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Parallel Algorithms for Real Time

Knowledge Based Systems

W. A. Woods

1. Introduction

In various attempts to construct systems that automatically
transform ordinary computer programs into programs that can
capitalize on parallel execution, it is common to discover that the
maximum effective parallelism that can be gained for a given
program is quite limited (factors of U4 to 6 are not atypical).
This is due to the fact that the potential parallelism that is
exploited by such systems is essentially the paralle! computation
of subexpressions in an eguation or the parallel evaluation of
arguments to a function call. Such parallelism is limited to the
number of subexpressions an equation has or the number of arguments

in a function call, and these numbers are not large.

For computations that are typical of nondeterministic
algorithms, however, the number of alternative computation paths
that can be potentially followed in parallel can easily grow into
the hundreds (or more). For many searches to find something

satisfying a condition, one may find lists being scanned which are

themselves hundreds long (even longer lists would be used if 1t
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were not for the computational cost). Often, the condition to be
tested involves a pattern match which could itself have a large
number of alternative choices (e.g., when the pattern contains one
or more substring variables). Hence, in this domain, it is not
unreasonable to expect factors of potential parallelism in the

hundreds (or even thousands for very large data bases).

Most successful parallel processing architectures have
resulted from designing an architecture to support some specific
class of algorithm which is known to be important and/or expensive
for some useful class of problems. Examples are Fast Fourier
Transforms (for signal processing applications) and Key retrieval
for associative memory processors. The former has turned out to be
immensely important for a variety of signal processing
applications, while the latter turns out to be extremely useful for
storage management in virtual memory systems and presumably has

many other useful applications as well.

However, contrary to what one might have expected, the
intuitive attractiveness of an associative memory for various kinds
of Artificial Intelligence applications and other sophisticated
symbolic processing applications has not resulted in the widespread
use of associative processors for these applications. The reason

for this, I believe, is due to the fact that the kinds of

retrievals required for most sophisticated applications are not
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‘merely direct retrieval of a known key, but rather the discovery of

a stored item that matches a complex pattern. Some associative
processors permit patterns that can be expressed as "don't care
conditions" on certain bit positions in the key, but this is not

nearly sufficient.

In this paper, I want to discuss an important class of
operations for sophisticated symbolic computation that are of
sufficient universality to make them worth considering for special
architectural treatment. Appropriate algorithms and specialized
hardware for these operations hold promise for capitalizing on
potential parallelism to gain significant improvements in elapsed
real time required tc perform complex intelligent computations in

knowledge based systems.

The class of problems that I want to consider.are problems of
what I have called "high 1level perception" or "situation
recognition®. The problem is to find all of the patterns in a data
base ot pattern schema that are satisfied by a given input, where
the class of possible patterns is as general as possible. This
basic recognition problem is a fundamental "inner loop" operation
in almost all sophisticated "intelligent" symbolic processing
applications, including language understanding, visual perception,
medical diagnosis, mechanical inference, robot problem solving,

automatic program synthesis, and the general class of knowledge
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based systems. The efficiency of this basic process is critical to
any rule based system that 1is to operate with a large and

sophisticated set of rules.

2. Situation Recognition Algorithms

In a system whose behavior is driven by a large set of rules,
a major inner-loop operation is the determination of the set of
rules that are applicable to a given situation. For sufficiently
small sets of rules, this can be done by considering each rule in
turn and matching its conditions against the current situation
(e.g., matching a production rule against the contents of a
specified set of registers). For 1larger sets of rules, this

becomes impractical.

For a straightforward set of production rules, an efficient
means of finding matching rules can be done by organizing a
decision tree made up of the various tests that occur in the
patterns of the production rules, and storing a list of the
corresponding rules at each of the leaves of this tree. This
significantly decreases the computation for determining the
matching rules, but is based on an assumption that the pattern
parts of the rules are essentially "flat" Boolean combinations of

simple measurements on the current state. As the number and

complexity of the rules increase, the decision tree method faces
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two alternative strategies. Either the decision tree can be
interpreted as a deterministic automaton (with only a single path
through the tree being followed), or it can be interpreted as a
"nondeterministic" automaton (in which alternative paths through

the tree can be explored simultaneously).

If the decision tree is to be a deterministic sequence of
measurements leading to a unique list of matching rules, its depth
will eventually begin to approximate the total number of
measurements that are made in all the rules, although any given
rule will actually make use of the results of only a small fraction
of those measurements. Questions of optimality in the order of
testing the conditions arise, but in general it will not be
possible for a given rule to lie at the end of a path through the
decision tree that tests only the conditions relevant to that rule.
Instead, for most rules, there will be a large number of tests made
in discovering its match that are done for the purpose of ruling
out other possibilities and do not affect the applicability of the

rule in question.

For each such "don't care" condition, there will be a
bifurcation in the decision tree with each path leading to a
possible match of the rule in question (but differing in what

additional rules may be tested along the path). Thus, if there are

n such don't care conditions in the tree before the last necessary
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condition is tested, there may be as many as 2%#*n different places
in the decision tree where the rule in question needs to be stored
(i.e., some pointer that accesses the action part of the rule needs

to be stored).

The above argument is slightly simplified by the assumption
that tests are done in essentially the same order on each of the
paths through the decision tree, but the qualitative nature of the
effect is still there even if the subsequent test and their order
is made conditional on the results of previous tests. The upshot
is that if there are n rules total, with say 5 elementary
conditions to be tested per rule, and say 2n different elementary
conditions total (i.e., on the average -each rule shares
approximately 3 of its conditions with other rules), there would be

2%%¥2n possible combinations of conditions.

Since in general any given measurement will only make a
difference for a few of the rules and will be a don't care
condition for the others, most of the measurement decisions in the
decision tree will not significantly reduce the number of
measurements that will have to be made on the two alternative
branches leading from that decision. It is probably generous then
to estimate that the depth of the tree might be halved due to
measurements that need not be made on some branches of the tree due

to a previous measurement making them unnecessary. That would
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still leave 2%*n combinations of conditions that would have to be
explicitly represented in the decision tree. (Unfortunately, a
miniscule difference between two subtrees is sufficient to keep
them from being merged in a deterministic decision tree so there is

little expected saving due to merging of common subtrees.)

Under these assumptions, a modest system of 1000 rules would
require 2%¥¥1000 nodes in its decision tree (current address spaces
are only 2*%*18 memory cells) and would require on the order of 1009
elementary conditions to be tested to determine the rule or rules
applicable to a given situation (i.e., the inner loop decision of
what rule to try next would require 1000 elementary measurements).
This number of elementary measurements is not completely out of the
question, although it is not attractive (especially since they have
to be done sequentially) and would become even less so for 100,000
rules. What is critical, however, is the fact that the space to
store this decision tree is too large (approximately 200 orders of

magnitude larger than current address spaces).

So let wus consider the alternative of a non-deterministic
decision tree - that is, a tree each of whose branches corresponds
to finding a particular result for a particular measurement, but
which allows a number of different measurements to be made at a
given point, and in particular allows alternative measurements that

are not mutually exclusive (and will follow all consistent
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alternatives if several such measurements are satisfied). This can
be thought of as an ATN or GTN grammar with no recursion and no use
of registers (see Woods [1978c]). In such a tree structure, each
rule can be made to live uniquely at the end of a chain of
measurements corresponding to exactly the conditions of that rule
(although it is possible for reasons of sharing common subtests
that one may want to permit a few don't care measurements along

such paths).

For such a structure, a system of n rules, with the
characteristics discussed above, would have considerably fewer than
5n nodes and might require 2n or 3n elementary measurements to
determine which rules were applicable (depending on how many of a
rule's 5 measurements were satisfied on the average when the rule
does not match completely). Storage is no longer a problem for
this approach, and -the number of elementary measurements required
may either have gone up by as much as a factor of 3 or it could
have gone down to the order of 1log(n) if very few of the
potentially non-deterministic choice points actually involve
following more than one case. In practice, the expected number of
elementary measurements would probably be about the same as for the
former case, although with considerable potential variance
depending on the nature of the rules. The important consideration,

however, is that in this formulation, no individual rule depends on
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a chain of measurements 1longer than about 5. Thus there is
enormous potential for parallelism in pursuing the alternative rule

matches through the decision tree.

Of the above three options (linear scan, deterministic
decision trees, and nondeterministic decision trees), the
non-deterministic decision tree seems clearly superior to the other
two. It involves fewer elementary measurements than the
straightforward testing of each rule in turn, and in some cases
could reduce the number of evaluations from order n to order
log(n). Moreover, the storage costs are no greater and could be
less than that of the direct representation of each rule. Both the
direct evaluation of each rule and the non-deterministic decision
tree permit vast amounts of potential parallelism for systems with

large numbers of rules.

The observation that the non-deterministic decision tree is
essentially an ATN with no recursion and no registers raises the
possibility that one might be able to do more complex rule patterns
or have greater flexibility for compact expression of a total
collection of rules by generalizing to unrestricted ATN's and
making use of recursion and register setting. This is in fact the
case. By the wuse of recursion and a device analogous to

well-formed substring tables, it is possible to make constellations

of tests into subroutines that need only be executed once even
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though they may be used on several different paths through the
nondeterministic network. The use of registers will then permit a
computation path to keep a record of the results of such
subroutines. The use of registers can also permit the merger of
two similar parts of the network into a single structure, with the

differences between the two kept in the registers.

The above analogy to ATN grammars may seem strange to those
accustomed to thinking of grammars only as devices for parsing
strings of symbols. However, the ability to do arbitrary tests on
an arc permit an ATN to be used essentially as a universal
non-deterministic Turing machine. This ability has been formalized
in Woods [1978c] into a generalization of ATN grammars called a
"Generalized Transition Network" or GTN. A GTN permits the same
kind of non-deterministic computation structure as an ATN, but is
generalized to analyzing an arbitrary "perceptual domain". In a
GTN, one characterizes the situations that can be induced from a
set of rules, and then associates the right-hand sides of the rules
with the situations in which they should be executed. Viewed in
terms of GTN's, the problem of determining which rules to apply to
a given situation is equivalent to parsing that situation into a
characterization which then determines which rule act:ons are

applicable.

- 10 =




PRSI ———

Report No. 4181 Bolt Beranek and Newman Inc.

Once this perspective is taken, it becomes clear that the use
of a GTN to characterize situations also permits a more extensive
classification of possible interactions among sets of
simultaneously matching rules than merely a set of matching rules.
For example, if one rule has a more specific pattern than that of
another rule, then whenever the first rule matches, the second rule
will also. If the rules are taken as merely a set of rules, then
these two rules will compete with each other in the cases where the
more specific rule matches. In the GTN formulation, it is possible
to indicate that in certain situations one rule 1is to take
precedence over another, while in others the effects of the two
rules are to be combined, and in still others the rules should be

considered as competing alternatives.

A previous report [Woods, 197%c] discusses motivations for
introducing mechanisms of inheritance into the specification of a
GTN for situation recognition applications. A structured
inheritance network such as KLONE [Brachman, 1978] can be
interpreted as specifying a GTN that provides such an inheritance
mechanism and recognizes occurrences of the concepts described in
the network. That is, a given concept with a particular set of
roles with value restrictions and a particular set of structursl

conditions can be thought of as having an associated GTIN (not

necessarily explicitly constructed) whose states are characterized

i.
1
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by subsets of the roles that have been filled and whose transitions
correspond to filling an additional role. Such a network can be
used as a "taxonomic lattice" [Woods, 1978b] to organize "advice"
to be acted upon in different situations. One can imagine a
process that simultaneously attempts to parse an input into all of
the possible concepts that are known to the network. However, what
one would actually like to find are the most specific concepts in
the inheritance network that can parse the input (the more general
concepts will then be inherited automatically). Thus an important
algorithm for situation recognition is an algorithm that takes a
given input situation and finds the most specific concepts in the

system's taxonomy that are satisfied by the input situation.

3. Subsumption Algorithms

An inheritance network gains considerable —conceptual
efficiency from being able to store a learned rule or fact at a
particular place in the taxonomy corresponding to the level of
generality with which it holds. The development and maintenance of
such a knowledge network requires an ability to introduce new
levels of generality by operations of abstraction and
specialization and an ability to move generic facts upward or
downward in the taxonomy as learning proceeds. In the course of

developing, maintaining, and using such a knowledge network, there

- 12 =
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are a class of operations that will be used extensively and which
involve a 1large amount of computation. One of these 1is the
operation just discussed, which finds the most specific concepts
that are satisfied by a given ihput situation. The operations I am
concerned with are all operations that perform the effect of a
search of the concepts in the network to find concepts satisfying
certain relationships to a given concept or description. They have
the characteristic that one procéss spawns a number of relatively
independent subcomputations, each of which may spawn a number of
subcomputations, etc. I will refer to this class of operations as

"bifurcation processes".

Bifurcation processes appear to be important for a wide
variety of knowledge based systems. The bifurcation of independent
subprocesses leads to large computational demands when executed on
a serial computer, but has enormous potential parallelism. In this
section, I will introduce a number of such operations that are of
fundamental importance in a variety of symbolic computing
activities and especially in applications of high level perception.
In a later section, I will then diécuss the potential for parallel
implementation of these algorithms and their implications for

special parallel architectures.

We have already discussed the operation of finding the most

specific concepts in the network that subsume a given description.
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Let us call this the MSS operation (for Most Specific Subsumer).
Another related operation is an MGS routine (for Most General
Specializer) which finds the most general concepts in the network
that are subsumed by a given one. A somewhat more complex
operation, but one that appears to be of central importance in high
level perception is an operation I call MSMGU (for Most Specific
Most General Unification). This operation implements a combination

of a data base search and a unification operation.

The unification operation, which is the basic operation in
Robinson's resolution method and a 1large class of mechanical
inference systems, is essentially & generalization of a pattern
match that effectively matcﬁes a pattern with another pattern and
produces a pattern that will match whatever both of the original
patterns would match (if such a "unified" pattern exists). This
operation is used to match an inference rule with a schematic
description of a state of a deduction to determine whether the
inference rule is applicable. The operation of determining what
rules to apply at a given point in a deduction consists of taking
some set of rules from a data base and determining which of them
can be unified with the current deduction state. Thus a basic
operation is the discovery of those rules in the data base whose

patterns are unifiable with a given description. The MSMGU

operation is an operation to effectively search the data base for




A e S S S S R,

|
i
1
‘
i
|
{

N

Report No. 4181 Bolt Beranek and Newman Inc.

the most specific concepts that are unifiable with a given
description, and to produce the most general unification of that

description with each such concept.

The following is a list of important subsumption operations
that we have identified so far, and there are undoubtedly many

others.

- MSS (Most Specific Subsumer): Finds the most specific
concepts in the network that subsume a given description.

- MGS (Most General Specializer): Finds the most general
concepts in the network that are subsumed by a given
description.

- INDS (Individuals): Finds the individual concepts in the
network that satisfy a given description.

- MSU (Most Specific Unifiable): Finds the most specific
concepts that are unifiable with a given description.

- MSMGU (Most Specific Most General Unifier): Finds or
constructs the most general wunifications of a given

description with the most specific wunifiable concepts
that already exist in the network.

4, Marker Passing Algorithms

In order to capitalize on the potential parallelism for
nondeterministic programming, it is necessary to be able to take a
computation path and bifurcate it into multiple computation paths
that share a considerable amount of context. This context-sharing
causes a number of difficulties that stand in the way of realizing

a computational advantage from the potential parallelism of such
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operations. If one makes separate copies of the shared context,
then one has to pay the overhead of making those copies every time
a computation path bifurcates (which may be very often). If on the
other hand, one tries to share the context among genuinely parallel
computations, then one has to provide for a multiple port memory
sufficient to allow all of the potential processes to access the
information. At the hardware 1level of most current memory
architectures, this results in some combination of slowing down the
access time of the memory by a factor equal to the number of
simultaneously accessing processes (thus canceling most if not all
of the advantage of the parallelism) and/or the duplication of the
memory's address and access logic (which takes up a major portion,
if not most, of the space on an LSI memory chip) for each of the

separately accessing channels.

A possible direction to 1look for solutions to the above
problem is to consider an architecture in which processor and
memory functions are combined to some extent, thus distributing a
significant amount of computation over the memory structure itself
and localizing the interaction between process and memory. The
computation model in this case is more 1like a network of
communicating finite state machines than the conventional Von

Neuman machine with a central processor and a separate memory.

- 16 =
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Specifically, we will consider a hypothetical parallel machine
consisting of a central controller and a collection of processing
nodes, each of which contains a certain amount of permanent and
scratch memory. Each node is connected to some number of neighbors
by a communication channel called a 1link. A node can pass a
message to another node along the 1link without contention with
other communication 1links, subject only to the contention of
several nodes simultaneously trying to send messages to a single
destination. The central controller can broadcast messages to all
nodes, and nodes can send messages to the controller through a
contention network that resolves competition for the controller's

attention according to priorities associated with the messages.

The abstract architecture that we envisage for this system is
similar to that of [Fahlman, 1979], although we hypothesize a more
powerful node than he does, as well as a greater ability for
parallel, asynchronous activity without the detailed sequential
supervision of the <central controller. We will use the
capabilities of the controller to regulate and modify the
activities of the nodes and to make "policy" decisions on courses

of action.

A node will be used to store a single fact, concept, rule
pattern, procedure description (or part of one), etc., and it will

be capable of the computation necessary to detect a pattern match

i
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of its pattern and participate in the pattern matching of other
patterns of which its own pattern forms a subpart. The
communication between nodes will take the form of messages of a
particularly constrained format, somewhat comparable to that of a
machine instruction for a computer with a two- or three-address
instruction format. In place of addresses, this machine will use
bit patterns called "marks", which will be considerably fewer in
number than the number of nodes in the memory structure. Marks
will be used in much the way that registers and temporary variables
are used in conventional programming in that they can be reused for
different purposes at different stages of a computation. However,
instead of storing data or pointers to data in registers in a
central processing unit, marks will be attached to the data in the

memory nodes themselves.

The use of marks instead of registers has a number of
advantages for realizing the potential parallelism of bifurcation
processes:

(1) It reduces the communication bottleneck involved in a
memory access to transfer a pointer from an arbitrary
point in memory into a central register. An operation to
move the "contents" of one mark to another consists of
merely attaching an additional mark to those contents,
without the necessity of getting a pointer to those
contents into a central register and then storing the
contents of that register in another place).

(2) It permits the simultaneous assignment of different
values to the same mark and the parallel computation on
the different hypotheses that correspond to those
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different values. For example, if one wants to determine

if any node with some condition A also has condition B,

one can arrange all nodes with condition A to be marked

with some mark m, and then simultaneously launch the

computation for condition B for all nodes marked m.

(3) Finally, since the number of marks is smaller than the
number of nodes, the messages being passed in such
processes are smaller than the corresponding messages
using pointers would be.

We will make the following assumptions: (1) The system will
contain a finite number of marks (probably numbering a thousand or
more) that can be associated with the nodes of the network in a
number of different ways. (2) The system will contain a finite
number of status codes (probably numbering a few dozen to a
hundred) which can be used as "subscripts" on marks to indicate the
way in which that mark is being used. (3) Each node will have an
ability to store some number of messages, each consisting of a mark
with a status code, or a pair of marks with status codes for each
of the marks and also-a status code for the pair as a whole.® (4)
Such messages can also be passed along the links of the network.
(5) A node can request a mark from a list of available ones.*#®

(6) A node can send a message to the central controller. (7) The

central controller can broadcast a message to all nodes of a given

¥ This may need to be generalized to include an ability to store
triples of marks. Current experience, however, suggests it may be
possible to get away with pairs.

** This may require freeing up and recycling an old mark.
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type.*

Status codes associated as "subscripts" on a mark are used to
indicate what purpose a mark is serving and to determine what
effects that mark will have. There are a number of functions that
can be served by marks with status codes. For example, if a mark
is put on a node in status called OWN, then it can effectively
serve as a temporary handle on that node. When so marked, the node
could respond to broadcast requests for the owner of that mark.
Coupled with the ability to respond to broadcast requests, this use
of marks provides a way of implementing a selective addressing
scheme. (This could obviate the need for a node to have an address

decodable as a pointer in order to access it.)

Another use of marks is to construct temporary connections
between different nodes in the network. For example, one can take
the simultaneous presence of a given mark m on node A in status
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