physical entity, ¥br exanple the state of sensors, but
generally oth co n t he J.nput _stat ector. will be unknown. It is
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care) information in Figure 6 are:

(1) Rule 1: 1 3 4

Rule 2: 2 3 , or:
(2) Var 1: 1

Var 2: 2

Var 3: 1 2

Var 4: i

The rule consultatjon unit 5 will now be explained
in more detail firstly with reference to processing a
single simple rule. The operation of consultation unit
S is illustrated in Figure 3c in flow chart form. Fig.
7 represents the simple rule: "If the system is at
standby, or no disc is present, then the turntable is
not rotating".

The input state measured from the environment is assumed
to be "the system is at standby", giving the input state
vector SV shown. The rule consultation unit identifies
rows in the rule matrix satisfying the state vector
constraint, i.e. the shaded area. As mentioned above,
each column in the shaded sub-matrix is tested and any
column containing all 1s or all 0s is deduced to have
the bounded value true or false respectively. Thus the
output state vector shown is determined, with the
interpretation 'when the system is at standby, the
turntable is not rotating:; whether or not a disc is
present is not known".

In this process the input state vector may be saiqd
to be conjugated with the rule and the conjunct
projécted on every axis to determine the corresponding
output state vector. If the rule is represented in
positive index form, this process can be implemented
with a very simple binary pattern recognition which is
easy to execute in hardware. Referring to Figs. 4 and



.0 0 contradiction Figure 2 shows three possible ways of representing in a
digital forma propositional relation between three aspects of a physical

. system The following rule is given by way of exanple: "If the systemis at
standby, or no disc is present, then the turntable is-not rotating." The

Fi gure shows three binary state varlﬁbles STBY DI SC, and ROTATING Note -
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51gn1flcant bit of the state vector. In order to
optimise executlon speed, the input constraints of the
state vector are stored in two -further local sixteen bit
registers TV (true variables) and BV (bounded variables,
i.e. known to be true or false). The initialisation
unit 5.1 determines the rule address and the local input
state vector by means-of the global state vector 10 and
proposition structure memory 1. Initially the local
state vector registers are reset to zero. Thus in the
present example the initial values of the local
registers are

SV(1) = ...000
SV(2) = ...000
TV = ...001
BV = ...001

The steps of Fig. 8 are carried out in the scanning and
projection uhit 5.2 for a rule with N words W1, W2, ...
WN. 1In step 8.1 a temporary counter i is set to -0 and
in step 8.2 the current word is loaded. In step 8.3 it
is determined whether the current word satisfies the
state vector constraints and if it does not the next
word is loaded via steps 8.4 and 8.5. If it does, the
word is further tested via steps 8.6 and 8.7 which in
effect OR the respective bits of the rule word with the
corresponding upper bits of the local state vector and
OR the complement of the rule word with the lower bits
of the local state vector. It is to be noted that the
steps 8.6 and 8.7 can be performed in either order and
it is indeed possible to execute these operations in
parallel for increased speed. The process terminates
when all of the words have been tested as indicated by
step 8.5.

In this example the result of this process will be

SV (1) 110
SV (2) 101

]



"6 This form of representation has the disadvantages that nore information
‘than necessary is stored, and that the array can becone very |arge and
difficult to address when the nunber of variabl es becomes | arge. Figure 2b
shows the rule represented in positive index formin which only the

al l owabl e conbinations are listed. Bygure 2c shows-the conpl enentary
negative index formwhich lists the unall owabl e conbi nati ons. Referring now

to Figure 3, the main conponents of the signal processing apparatus, also
referred“ﬁ%‘é%hanfphﬂéﬂéﬁeekﬁﬁﬁﬁﬂ§e§%§§0%homn The apparatus conprises a

rul e base menory 2 nenDry in which the rules are stored,
preferably in p03|§W3éS ﬁgz%%forn1 Is to be noted that the rules (the
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col ums dhe Figurg) wljl ge be all the same size, depending
upon th?gﬁ cOf %gal Q)Onbl afﬂ &%;each rule. This is indicated by

the dif t sufflc%s C 4, @yyﬁég In addition, the apparatus includes a
prop05|t|on structure ,

The control and explanation unit 5.3 updates the
global state vector and the global control and
explanation registers in accordance with the local
output state vector registers SV(1l) and SV(2). The
global state vector 10 is updated from the individual
local sub-registers SV(1) and SV(2). The addresses of
the variables are read from the PS memory. If the local
output state vector is found to be a contradiction, the
CRN register 6 is updated with the index or similar
addressing information of the contradiction rule and the
state search is then interrupted.

The explanation vector EV 7 is updated if one or
more variables were deduced during the rule
consultation. In the above-mentioned example, ROTATING
was deduced to be false. Hence, the rule index or
similar addressing information is put into the ROTATING
element of the EV register. The index is read from the
PS memory.

Similarly, the variable control register VC 8 is
updated if one or more variables were deduced during
rule consultation. Again, in the above-mentioned
example logical 1 is put into the ROTATING element of
VC. Note that only newly bounded variables are
identified in the VC register for rule control as
described later. The rule control vector RC 9 is
updated if the number of tautologies in the local output
state vector is 0 or 1. A logical O is then put into
the RC index of the current rule and this has the effect
that that rule will not be consulted again.

At the end of the rule consultation the newly
inferred information is available for all of the other
rules and for the external environment.



"(PS) menory | which indicates the relation between the rules and the
vari ables, i.e. which rules involve which variables. For exanple, a binary
.1 will be stored at location Bij if variable Vj is involved in rule R. The
information nmeasured fromthe environnent is stored in state vector
regi ster 10 and the apparatus include3 a rule consultation unit 5 which
operates on the contents of this register using the information contained
in the propostri8amst carcurstinmns, 1©ahd 2 daseakbfdr ptat® provi de new
val ues igvdie &batgoleeltehtgiitl aiayl Ooai dbs akhbpessbbhaxieewrif or mat i on

deduced. During this . pro- cgess a list .s_kept i plL.anation vector 7 of
t he numorbeer%olg?u?%]f-’l§§°ﬂh|°%h%ﬁ1§ver ‘1[12% ?%s%éwé? n?%gﬁa#ﬁgn, and if a
cont r adicnsegiieneasoatt endy tdre niael of the curreptviimgputhe

cont r adihi o | Spst ALed el SANHAL Chevil e RUAYCERIYlao R The rul es
ich are consulted--are determ ned based on fhe Ihfoffation in proposition
st r uct urd enpeguirpy ther gedayawinatetPmi A thet maxipype amonnt e@f ster 4 and
vari abl egoff &P 1 ARG rimata PPl in this case further
consultations of the rule base (rule feedback) are
required.
Therefore, another important aspect in the case of
state event control is the distinction between input
{independent) and output (dependent) variables. A very
simple extension of the_ rule consultation techniéue
mentioned so far, makes it possible to use the inference
engine as a state event controller as well as a
deduction machine. One may regard the state-event rules
as dynamic rules, mapping the system state into a new
state, and the normal propositional functions as static
rules, representing a static state space.
Each rule is extended with an input/output header
describing which variables are input and output (logical
1 and 0, respectively).
Consider for example the rule: (A or B} = C¢. If
we select A,B as input variables, we get the following
internal binary representation:

_ A B ¢
I/0 1 1 ©
RW1I 0 0 O
RW2 0 1 1
RW3 1 0 1

RW4a 1 1 1

The rule words RW1l...RW4 are the normal positive
index form. In this embodiment, A and B are
independent; and each combination of A and B is
associated with an output value.

When the rule is consulted, the BV register is

assigned the value of the conjunction of the I/0 header
and the current BV wvalue:



registers 8 and 9 as will be described in nore detail 7 later. The maj or
data flow in the apparatus is illustrated in the flow chart of Figure 3a. A
.summary witten in the APL | anguage is provided for each block in the flow
thart adjacent the blocks in the-flow chart of Figure 3a. Before proceeding
with a nore detailed description of the apparatus, the information
processing (inference) procedure will be explained with reference to a very
sinpl e case of only one BN e 1S BYr exanple, that the rule is: "If A

or not B, thefnneheCoasticsr rallruié wianchorany 40spoaktiiws i ndex form A
B Co begweeg input and output (a normal static rule), all
variables are to be handled as input.

If the rule is dynamic, the RC register is not
updated aftér the rule consultation. In this case, the
search towards an equilibrium may involve several
consultations of the same rule.

In this embodinment, static and dynamic rules are
not allowed to be mixed in the same base.

The overall operation of the inference engine will
now be described with particular emphasis on the
handling of a plurality of rules. The conjunctibn of a
single rule and the corresponding state vector variables
has just been described and this takes place repeatedly
in the rule consultation unit 5. However in a rule base
with more than one rule the rule base must be scanned to
identify rules for consultation. Any rule which may
deduce new information is a candidate and must be
visited. The independent search module of the inference
engine is the rule base scanning network 3, which
generates the candidate rule numbers stored in the rule
list register 4. The criteria of rule visitation are
that at least one of the axes must be bounded to truth
or falsehood, i.e. the rule involves a variable in the
input vector which is determinate, and the current local
state vector has not before been an input state vector
of the same rule. All candidate rules with a common
axis can be executed in parallel. When the candidates
are consulted a new search must be executed (the rule
control feedback in Fig. 2} to find a new set RL of
candidate rules.

The state vector transformation is finished when a
minimum of tautologies (or a minimum of uncertainty in
the signal represented by SV) has been reached:; that is,
when the candidate rule list RL is empty, or when a
contradiction is identified during consultation. 1In the
example of Fig. 6, with the input information "the



-0 1 00 1 11 0 01 1 0 Suppose the tnput state "A i's true;
B and C are unknown" is neasured fromthe environment. Thus, we have the
_input state vector: A0 1B 11C11 The rule consultation - unit is
effective to identify all of the rows in the rule matrix which satisfy the
I nput state vector constraints. In this exanple it is the last two rows
only. Each colum of the sub-matrix &Bntaining only the identified rows is

then tested. if. | wm A a he gorges ' state variable
is bound@ﬁg?%hbégtgﬁé; |I%§F§ o?ﬁ?h%£3% ﬁ%s ?% %hg %%%ﬁ#%qg?%t%f the state
vari abl ea¥¢ bounded to be false; and if both O and 1 appear the state

variable is 4 1

1 1

11

0 1
The contents of the rule control register will be -

RC = 1 1.

A logical 1 in the rule control register means that the
corresponding rule is to be searched. A zero makes it
possible to disregard the rule as a rule candidate. 1In
the present case both rules are accepted to visit. The
variable control register has the following values

vC = 0 0 0 1. -

Here a logical 1 means that the corresponding variable
is identified as having been bounded since the last
state search. By default all of the bounded variables
in the input state vector are identified with a 1.

A list of candidate rules 1s determined by means of
the rule base scanning unit 3 using the information from
VC, RC and the PS memory, as illustrated in Fig. 9.

The mathematical expression is: RL; = RC; and {(or (VC and
PS),). In other words, the variable control word is
ANDed with each row separately of PS and then the
results are ORed to determine in which rules the bounded
variables in VC occur, as indicated in the first line of
Figr 9. The result is conjugated with RC element by
element as illustrated in the second line of Fig. 9.

The rule contrel RC register may be user—~accessible so
that the user can exclude rules from the search.

All the rules identified in the rule list register
RL are consulted. In this case only the first rule is a
candidate. As illustrated above, the result of the
consultation is a deduction that ROTATING is false.

This information may imply new deductions in other
rules. Therefore, the ROTATING variable is set to a 1
in the VC register: '

VC = 0 0 1 0.



“unbounded (tautol ogy). Thus we have the follow ng output state vector after
the consultationn. A0O1B11C10 wth the interpretation "Ais true,
.and Cis false; B is unknown". Returning now.-to a nore detail ed description

of the preferred enbodi ment, the rule base nenory 2 and proposition

structure nenory 1 will first be disd®sed. - A precondition for sinple
I nferencg, net hods i s an unanbi qgugus.,and co ct. know ed representation.
I'n conveﬁpﬁoﬁﬁp %ﬁ@?bﬁ?ﬁtﬂg gﬁe7méF|9E§§%ﬁdeF Ht s “ofc K Qdge,

nanel y rvbedalie frect sdedmeedt Dneduia fhendame theovirdtapehaseluel n t he
present hnyentdiQiy-4 ¢ garndi 84 Pt 18BaksomBdE BRi:ween rules and facts:

rul es or

EV = 0 0 1 O.

If the rule_consultation had resulted'in_a contradiction -
the CRN register 6 would be updated with the current
rule number and the search terminated. '

It is not possible to deduce more information from
the current rule due to the fact that two of the three
axes are bounded. Therefore a zero is placed in the
rule control register RC to prevent further visits to
this rule:

RC = 0 1 .

The rule base scanning unit is now reactivated to
perform rule control feedback and to determine a new
rule list. The process is shown in Fig. 10 and is
similar to that of Fig. 9. The VC register is
initialised to zero. Rule 2 is the only rule for
consultation in the list and it is consulted in a
process similar to that described above with reference
to Fig. 7. The result is shown in Fig. 11. In the
state vector variables here (and in Fig. 16 below) the
values 0 and 1 are used for brevity to represent false
and true. All of the variables in rule 2 are now
bounded and so RC is updated with a zero:

_RC =00
The variable PICKUP was deduced in rule 2 and so the
explanation vector EV is updated

EV =0 2 1 0

Rule control feedback takes place again to
reactivate the rule base scanning unit, but this time
the rule control vector RC is zero and the rule list is
zero and so the deduction is finished.

- Naturally, in a more complex case more than one
variable may be deduced in a rule consultation.

The positive index form of rule representation has
been particularly described above. However, the array
representation can be used as shown in Fig. 12. Figqg.



propositional functions are stored in the rule base nenory 2 and facts are
stored in the state vector register 10. Sinple expressions and propositions
-like "A and B", "A or not A" (tautology) and "A and not A" (contradiction
or inconsistency) are regarded as facfs and not rules. In a practical
system an operator interface (known as a conpiler) has to be provided for

converthBg HHAss CKRECSSRE PU18N a@P /ISP St Wrtthp 1 & 2R iy 0 the
bi nary forn12§%$;erablg positive index form), used in the rule base nenory.
The confi FRTrSRyALPERSIABRE REFWeduMERTIRY i TPE HRXIMRLE RRFYMAR i on and

i nconsi thendhput hsPBevisugriel.es Ththedrjumert nef tise cinpued sustavi th the
t heore E%‘Q?%%fﬁﬂé%‘ﬁlgeig |a%e.%tlrad§pr%iﬁpdtﬁggséﬂét e tth t he derived
echnol ogy the.p

rul e techni que. cgrrent QSI'[!VG I ndex FOI‘ufﬁeIS t he nost
sui t abl asdddr e orwlgh(Fige adridbult andorthsparer) eckiomeont @achi @xiss may be

used i f s IBrrfda bt B hghhsbse TR fuk@eioh 88k shhhction
operation). Obviously, the préjection on the input
constraint axes will give an equivalent output. Thus,
it is only necessary to do the projection on the
unbounded (tautology) axes. This is an alternative
implementation of the rule consultation; however, it
regquires a more complicated pattern search and with
current technology the positive index form giveé the
fastest consultation speed.

The well known inference techniques like
resolution, modus ponens, or modus tollens may be
carried out straightforwardly by means of the state
vector transformation described above. However, more
complex or composite inferences such as the
determination of derived rules, theorem proving and
abduction may be performed by the apparatus and method
of the invention. Fig. 13 shows the inference engine
extended with a rule determination unit 12 and further
registers VL (variable list), DR (derived rule) and ERL
(explanation rule list). Figure 3d illustrates, in flow
chart form, a preferred embodiment of the operation of
the rule determination unit 12. The input vector VL
contains integer values indicating the variables
involved. 1In the example of Fig. 14 the problem is to
determine the derived relation between the variables
PICKUP and STBY, so VL = 2 4. The relation is
determined by testing the wvalidity of all of the
combinations of the variables. If the output CRN
(contradiction rule number) is ¢, the combination is
valid, otherwise it is invalid. The four possible
combinations are shown in Fig. 14 and the results stored
in the derived rule register. The relation may be
recognised as a NAND relation:; that is, 'system standby'



conbination in a rule is stored in an addressabl e nenory | ocati on,

a 16- bi
.the fir
i.ndi vid
functio
| nporta
9 The v
her ei na

e.g. in_

t word. As nentioned above, the rules nmay have different sizes; thus

st rule may occupy C words and the second J words. The order

of the

ual legal conbinations in a rgyge is wthout inportance for the
n of the inventiomr. However, the order of the state variables is

rindetpiickupf orte waiddr asevary amssani st tiedsans Wikl be gescri bed.

?;;Eéé‘l%e?e'r =R &M e‘?rﬂéee;,grggrfg iy chgrlg%rgce with a comon schene,

to ds orde

This makes it

possi bl @%@mﬁﬁlan\/@w% il with eakl nfgf othe ur‘elseananv'anmu dn As
nment i onegh@boieerbheepr oposition structure nennry 1 indicates the binary
n betmgﬁg Luhe%_and varl | es. BIJ 1 if variable j is found in

relatio
rule i,

both rule are involved.

Fig. 15 illustrates the principle of theoren .
proving, which is based on the:derived rule
determination technique. The problem is to prove that
the predefined rule set implies a user-defined
conclusion. In this case, the derived relation between
the variables and the conclusion is compared element by
element with the binary representation of the
conclusion. Given the rule base of Fig. 6, the ;xample
is to prove that EITHER the system is at standby OR the
pickup is on. The conclusion to prove is an exclusive
OR relation between PICKUP and STBY (Fig. 15(a)). The
derived relation (Fig. 15(b)) between PICKUP and STBY
was proved in the previous example. The theorem C is
proved if DR implies C, that is, DR is less than or
equal to C for all elements. As may be seen from Fig.
15{(c), the condition is not satisfied. Hence, the
theorem cannot be proved.

Fig. 16 illustrates abduction. Here the output
state vector is known, and the problem is to determine
all the input state vectors (premises) implying that
conclusion. This is carried out by a primitive
deduction (state vector transformation) of the negated
constraint output state vector. Fig. 16 relates to the
same rules as Fig. 6, and the output state vector
'PICKUP is false' is given (Fig. 16(a)). This state
vector is negated, deduced and negated again (Fig.
16(b)) giving the conclusion:

'No disc', ‘turntable not rotating' or ‘system is at
staﬁdby' imply the conclusion 'Pickup is off!*.

Alternatively, the abduction process may be carried
out without negating the output state vector. In this
case, the end user specifies the known output state
vector and a set of input variables. The system deduces



- else 0. One may regard the contents of the PS nenory as the fundanent al
‘addressing infornmati on which is used to determne which rules to visit. A

sinple exanple illustrating the contents of the rule base nenory 2 and the
“.proposition structure nenory 1 is gi%pn in Fig. 6. This concerns the
followng two rules: Rule 1. "If thé systemis at standby, or no disc is

- presenta) § NeRuidihd e Ghabbe kApRe! vEeLabhae' alfudiardiG pl ckup is on, if

and only I1f _the turntable_1s rotatin n order e variables is

. A Tor t
sel ect eleFYLEp Yy 23CBUYRBUETLLRE ﬁﬁBﬁet§§s§€ﬁFH@%GQaeﬂﬁBQ¥t?ﬁ?éﬁphabeticm
order shewmorlhe Ifll€ise adetermistdr ard thepepedid dandaxegwt m (| egal

conbi naj| ) ] t varj.abl e r Ly F cewth the predefined
schene %Fgg%ﬁﬁﬁméq%egg?ngégggét?e?%gggg.cg@ggld%ﬁgﬁﬁu§$iﬁ%3%%se menory 2
The corstopeddi ndignepostheonesudticodr #hils abshuatiion theodSseimry 1. This

cl earl ychdiseat €5 t{1Rbut UbBmb 1 hA¥IbKeS sTERL £yRineCaRd RAATL NG
constraint. ::

It will be seen that the present invention, at
least in its described embodiments, provides the
following features and advantages: the knowledge base is
represented in a compact binary format with each rule
transformed to a truth table. The size of the knowledge
base is therefore approximately proporticnal to the
number of rules and independent of the number of state
variables. Therefore, there is no problem with
“"combinational explosion". During rule consultation the
size of the knowledge base remains fixed.

Also rules may be consulted in any order and
therefore the possibility exists of processing rules in
parallel, e.g. in a plurality of processors, leading to
the possibility of an almost unlimited increase in
speed.

The logical transformation is based on a parallel
search of binary patterns. The technique can be
implemented in any programming language, but it is
suitable for implementation in parallel processing
hardware. Any switching circuit technology may be a
candidate, including electrical, mechanical or optical
devices, but obviously a semi-conductor chip
implementation is most practical at present. The
components of the apparatus described, including the PS
memory 1, rule base memory 2, rule base scanning unit 3,
and rule consultation unit 5 can if desired, be
impiemented in a general purpose computer such as a
microprocessor and their functions could be readily
implemented by the program steps set out in Figs. 3a-4,
for example. '

The logical transformation is carried out without



"and rule 2 involves PI CKUP and ROTATI NG. The variables within the rule
words are ordered in accordance with the common domain, so the information
.in the PS nenory indicates which variable the bits of the rule words
represent. The operation of the rule base scanning unit 3 is illustrated in
the flow chart of Figure 3b (the respective APL code is al so provided).
Alternatively, the information stored in the PS nenory nmay be represented
in one oéhahgih@Iuhﬂlnylémhaséprhm contidd{dyidnl tyathabl e i ndices

associ at e n r or. (2 rule

I ndi ces (ggs%yglkgt é%d“ pglp(%/%cr%?a%l gﬂ?gc@e%%ﬁ%gggagxg% i A e bdvAléictor Thus,

t he al t ekemppPve midpyt mrgglm %ﬁaweswcm Therefcre. our

rule base has a fixed size during inference, which is
important when implemented in small-scale microcomputer
systems. The logical transformation is usually executed
with fewer rule consultations and higher execution speed
than conventional inference methods.

In practice, the logical transformation may be
carried out as the transformation of a binary state
vector representing aspects of a physical entity. The
input state vector represents the known or measured
system state and the system may interact directly with
physical devices such as transducers generating the
input state vector. The output is of course a state
vector updated in accordance with the input stimuli (the
input state vector) and the system constraints (the
knowledge base).

The state vector can include tautology (don't care)
and contradiction {inconsistency) as state values to be
treated like truth and falsehood. Therefore, the system
can identify and manipulate inconsistent or superfluous
knowledge.

All of the inference methods performed are based on
just one fundamental logical transformation. Well Xknown
inference methods such as resolution, modus ponens or
modus tollens may be carried out straightforwardly by
means of this new transformation. Composite and complex
inference techniques like derived rule determination or
theorem proving may also be executed straightforwardly
by two or more state vector transformations using
parallel or sequential processing. '

This new inference technology makes it possible to
introduce artificial intelligence in many important new
application areas, including small-scale microcomputer
systems for real-time process control.

In one possible form the invention may be embodied

in a coprocessor for a microcomputer, or other



“information in Figure 6 are: (1) Rule 1:. 1 3 4 Rule 2: 2 3 , Or:
(2) Var 1: 1 Var 2. 2 Var 3: 1 2 Var 4. 1 The rule consultation unit 5

W ll now be explained in nore detail firstly with reference to processing a
single sinple rule. The operation of consultation unit 5 is illustrated in
Figure 3c in flow chart form Fig. 72represents the sinple rule: "If the

systemis at standby, or no disc is present, then the turntable is not
rot at i ng¢onthelilepyt «ither nessarspetialt-phepesei iategHatieasgassuned to be

(Lhe syStemllg b Sandbisoq  vaAGpt] LBPHE BbALBCNAM Ao Phghown. The
rule consultation unit r1dentitfies Tows in the rule matrix satisfying the
state veefgressnanidntabes efethRagedpratesn- ASoftWaXshed above,

provision may be made for interfacing the coprocessor
with programming languages commonly used in industrial
control, such as PASCAL, APL and C, whereby programs
written in these languages may;éall information
processing routines in the coprocessor.

Although the invention has been described in
connection with variables which have two states, it can
be used in systems in ‘which variables can take wvalues
over a continuous range. In such a system the ranges
may be divided into relatively small sub-ranges, and a
value of a variable falling or not within one of the
small sub-ranges can be represented in binary form and

~ processed with the technigques described.

Further, the invention can be extended to so-called
fuzzy logic systems in which each rule state has a
certain probability value, by storing probability values
in association with the combinations stored in the rule
base memory 2. These values can then be processed
during or after the processing of the state.vector and
rule base information.
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of said components which indicate whether the :
combinations are possible, means (3) for receiving said
input signal and identifying any set which contains
information about a component of said input signal which
is determinate, means (5) for identifying from the
respective identified set(s) the combinations consistent
with the values of components of the input signal! and
means (5) for determining from the identified
combinations information about the value of at least one
component of the input signal.

2. Signal processing apparatus as claimed in claim
1 wherein the components of the input signal comprise
binary representations of aspects of a physical entity.

3. Signal processing apparatus as claimed in claim
1 or 2 wherein each component of the input signal can
take one of four values respectively representing two
possible states, tautology, and inconsistency.

4. Signal processing apparatus as claimed in claim
1, 2 or 3 wherein the means for storing is arranged to
store an array of binary codes each representing a
combination of said components which is known to be
possible.

5. Signal processing apparatus as claimed in any
preceding claim wherein the means for storing further
comprises memory means for storing information
indicating which of the sets of combinations involve
individual ones of said components.

6. Signal processing apparatus as claimed in claim
5 wherein the means for receiving the input signal and
identifying any set which contains information about a
component of said input signal which is determinate
comprises a rule list store for storing a list of said
sets to be processed, said list being determined on the
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SV(2) are used in the rule consultation holding respectively the |east
significant bit ﬂn gnificant bit of the state vectgr.. In
order to opti mumtjw llHWH d, the input cprgfy SHERTSHAS BEEN |state
“.vector are storeli in two" férther local sixteeh bit HEPgASERr S T\{(true
‘vari abl es) and BV (bounded vari abl es, 21 . e. kno al se). The

|n|t|allﬁgg5gp(yp|{hé 1? gﬁegqbgﬁg %Q% kaaegﬁgggi% ang Iocal |npqt

state vecC by neans o e gl‘o state v proposﬂ“[lé’n
structur®e@®¥ory 1. Initially the |local state vector registers are reset to

zero. Thus imthespgAsenprovepliag ppaidtd a@l sesinbat Be, 1AL

registers are SV(1) =_... 000.SV = . 001
The stepg %ﬁ %ga?e°832FF%d %@%|q$§lﬂfgﬁﬁﬁﬁﬁrﬁPaﬁﬁdﬁFﬁfﬁttlon unit 5.2
for a ruWbiwh cdhpondst\Vbf Whe input signal has. been newly

evaluated, and means for determining a new list based

additionally on the informatien in the control register.

8. Signal processing apparatus as claimed in claim
6 or 7 arranged repeatedly to process the input signal
until the rule list store contains no sets to be
processed, or until an inconsistency is detected.

9. Signal processing apparatus as claimed .in any
preceding claim in which the signal representation of
sets of combinations comprises binary words with the
bits ordered to correspond to the order of the
components of the input signal, each component of the
input signal comprising two binary bits, said apparatus
comprising two registers, one containing the upper bits
of the input signal and one the lower bits, and
including means to OR a binary word with the contents of
one register and to OR the complement of the word with
the contents of the other.

10. Signal processing apparatus as claimed in any
preceding claim including register means for storing an
indication of which set led to the determination of each
value of the input signal.

11. Signal processing apparatus as claimed in any
preceding claim wherein the storing means, receiving and
identifying means, identifying means and determining
means are formed by a suitably programmed computer.

12. Signal processing apparatus as claimed in any
preceding claim in the form of a coprocessor for a
computer.

13. A signal processing method for reducing the
uncertainty of an input signal (SV) which can consist of
a plurality of components each rgpresentative of an
aspect of a physical entity, comprising étoring a signal

representation of sets of combinations of said
T




ﬁorarl counter i is set to -0 and in step 8.2 the

MW In step 8.1 a te
current vvordum“lmm |ul|l: Ilep 8.3 it is determ rent
.word satisfi 8 ! or constraints and i f| THIS GHEET HAS BEEN

word is |oaded via steps 8.4 and 8.5. alff it does, jthe VRFRLACEDf urt her
tested via steps 8.6 and 8.7 which in effect OR t ' t+t~s+ of t he

rul ehwor dcw?\bbﬂéiﬂ:fwmﬁémoﬂﬂdﬂgaﬁepehehh‘er the! konibdmrit idrid eavect or and
OR the co t_ of. | 0 i f |l ocal state
vector. T PBEETRe Ol A0REL ¥y pdRfly (LY LR EHOMEUR A e O
ei t her ordkpudn@ jqomponeutedf pgaifAbiBPiE Slghatle WhHede igherations in

paral | el §gtehitifased §asﬁeifgmagpfeaas%hfeerz@s;woaﬁweiraé&iﬁie&he wor ds
Y S

have been tested as i ndicated te .5. In,thi,s exanple th esul t of
'hi s procBSERWTE feombpant Longheayaas tenpopitn the ViRics '0F £RS"

components of the input signal, and determining from the
identified combinations the value of an indefinite
component of the input signal.

hext

14. A method of enhancing the information content
of an input signal by the use of stored rule
information, comprising storing the signal in register
means as a plurality of two-bit pairs each corresponding
to a variable in the ipput signal, the rule infermation
being stored as binary words each representing an
allowable combination of the variables ordered in the
same manner as in the input signal, taking all of the
first bits of the pairs as a first signal component and
the second bits as a second signal component, combining
in an OR relation a rule binary word with one of the
first and second components, combining in an OR relation
the complement of the binary word with the other of the
first and second components, and storing the resulting
combinations in register means as an output signal.

15. A method of processing data in accordance with
information contained in a set of rules each expressing
a relation between a plurality of variables, comprising
cghverting each rule to a plurality of first binary
words indicating whether or not particular combinations
of variables are allowable and a second plurality of
binary words each corresponding to a rule and indicating
which variables are involved in that rule, individual
bits in the first and second words corresponding to
individual variables ordered in the same order in all
the first and second words, taking data containing known
values of at least one of said variables, identifying
from the second words any rule inveolving the known
variable or variables, selecting the first words
corresponding to the identified rules and using the
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12 with the follomnng |nterﬁfetat|on SV(1) Sv(2) DI SC 1

“(t aut ol ogy) m“ (fal se) STBY 1 (true) The
control and I .3 updates the gl ot 5‘2‘%@@@ 1d t he
e oIoB

'—_gl obal control* arfd exp ana regi sLers i n accor ¢al
out put state vector regi sters SV(1) and SV(2). TH te vegtor 10

i s updatesh éeoaut feraadind Hiale PO SD-$89hSt §ESaSV SQ:F?” g2/(2) . The

addr esses, of the Va&:ables are read fromthe PS menor e | ocal out put
state vettRFTi¥3Fd@Rd S0 be a contradiction, the CRN register 6 is updated
wWith the i ndexéor #i metavoddd st ged nforapainnisf whbeegentaradi ction rul e

and the siale $83GEN repddlehd Wl TUPIEL: in positive index form

such that they contain all of the allowable combinations

of the variables involved in the respective rules.

17. Rule representation apparatus for proceésing
information contained in a set of rules each expressing
a relation between a plurality of variables, comprising
a rule memory (RM) arranged to store binary words each
indicating whether or not a particular combination of
variables is allowable, said words including bits
representing the respective variables in the -
combinations, a control memory (PS) arranged to store
respective binary words for each rule with the bits of
each word indicating whether a particular variable is
involved in the corresponding rule and the order of the
variables associated with the rule memory words being
the same as that of the control memory words, and
addressing means providing access to each rule memory
binary word of a particular rule in response to an
output of the control memory indicating that the
particular rule is required.
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The expl anation vector EV 7 is updated if one or nore variabl es wer

deduced dur

ing the rule consultation. In the above-nentioned exanpl

ROTATI NG was deduced to be fal se. Hence, the rule index or simlar

addr essi ng
The i ndex |i

information is put into the ROTATING el enent of the EV r
s read fromthe PS nenory. Simlarly, the variable contr

register VC 8 is updated if one or nore variables were deduced duri
consultation. Again, in the above-nentioned exanple logical 1 is pu
the ROTATI NG el enment of VC. Note thapseRhgrnew y bounded vari abl es

identified

in the VC register for rule control as described |ater.

control vector RC 9 is updated if the nunber of tautologies in the
out put state vect oTTIHEEY SFCGNAL EROCESITENG APPARATIEG ANt METHQD t he RC i ndex of

the current

rule and this has the effect that that rule will not be

consulted again. At the end of the rule consultation the newy

An input signal SV has components representing aspects of a
physical entity which are in a known state and other
components which are unknown. The apparatus processes the
signal in accordance with stored data representing rules which
indicate which conbinations of the components are possible.
Rules are idemtified which involve the known components and
all of the combinations consistent with the known states are
identified. If all of these cambinations have the same value
for a particular component, the component is determined to
have that value in the output signal. The rules are stored as
binary representations of the possible cambinations, and the
components of the input and output signals may represent two
allowable  states, tautology (undefined state) and
inconsistency (inallowable state).

(Figure 7)

e
€,

egi ster.
ol

ng rule
t into
are

The rul e
| ocal



inferred information is available for all of the other rules and for the
external environnent. 13 In sone circunstances, e.g. in a so-called
~state event control system it may be desirable to nmake only one

consul tation of the rule base, so that the consequences at only one |evel

of the current input conditions are determ ned. However, nmany appljcations
‘will require the deternination of lt/h&] maxi num anount of 'fm“é}EET'HﬁS)BEEN' on
and in this case further consultations of the rule base ruIﬁE ERCHIRCK) qre
requi red. Therefore, another inportant aspect in the ca

control is the distinction between_input (indepepdent) and out put
(dependent)};aﬂsﬁpVes A very Flnple extenS|on of] the rule consul tation

t echni que s1 ' s]
52 *Efij 52

|

: rulesﬁ WD 1 - :

. ' . / —f— -
variables S| *@ ! variables sj
- A~ . = -
i —variables -
/SN l rules PS SN
Input state vector SV ; output state vector
rule base -

( a ) ARRAYFORM (ALL COMBINATIONS):

— = ROTATING
0 ]
. lu 10
. 1 11
DISC
FIG. 2 | —U—>]R0TATING
8 1 0
1
y 1o
STBY DISC

( b ) INDEX FORM (LEGAL COMBINATIONS):
STBY DISC  ROTATING

—— —— v —— i — —

(C ) INDEX FORM (ILLEGAL COMBINATIONS):
STBY DISC ROTATING

—— e — - —— — —— —— =
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“mentioned so far, nakes it possi-ble to use the inference engine as a state
event controller as well as a deduction nachine. One may regard the
.state-event rules as dynamc rules, mapping the systemstate into a new
state, and the normal propositional functions as static rules, representing
a static state spacg. Each rule is extended w th an input/output header
descri bi ng which variables are mpﬁ zgd output (logical I and O,
respectively). Consider for exanpl ( rule: (Aor B) = C If we select

A B as input variables, we get the foll ovvi ng [ nternal bi nary
representationn. A B CI1/0 1 1 0 O R O 1 1 RWB
1 0 1 RM 1 1 1 The rule /éslkﬁ . R\Nlarethe normal positive

———————— variables

V1 V2 .. % ... W

R1{ B11 B12.... B1j... BIN —————— rules
R2 | B21822... B%j... B2N Rl RZ ... Rj ... RM
WITWIZ.. Wij... WM
Ri | Bi1 Bi2 ... Bij .. BiN W2TW22... W2j... WM
rules - e . emw P v e “ee -
RM| BM1BM2,, BMj. BMN WCT WI2.. WDj... WSMT
PS MEMORY RULE BASE MEMORY
1 2
N JL
< ) '
L 5 )
RULE BASE ™ tR S
SCANNING B ="
© UNIT RL
&z RC and or/VC/PS !
_J RULE £y
ﬂ CONSULTATION
UNIT -7
VO
8™ e 9 |
- / sy
] [ ]
(RULE CONTROL FEEDBACK) _10/

Input registers: SV (state vector ), VC (variable control), RC {rule control)

Output registers: SV, EV (explanation vector), CRN (contradiction rule number)

Buffer register: RL (rule list)



index form In this enbodinment, A and B are independent; and each :
cqonbi nation of A and B is associated with an output value. Wwen the rule is
consul ted, the BV register is assigned the value of the conjunction of the
| /0 header and the current BV val ue: 14 BV = 1/O and BV In the case of a
rul e wi thout any distinction betwe prut and output (a normal static
rule), all variables are to be handl'ed as input. If the rule is dynam c,
the RC register is not updated after the rule consultation. In this case,
the search towards an equilibrium may involve several consultations of the
sane rule. In this enbodinent, static and dynamc rules are

Major data flow in the inference engine

Input: RC, SV
Outpur: SV, EV, CRY APL CODE

Initialize variable control

vector VC by identification,of
all variables bounded to VYCet/SY
truth or falsehood

Y

Determine a new rule list by
. a rule base scanaing ({3) in

Figure 3} Li:RL«SC
— Is the rule list empty ? *(*V/Rb.)lo
NO YES
sToP FIG. 3al
o Determine addresses of all rules
to be consulted RL+RL/\pRL
Initialize rule address counter I+«0
Select a new rule to visit L23 2'RULE+RULE , 'SRLLI)
Consult the rule RULE CON' T
1 Is the result a contradiction ? +(CRN£™1)/0
RO ‘l, YES
STOP
- Increment rule address counter I
«J+31
YES
More rules to be consuited ? ~((PRLY>TYV/L2
] +L1

NO



not allowed to be mixed in the sane base. The overall “operation of the
-inference engine wl1 -now be descri'bed with particul ar enphasis on the
handling of a plurality of rules. The conjunction of a single rule and the
". correspondi ng state vector variables has just been described and this takes
-*place repeatedly in the rule consultation unit 5. However in a rule base
with nore than one rule the rule base nmust be scanned to identify rules for
consultation. Any rule which may deduce new i nformation is a candi date and
" nmust be visited. The independent-ééé&kh nodul e of the inference engine is
the rul e base scanning network 3, which generates the candidate rule
nunbers stored in the rule list register 4. The criteria of rule visitation
are that at |east one of the axes nust be bounded to truth or fal sehood,
i.e. the rule involves a variable in the input vector which is determ nate,
and the current local state vector has not before been an input state
vector of the same rule. Al candidate rules with a conmon ’

FIG.3a2

APL—function DEDUCT:

[ — = g —N

T G o — -

1] VCe#/SV

£2] Li:RL<SC

[31] +(~v/RL)/0

! RL<«BL/\pRL

[5] I«0

£eld L2: 2 VRULE«RULE ,VORLII]
{731 RULE CONSULT I

- e ———

[81] +(CRENx~1)/0

£93 T+«T+1
(103 +((pRL)>I)/L2
(113 =I1

v



'qxi s can be executed in parallel. Wen the candi dates are consulted a new -
search nust be executed (the rule control feedback in Fig. 2) to find a new
.set RL of candidate rules. The state vector transformation is finished when
a mninumof tautologies (or a mninmmof uncertainty in the signal
.represented by SV) has been reached; that is, when the candidate rule |ist
RL is enpty, or when a contradiction is identified during consultation. In
the exanple of Fig. 6, with the input information "the 15 systemis at
-standby” the contents of the statEﬁ/H:tor are 111101

FIG.3b

The rule base scanning unig (3}

Input: RC, VC, PS
Qugpur: RL

INTERPRETATION APL- CODE

Each variable identified with a logical "1" in
tne variable control vector V(. is associrated
with a certain column in the PS—matrix. All PS- Ni<VC/PS
columns satisfying the consrraint that tlle‘"

corresponding variable in VC is logical "1%,
are stored in a new matrix Ml (& submarrix of P5).

3

Find all rows in Ml (that is.rules) with at least one
corresponding variable. The result is a rule list vector RL, RL+v/N1

Make an element—by—element logical AND between RC and RL
and store the result in RL. RL<«RCARL

APL-function SC:

vsScrtalv
V RL<SC

[13 RL+«RCAv/VC/PS
v



The contents of the rule control register will.-be 'RC =11 Alogical 1 n
the rule control register neans that the corresponding rule is to be
-searched. A zero makes it possible to disregard the rute as a rule
candidate. In the present case both rules are accepted to visit. The

vari able control register has the followng values VC =0 0 0 1. Here a

| ogi cal 1 neans that the corresponding variable is identified as having
been bounded since the |l ast state _search. By default all of the bounded
“variables in the input state vectB/ Zke identified with a 1. A list of
candidate rules is determ ned by nmeans of the rule base scanning unit 3
using the information fromVC, RC and the PS nenory, as illustrated in Fig.
9. The mat hemati cal expression is: RLi = [err] and (or (VC and [err] In

ot her words, the variable control word is ANDed with each row separately of
PS and then the results are ORed to determne in which rules the bounded

FIG . 3¢l

The rule consultation unit (5)

P

inpur: S¥, I {rule index}, PS, and the current rule in.positive
index form extended with an I/0 header.

Qurputr: SV, EV, CRN, RC, VC. APL CODE
Determine a local state vecror LSV
including only the variables in the LSV<PSLI; 148V
current rule
Determine a binary vector BV identifying
the variables in LSV bounded to truth or BVex/LSV
falsehood
Inivialize rule row counter J J<0
Update BV vector by AND'ing it
with the I/0 header of the rule BV«RULE(J;JABY
] Is the BV vector empty ( no bounded -~
elements)? +(~v/BY)/0
RO YES
. STOP
L— Determine a binary vector TV identifying .
the variables in LSV bounded to true TV+~LSVL;0]
¥
Initialize LSY to contradictions (that
is, each variable is assigned the binary LSV+(pLSV)p0
pair 0 0 )
¥
Increment rule row counter J JeJ+1




variables in VC occur, as indicated in the first line of Fig.-9. The resuflt
I's conjugated with RC el enent by elenent as illustrated in the second |ine
.of Fig. 9. The rule control RC register may be user-accessible so that the
user can exclude rules fromthe search. Al the rules identified in the
rule list register RL are consulted. In this case only the first rule is a
candidate. As illustrated above, the result of the consultation is a
tdeduction that ROTATING i s false.7ﬂh2$ i nformati on may 1 nply new deducti ons
in other rules. Therefore, the ROTATING variable is set to a 1 in the VC
register: VC =00 1 0. 16 The expl anation vector EV 7 is updated al so.
The third variable was deduced in rule 1 and so the integer val ue

@ FIG..3¢c2

Determine the conjunction of BV and
the rule row with index J. The result
is assigned to the local variable BVRR

L1:BVRR«BVARULBLJ;:]

\

Is TV equal to BVRR ? +{(~A/TV=BVRR)/L2
\ TES
The first element of LSV is assigned to
the disjunction between the current value . - .
of the first element of LSY and the LSY(;0)+(~RULELJ;I)VLSY;C:
Lcomplemenc of rule word J
Y
The second element of LSY i1s assagned to .
the disjunction between the current value LSV[J)*RULE[J”VLSVUH
of the second element of LSV and the rule
word J
L— ¥
Increment rule word counter J L2140 +4
Y
More rule words in the rule ? +({14pRULE)>T) /L1

¥ xo

If LSV is a contradiction, CRN is assigrned
the current rule number I ${(A/LSV)=0 )/ CRN+T

i

If the number of tautologies in LSV is
equal to or less than 1, then the

element with index I in the rule control 2{(+/e/LSVESL I/ ' RCLTI«0!
vector is set to O

K}

The elements in the global state vector SV
associated with the variables in LSV is
updated with the content of LSV

SVIPSLI;1/\ " 14pPS;s)<LSY




"l.is stored in the third location of EV: EV= 00 1 0.
consultation had resulted in a contradiction the CRN register 6 would be
and the search termnated. It is not

.updated with

the current rul e nunber

I f+«the rule

.possible to deduce nore information fromthe current rule due to the fact
that two of the three axes are bounded. Therefore a zero is placed in the
register RCto prevent further visits to this rule: RC=01
-The rul e base scanning unit is nmq yqlqcti vated to performrule control
ul e

rul e control

f eedback and to deternmne a newr

i st.

The process is shown in Fig. 10

and is simlar to that of Fig. 9. The VCregister is initialised to zero.

Rule 2 is the only rule for consultation in the list and it
a process simlar to that described above with reference to Fig. 7.

result is shown in Fig. 11. In the

7

Which variables associated with LSV have

changed value from tautology to truth or
falsehood ?. Put the result in the local
or temporary vector LV

!

The elements in EV associated with
variables which have changed value,
are updated with the rule number

3

The elements in VC associated with
variables which have changed value,
are updated with a logical 1

STOP

APL-function CONSULT:

£13
123
{3
{u]
5]
(63
£73
{e]
(el

SCONSULTIONY

is consulted in
The

LV« (BV£F/LSVY/PS{I31/+"140PS

EV(LVI«I -

VCILV]+1

FIG.3c3

S RULE CQWSYLT I3;JiLSV:iBViTV:BYRR:iLV

LSV«PS[I11#8V

EVex LSV

JeD

EVeRULE(J1]aBY

+(~v/BV)/0

TVe~LSV{30]

LSV« (pLSV)p0

JeJ+1
L1+BVRReBVARULELJ3)

(103 =<+ (~A/TV=BVRR)/L2

£11) LSVI;0)«(~RULE(J:;)IvLSV(10]
{12) LSVI11l<«RULB{J+IvLSVY{11]
[43]) L2:1J+J+%

[1w) <+ ({14pRULEWI)/IA

(15) R((A/LSVIY=0)/ICRN<I?

(18] @({+/=/L8VS1Y/'RC{I]<0!
(17) SVYIPSIItI/1\"14pPS31+LlSY

(183 LV<«(BVzz/LSY)/PSLI{]/\"14pPS
[ie]) EVILVI«I

(20] VCO(LViel

<



" st-ate vector variables here (and in Fig. .16 below) the values 0 and 1 are
“Used for brevity to represent false and true. Al of the variables in rule
. 2 are now bounded and so RC is -updated with a zero: RC = 0 The variable-
’PICKUP was deduced in rule 2 and so the explanation vector EV is updated EV
= 0210 Rule control feedback takes place again to reactivate the rule
base scanning unit, but this tine the rule control vector RCis zero and

.the rule list is zero and so the g;? tion is finished. Naturally, in a
nore conpl ex case nore than one v |l e may be deduced in a rule

consultation. The positive index formof rule representation has been

particul arly descri bed above. However, the array representation can be used
as shown in Fig. 12. Fig. :

The rule determination unit {12)

Input: RC, VL {the variable list VL is ard integer vector with the
state vector indices of the selected variables).

Output: DR, ERL

APL CODE
Determine the number of variable combinations
FIG 3d7 as 2 raised to the power of the number of
. variables in the variable list VL. The resuit
is assigned to the local variable NC RCe2wpVL
Y -
Determine a local binary martrix with the rows
representing all NC combinations of the Lie((p¥L)p2 ITNC
variables
Initialize the DR vector with NC elements,all
of which are set to logical 1 DReNCp 1
1
Initialize the ERL vector as an empty vector,
with no elements ERL+10
I ]
Inirialize the combination counter I J+0
(]
The truth values of the current combination L11SVIVL 0 e~IM(T;:]
(that is, current row in IM) are put into
the elements in SV associated with the SVIVL{13«LRII:)
variables in VL ¢
Y
The state vector is used as input in the
DEDUCT-function 'SV2«RC DEDUCT SV
NO i
Is the result a contradiction ? +{CRN="1)/L2
i YES
Pyt 5 0 in the element no I in DR DRII1«0
]

@ %2, ()



~.17_12a shows the sanme rule as.used in the exanpl es-above -as a o

t hree-di nensional array. Again, the exanple assunes the input STBY is true.

. The conjunct of the input state vector and the rule is an array with the

. Same structure as the rule (Fig. 12(b)) and the projection on each axis: is
carried out by means of the OR function (disjunction operation). Qbviously,

the projection on the input constraint axes wll give an equival ent output..

Thus, it is only necessary to doL$22gpr01ect|on on the unbounded

(tautol ogy) axes. This is an alt ive inplenentation of the rule

consul tation; however, it requires a nore conplicated pattern search and

with current technology the positive index formgives the fastest

consul tation speed. The well known inference techniques |ike resolution,

nodus ponens, or nodus tollens nmay be carried out straightforwardly by
means of the state

FIG.3d2

3623) (3429 @

Add the contradiction rule number CRN
to the explanation rule list ERL ERL+ERL,CRK

L]

Increment combination counter T L2tTer+1

Y

More combinations to test ? *>(NC>IY/L

|
STOP

NO

APL-function RULEDET:

VRULEDET(DIV

V¥ RC BULEDET VLiNC:LN:X:5V2
{11 NCe2=pVL

{23 LN«((pVL)p2)TNC
[3) DR+NCp
4] ERL+*10
[5) I«0
{6) L1iSVIVI{DI+~LNII:)
7] SVEVL:1)«LNLY 3
(el SVZ«RC DEDUCT SV
9] +(CRN=z"1)/L2
[10) DRIIJ<G
[114) ERL<ERL,CRN
[12) L2:XeI¢s
[13] <+(NC>IY/LA

v



vector transfornation described above. However, nore conplex or.conposite.
inferences such as the determination of derived.-rules, theorem proving afnda
. abduction may be performed by the apparatus and nethod of the invention.
Fig. 13 shows the inference engine extended with a rule determnation unit
12 and further registers VL (variable list), DR (derived rule) and ERL
(explanation rule list). Figure 3d illustrates, in flow chart form a
preferred enbodi nent of the operation of the rule determ nation unit 12.
-The input vector VL contains integiﬁﬁéﬁues i ndi cating the vari abl es
involved. In the exanple of Fig. 141t problemis to determ ne the derived
rel ati on between the variables PICKUP and STBY, so VL = 2 4. The rel ation
is determined by testing the validity of all of the conbinations of the
variables. If the output CRN (contradiction rule nunber) is 0, the
conmbination is valid, otherwise it is invalid. The four possible

“conbi nations are shown in Fig. 14 and the results stored

FIG. 4

. variables
— .

s ’ M SY
f INITIALIZATION UNIT - _—
| {variables
:L (511 -
S¥
variables
e ) )

st.m Tty ] v | [ w ]

EV
._T L y \ ———

- SCANNING AND PROJECTION UNIT ‘ AR
RL 15.2

rules rules

[svr 1 [svid ]

\ \

CONTROL AND EXPLANATION UNIT
(5.3

L ) W, \e
5/ variables L_.




in the derived rule -register. The rel ation may- be recogni sed as a. NAND .
relation; that is, 'system standby’ 18 and ' pickup on' will never appeas-.
at the sane tinme. By nmeans of CRN, EV, and PS it is easy to make an
explanation rule list with all of the rules involved in the inference: ERL
=11, i.e. both rules are involved. Fig. 15 illustrates the principle of
t heorem proving, which is based on the derived rule determ nation
.technique. The problemis to proWia}E t the predefined rule set inplies a
user-defined conclusion. In this S f the derived relation between the _
vari abl es and the conclusion is conpared el enment by elenment with the binary
representation of the conclusion. Gven the rule base of Fig. 6, the
exanpl-e 1) Signal or system state register

sl
s?

3 " FIG.5

variables sk

SV

2) Control registers

b bl
b2 b7 ~

bj bj

variables

bM bK
RC vl

rules

3) Buffer register

bl
b2

bj

rules

bM
RL

4) Explanation registers

Wi wl
y? CRX
W)

variables \;N

Ev



‘is to prove that ElI THER the systemis at standby OR-the’pickup i-s on. The
conclusion to prove'is an exclusive OR rel ation bétween ‘Pl CKUP- and STBY
.(Fig. 15(a)). The derived relation (Fig. 15(b)) betwéen PITKUP and STBY
was proved in the previous exanple. The theorem Cis proved if DR inplies
C, that is, DRis less than or equal to C for all elenents. As may be seen
fromFig. 15(c), the condition is not satisfied. Hence, the theorem cannot
be proved. Fig. 16 illustrates abduction. Here the output state vector is
. known, and the problemis to degﬁég&qe all the input state vectors

(prem ses) inplying that concl usi This is carried out by a primtive
deduction (state vector transformation) of the negated constraint output
state vector. Fig. 16 relates to the sanme rules as Fig. 6, and the out put
state vector 'PICKUP is false' is given (Fig. 16(a)). This state vector is
negat ed, deduced and negated again (Fig. 16(b)) giving the concl usion:

FIG.6

DISC
PICKUP
ROTATING
variables STBY
¢ ' R
RULE 1: DISC ROTATING STBY
0 0 0
0 0 )
] 0 0
1 0 ] L
1 i 0 2 rule base memory
RULE 2: PICKUP ROTATING
0 0
1 1

variables
—

PS: \L 10
01

rules

L

11
10 Fﬂ PS memory




- '"No disc "turntable not rotating' or 'systemis at standby' inply the "
~conclusion '"Pickup is off'. Alternatively, the abduction process nay be

_ carried out without negating the output state vector. In this case, the end
-user specifies the known output state vector and a set of input variables.
‘The system deduces all conbinations of input variables and conpares the
result of each deduction with the specified output state vector. If the
determ ned and the specified output state vector are equal, a correspondi ng

" input state is stored. Hence, t? /r ult of this abduction process is the
set of input conbinations satis §ié§Fthe out put constraint. It will be seen
that the present invention, at least in its described enbodi nents, provides
the foll owi ng features and advantages: the know edge base is

FIG.7

RULE 1: DISC ROTATING STBY
{ 0 0
0 0 1 ~

1 0 0

1 g 1

1 1 i
SV: 1110
1, 11§ R
variables {01} §

RULE 1: DISC ROTATING STBY

1110
SV l 10]R

variables 01}5s




“represented in a conpact binary format with each rule transfornmed to a
truth table. The size of the know edge base is therefore approxi mtely
.proportional to the nunber of rules and i ndependent of the number of state

‘variables. Therefore, there is no problemw th "conbi nati onal
During rule consultation the size of the know edge base renai
rules nmay be consulted in any order and therefore the possi bi

expl osi on".
ns fixed. Also
lity exists of

-processing rules in parallel, e.? }ﬁ a plurality of processors, leading to
B 24

the possibility of an al nost un

increase in speed. The | ogical

transformation is based on a parallel search of binary patterns. The

techni que can be inplenented in any programm ng | anguage, but
suitable for inplenmentation in parallel processing hardware.
circuit technol ogy may be a candidate— ncl udi ng el ectri cal,

optical devices, byriﬂegioggly a geghycondh&tor chip

y

load W(i) p===

8.2

8.3
NO

YES

85§

SV(1) = (not W(i)) or S¥(1)

R 87

SV(2) = W(i) or SV(2)

8.4

it is
Any swi t chi ng
nmechani cal or

TV = W(i) and BV ? -



i npl ementation is nost practical at present. The conponents. of the
appar atus described, including the PS nenory 1; ful e base nmenory 2, rule

base scanning unit 3, and rule consu
ipl emented in a general
their functions could be readily inpl

tation unit 5 can if desired, be

pur pose conputer such as a mcroprocessor and

enented by the program steps set out

in Figs.
wi t hout

3a-d, for exanple.

The | ogi cal

transformation is carried out

20 changing the rul e base,

approach in which derived rules a
search. Therefore, our rule base
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with fewer rule consul tations and hi gher execution speed than conventi onal
inference nethods. In-practice, the |ogical: transfornmati.on may be carried
vut as the transformation of a binary state vector representing aspects of
a physical entity. The input state vector represents the known or neasured
:system state and the systemmay interact directly with physical devices
such as transducers generating the input state vector. The output is of
course a state vector updated in accordance with the input stimuli (the

i nput state vector) and the syste ggﬁtraints (the know edge base). The
state vector can include tautologgy? "t care) and contradiction

(i nconsistency) as state values to be treated |like truth and fal sehood.
Therefore, the systemcan identify and nmani pul ate inconsistent or

super fluous know edge. All of the inference nethods perforned are based on
just one fundanental |ogical transformation. Well known
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- inference methods such as resol ution, nmpdus ponens or nodus tollens nmay be
carried out straightforwardly by nmeans of this new transformation.
Conposite and conpl ex inference techniques |ike derived rule determ nation
--or theorem proving may al so be executed straightforwardly by two or nore
state vector transformations using parallel or sequential processing. This
new i nference technol ogy makes it possible to introduce artificial
«ntelligence in many inportant new application areas, including small-scale
m croconput er systens for real-tin?ﬁfbcess control. In one possible form
the invention may be enbodied in a coprocessor for a mcroconputer, or

ot her 21 controller, either as a special -purpose integrated circuit or
as a board adapted to be connected to the
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address and data bus of the conputer. Software.provision nmay be nmade for
interfacing the coprocessor w th programm ng-l anguages commonly used in
industrial control, such as PASCAL, APL and C, whereby progranms witten in
these | anguages may call information processing routines in the
coprocessor. Although the invention has been described in connection with
vari abl es which have two states, it can be used in systens in which

vari abl es can take val ues over a continuous range. In such a systemthe
ranges may be divided into rel atiwl%zfmall sub-ranges, and a value of a
variable falling or not within on é he smal| sub-ranges can be
represented in binary formand processed with the techni ques descri bed.
Further, the invention can be extended to so-called fuzzy |logic systens in
whi ch each rule state has a certain probability value, by storing
probability values in association with the conbinations stored in the rule

base nenory 2. These val ues c?n_r@n tfép:rocessed
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durlng or after the processing of the state vector and rule base
i.nformation. Cains 1. A signal processing apparatus for reducing t he
uncertainty of an input signal (SV) which can consist of a plurality of
‘conponents, conprising: neans (1,2) for storing one or nore rules each
expressing a relation between a plurality of the conponents; neans (3,4,5)
for receiving said input signal; and neans for determning fromthe input
stgnal and the rul es information about the value of at |east one conponent
of the input signal; characterised§f2hat: each rule is stored in the form
of signal representations of sets of conbinations of the conponents :
involved in the rule, which sets indicate in respect of all conbinations of
t he conponents involved in the rule whether those conbinations are

possi bl e; said receiving neans (3,4,5) further conprises means for

i dentifying

FIG .15
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all rules which contain information about a conmponent of said input signal
which is determnate; and in that said apparatus furthér conprises: neans
5) for identifying conmbinations consistent with the .values of conponents
of- the input signal fromthe respective identified rules; and neans (5) for
determining fromthe identified conbinations information about the val ue of
at. | east one conponent of the input signal. 2. Si gnal processing
apparatus as clainmed in claim|l mhzgeiQTthe conponents of the input signal
(SV) conprise binary representatio é aspects of a physical entity. 3.

Si gnal processing apparatus as clainmed in clainmed in claiml or 2 wherein
each conponent of the input signal (SV) can take one of four val ues
respectively representing two possible states, tautol ogy, and

i nconsi stency. 4. Si gnal processing apparatus as clainmed in claiml1, 2
or 3, wherein the neans (2) for storing is arranged to store an array of

bi nary codes each representing a c ééitipf;of sai d conponents which is
known to be possible. PLACEMENT S ” T
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5. Signal processing apparatus as claimed in any preced i wherein the
means. (1,2) for storing further conprises nenory neans for storing
‘information Indicating which of the rules involve individual ones of said
conponents. 6. Si gnal processing apparatus as clainmed in claimb5 wherein
.the nmeans (3, 4, 5) for receiving 21|nput signal and identifying any

rul es which contain information ab a conponent of said input signal
which is determ nate conprises a rule list store (4) for storing a list of
said rules to be processed, said |list being determ ned on the basis of the
i nput signal Zaitap contents te—remory —Tearms, (1) . 7. Si gnal
processi ng pp S as aimeg in claimg_including a control register (9)
arranged to indicate w whtth conponent O|§§£ﬂlnpUt si gnal has beshinew y

eval uated, and neans}|f @s2 det er i ni pg (a i st based additi¢nalhy on the
infornation in the cpnt[rg reg'steg 8. = Slgnal processi ngjappatat us as
claimed in claim6 of 1 rang% - 189 ade ‘ to precess the inmput. $igna
until the rule list _§td (4) contai gp-sets to|be processéd,| of until an
i nconsi st ency i@ e o] O. Si gria eSS| ng appaasidsseas|{s¢lai med in
any preceding claimin| chat he sig esent tian of sets [or
conbi nati ons conpri ses {bi hary words wi h the tsTordered to corréspond to
the order of the conponen}s of |thegin -
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each conponent of the input signal comprising two binary bits, said
apparatus conprising two registers, one (SV(2)) containing the upper bits
of the input signal and one (SV(1)) the lower bits, and including neans
(5,2) to OR a binary word with the contents of one register and to OR the
conpl enent of the word with the contents of the other. 10. Si gnal
processi ng apparatus as clained in any preceding claimincluding register
means (7) for storing an indication of which rule led to the determ nation
of each value of the input signal. PLACEMENT SHEET 24 11. Si gnal
processi ng apparatus as cl ai ned in1ZJ;FEreceding cl ai mwherein the storing
nmeans (1,2), receiving and identifying neans (3,4), identifying neans and
determ ning neans (5) are formed by a suitably programmed conputer. 12.

Si gnal processing apparatus as clainmed in any preceding claimin the form
of a coprocessor for a conputer. 13. Apparatus as clained in any
preceding claim further conprising:
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&rule menory (2) arranged to store binary words indicating whether or not.
ad |l aof the conbinations of the conponents of each rule are allowable, said
words including bits representing the respective conponents in the

conbi nations; a control nenory (1) arranged to store respective binary
words for each rule with the bits of each word indicating whether a
particul ar conponent is involved in the corresponding rule, the order of

t he conponents associated with the_rule_ nenory words being the sane as that
of the control nenory words; and aﬁﬁik@&ing nmeans for providing access to
each rule nenory binary word of a particular rule in response to an out put
of the control nenory indicating that the particular rule is required. 14.
A signal processing nmethod for reducing the uncertainty of an input signal
(SV) which can consist of a plurality of conponents each representative of
an aspect of an aspect of a physical entity, conprising: storing one or
nore rul es each expressing a relation between a plurality of the :
conponents; and determining fromthe input signal and the rules the val ue
of an indefinite conponent of the input signal; :
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€haracterised by: storing each rule in the formof signal representations
of sets of conbinations of the conponents involved in the rule, which sets
t.-ndicate in respect of all conbinations of the conponents involved in the
rul e whet her REPLACEMENT SHEET t hose conbi nati ons are possi bl e;
i.dentifying all rules which contain informtion about a conponent of said

i nput signal which is determnate; identifying conbinations consistent with
t he val ue of the conponents of theZHnﬁﬂg signal fromthe respective
identified rules; and determ ning frlo ‘he identified conmbinations the

val ue of an indefinite conmponent of the input signal. 15. A nethod as
claimed in clained in claim14, further conprising: storing the input

signal in register neans as a plurality of two-bit pairs each correspondi ng
to a conmponent of the input signal; and wherein: said step of storing a
signal representation of sets of conbinations of said
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conponents conpri ses {Skepj RGVERT BHEEYNRl representation in the form of
tl.ng_a,l-@e-f——(—he

all owabl e conbi nati ons of the

conponent in the rul gs ta%e tely, the variables in the rule words
gmnEH(HH"'MH l"m't he {sdne Mr s in|the input si | |l Ofugt hg first
s ﬂ beijng taken as_a fiir$t shpgnal cong%\ﬁ ﬁd h£s$p® A
bits ‘as‘a Second sigrfal conponent; thejnmethod furth omgr i @#y. &oMNFi ni n
the input <igipg and lthe stored-+u-e—-fAf ormati on to provide an out put

signal by conbining in an ORrelation a rule binary word with one of Lhe
first and second, signal. onents, and cqnbining-Ln an relation the
conpl enent of tﬁ]é bi ﬁ?@ﬁﬁ%ﬁﬁsﬁ‘ﬁ aP,H%’a&{sﬁ%'i'ea'flc"?%ﬁjefq'%%awf@em si gnal
conponent s;signati(@)avhictgcdneonsist of 4 plagalitysfizompbhents, domprisigg st er neans as an

output signal. 16. A nmethod as clained in claim14, further conprising:
converting each rule to a plurality of first binary words indicating

whether or not all ofmédis (32yfdrstsringhe@r nidhe naE BN Xpfesking drrelatibn € are
al | owabl e and amgé;mﬂagkwﬁ 6fttﬂe9§m96rﬂ-z%f§( wor ds each corresponding to a
rule and indicating | conp

onents are r'nvolved in that rule, individual
bits in the first and second words corresponding to individual conponents
ordered in the same dperns (34.%for repeiving ssid inpudl signalpant wor ds;

means for determining from the input signal and the rules information
about the value of at least one component of the input signal; characterised
inthat :

each rule is stored in the form of signal representations of sets of
combinations of the components involved in the rule, which sets indicate in
respect of all combinations of the components involved in the rule whether
those combinations are possible;

said receiving means (3,4,5) further comprises means for identifying
all rules which contain information about a component of said input signal
which is determinate; and in that said apparatus further comprises:

means (5) for identifying combinations consistent with the values of
components of the input signal from the respective identified rules; and
means (5) for determining from the identified combinations information about
the value of at least one component of the input signal.

2. Signal processing apparatus as claimed in claim 1 wherein the
components of the input signal (SV) comprise binary representations of aspects of a
physical entity.

3. Signal processing apparatus as claimed in claimed in claim 1 or 2
wherein each component of the input signal (SV) can take one of four values
respectively representing two possible states, tautology, and inconsistency.

4, Signal processing apparatus as claimed in claim 1, 2 or 3, wherein
the means (2) for storing is arranged to store an array of binary codes each
representing a combination of said components which is known to be possible.



taki ng data contai-ai-ng.known val ues of at |east one of s mwmcmlmt@” ET_
I dent.i fyi ng fr (, second words any rule involving the !
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conmponent s; SHEET 26 selecting the fi

correspondi ng to rul es and using the sel egt ¢d

determ ne the val ue of at fea“st one ot herggconponent. 17. fA haod_as
claimed in claim 16 wherein the first words represent th rules in positi
i ndex form sucly t hatgigdaproes tuObs b h Floa
conponent s i nvol ved |lén tﬁe resﬁeﬁﬁiur uses l W%} I nf Or mati on
processi nyhefiathe means(! %iéwé@mgﬁgrt@m qomtse%mgmrv meanifor S9N an out put
St onar 1 Ointmatoh i Which ot Adds!vdle PURIEHT ofRS P LG Sompbieddn Lt
signal having a pluralil yo varl ables 1 nc Ieas variable with
an unknown val ue defining an unbounded vari abl e and at Ieast one variabl e
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defi ni ng
(3. 4, 5) for receiving the input signal and identifying any rules which contain

information about a component of said input signal which is determinate comprises a
rule list store (4) for storing a list of said rules to be processed, said list being
determined on the basis of the input signal and the contents of the memory means

(1).

7. Signal processing apparatus as claimed in claim 6 inciuding a control
register (9) arranged to indicate which component of the input signal has been newly
evaluated, and means for determining a new list based additionally on the
information in the control register.

8. Signal processing apparatus as claimed in claim 6 or 7 arranged
repeatedly to process the input signal until the rule list store (4) contains no sets to
be processed, or until an inconsistency is detected.

9, Signal processing apparatus as claimed in any preceding claim in
which the signal representation of sets of combinations comprises binary words with
the bits ordered to correspond to the order of the components of the input signal,
each component of the input signal comprising two binary bits, said apparatus
comprising two registers, one (SV(2)) containing the upper bits of the input signal
and one (SV(1)) the lower bits, and including means (5,2} to OR a binary word with
the contents of one register and to OR the complement of the word with the contents
of the other.

10.  Signal processing apparatus as claimed in any preceding claim
including register means (7) for storing an indication of which rule led to the
determination of each value of the input signal.
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uncertainty for the-input signal, the variables in the sys EPLAPCgM§NJa§|1ng

by a plurality of rmned rules, the rules includinggipredeterm ned
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of the bounded system vari abl es for a given input signal by determ ning

whi ch vari abl eg,have,, . val ug. | |l . of t i t.ifled rules.
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t he bi nar yomegfaeuprocassorfopa coimputenl es has a fi xed size. 20. The

i nformati on processing apparatus as clainmed in claim219 wherein the logic
means further conprises neans for determ ni ng whether the values of the
var i ﬁbl esI i n tHS, i npAPpardtgsas clainidrinang preicbding el rfathércobmprisinge vari abl es
in the rules.

a rule memory (2) arranged to store binary words indicating whether
or not all of the combinations of the components of each rule are allowable,
said words including bits representing the respective components in the
combinations;

a control memory (1) arranged to store respective binary words for
each rule with the bits of each word indicating whether a particular
component is involved in the corresponding rule, the order of the
components associated with the rule memory words being the same as that
of the control memory words; and

addressing means for providing access to each rule memory binary
word of a particular rule in response to an output of the control memory
indicating that the particular rule is required.

14. A signal processing method for reducing the uncertainty of an input
signal (SV) which can consist of a plurality of components each representative of an
aspect of an aspect of a physical entity, comprising:

storing one or more rules each expressing a refation between a
plurality of the components; and

determining from the input signal and the rules the value of an
indefinite component of the input signal;

characterised by :
storing each rule in the form of signal representations of sets of

combinations of the components involved in the rule, which sets indicate in
respect of all combinations of the components involved in the rule whether
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wherein the binary lon of the rules conpri sy
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representation
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claimed in claim18 wherein the binary representation {of the rules incl

a binary representation of the unallowed conbinations of the system
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vari abl es. 24.

18 further consaidinpig signahwhithis determimaje;a bi nary representation of the
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i nput signal and wherein the | ogic neans for changi ng unbounded vari abl es
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det erm nes the
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the identified combinations the value of an indefinite component of the input
signal.

16. A method as claimed in claimed in claim 14, further comprising:

storing the input signal in register means as a plurality of two-bit pairs
each corresponding to a component of the input signal; and wherein: said
step of storing a signal representation of sets of combinations of said
components comprises storing said signal representation in the form of
binary words representing all of the allowable combinations of the component
in the rules taken separately, the variables in the ruie words being ordered in
the same manner as in the input signal, all of the first bits of the pairs being
taken as a first signal components and the second bits as a second signal
component; the method further comprising:

combining the input signal and the stored rule information to provide
an output signal by combining in an OR relation a rule binary word with one
of the first and second signal components, and combining-in an OR relation
the complement of the binary word with the other of the first and second
signal components; and storing the resuiting combinations in register means
as an output signal.

16. A method as claimed in claim 14, further comprising:

converting each rule to a plurality of first binary words indicating
whether or not all of the combinations of the components in each rule are
allowable and a second plurality of binary words each corresponding to a rule
and indicating which components are invoived in that rule, individual bits in
the first and second words corresponding to individual components ordered
in the same order in all the first and second words;

taking data containing known values of at least one of said
components; identifying from the second words any rule involving the known
component or components; and
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17. A method as claimed in claim 16 wherein the first words represent the
rules in positive index form such that they contain all of the allowable combinations
of the components involved in the respective rules.

18.  Aninformation processing apparatus for possessing an input signal to
determine an output signal for a system having a plurality of system variables, the
input signal having a plurality of variables including at least one variable with an
unknown value defining an unbounded variable and at feast one variable with a
known value defining a bounded variable, the unbounded variable defining
uncertainty for the input signal, the variables in the system constrained by a plurality
of predetermined rules, the rules including predetermined combinations of a plurality
of system variables, the information processing system comprising :

an addressable memory having stored therein a binary representation
of the rules constraining the variables in the system;

proposition storage memory having stored therein a binary
representation indicating which rules define a relationship for a variable;

scanning means for receiving the input signal, and for scanning the
proposition storage memory to identify all rules which define a relationship for
a variable;

logic means for addressing the respective identified rules in the
addressable memory and determining from the input signal and the rules all
of the bounded system variables for a given input signal by determining
which variables have the same bounded value in all of the identified rules.

18.  The information processing apparatus as claimed in claim 18 wherein
the binary representation of the rules has a fixed size.

20. The information processing apparatus as claimed in claim 19 wherein
the logic means further comprises means for determining whether the values of the
variables in the input signal contradict the constraints for the variables in the rules.
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21.  The information processing apparatus as claimed in claim 18 wherein
the binary representation of the rules comprises a fruth table representation of the
rules.

22. The information processing apparatus as claimed in claim 18 wherein
the binary representation of the rules includes a binary representation of the
combinations of the system variables in positive index form thereby representing the
combinations allowed by the constraints of the rules.

23. The information processing apparatus as claimed in claim 18 wherein
the binary representation of the rules includes a binary representation of the
unallowed combinations of the system variables.

24. The information processing apparatus as claimed in claim 18 further
comprising means for storing a binary representation of the input signal and wherein
the logic means for changing unbounded variables to their determined bounded
value in the stored signal when the logic means defermines the botuinded value of an
initially unbounded variable.

25. The information processing apparatus as claimed in claim 24 wherein
the logic means further comprises means for determining whether the values of the
variable in the input signal result in a contradiction of the constraints of the rules.

26.  The information processing apparatus as claimed in claim 25 further
comprising means for indicating which rule resulted in a contradiction if a
contradiction occurs.

27. The information processing apparatus as claimed in claim 19 wherein
the logic means comprises a computer processor.
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