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WHENCE COMETH KNOBS?

In mid-FY78 the Air Force Office of Scientific Research, Directorate of
Mathematical and Information Sciences, commenced sponsorship at MITRE of
a program to investigate and demonstrate the applicability of promising Artificial
Intelligence technology to the automation of Air Force command and control
mission planning and mission monitoring systems. The project came to be
known informally as “KNOBS*“, an acronym for KNOwledge-Based System.
The FY79 AFOSR funds were augmented by some from the Information
Sciences Directorate of the Rome Air Development Center. Subsequently
RADC took over support of the project through FY82, with supplementary
funding from MITRE. This report is a final report on the four years
FY79-FY82.

The intention of this document is to review as a case study the critical decisions
that were made during the period 1978 to 1982 in the developnient of the
KNOBS system from the perspective of continuing work in 1985. Some of the
decisions led to fundamental new insights; others were good ideas at the time
that just didn’t work out as expected. This report is an attempt at a frank
evaluation of both. The authors feel that the artificial intelligence literature
does not contain enough forthright and honest evaluation of completed work,
and hope that our modest contribution will encourage others to provide similar
insight.

Among expert systems, KNOBS stands out because it unites several capabilities:
frame representations for data, rule-based inference, English understanding
using a conceptual-dependency parser for guestion-answering and control, and
a constraint-based approach to planning. This complex architecture evolved
from a simple rule-based system as a result of the functional and performance
demands placed on the system.

Our review will be broken into two parts: the review of the planning system, and
the review of the natural language system. For the period FY82 to FY8S, the
natural language systemn was partially developed under a separate RADC project
with slightly different ends. Therefore, we will review only those portions of the
natural language system that directly pertain to KNOBS.

KNOBS WAS AN EXPERIMENTAL TESTBED

Throughout this report, the reader should remember that KNOBS was never
intended to be a software product, or even a prototype mission planning system.
Rather, it was a testbed for ideas about how knowledge-based system
technology and natural language processing technology could be combined to
support the planning task.

KNOBS was a demonstration of capabilities meant to suggest what kinds of

things could be accomplished. Most of the capabilities in KNOBS were
- incompletely implemented; the capabilities could be shown in one or two
~} examples, but KNOBS seidom handled the general case. This partial
- implementation was appropriate for a demonstration of capability, but would

T
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Figure 1: KNOBS Pulls It All Together

not be acceptable in a prototype (and certainly not in a production quality
system).

As a testbed, KNOBS made only weak commitments to organizational and
architectural conventions. In a certain sense, there is no KNOBS architecture.
When a new type of mission is added to the planning repertoire, the inference
mechanisms must usually be explicitly activated by attaching code to appropriate
places in the data structure. When adding a new word to the vocabulary, code
must be written to attach to various hooks in the dictionary. In order to add a
new constraint, a new LISP function must be written that can, at its whim,
invoke part or all of the rule-based inference mechanism.

This lack of commitment is acceptable (indeed, it is necessary) in an
experimental testbed. How else can one experiment with, for example, how
constraint checking should invoke the rule system? One would hope that at the
conclusion of the experiments, we would be able to say what worked and what
didn’t, and then build a strong architecture in which the various inference
mechanisms were automatically coordinated and invoked in a uniform manner.
This report attempts to draw such conclusions.

page 2.
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THE APPLICATION

Stereotypical Planning

KNOBS was intended to be a framework in which knowledge-based planning
Y aids could be constructed in a variety of domains, provided the application had

'.{:; a certain form: the planning had to be “stereotypical.” Planning is
K. “stereotypical” if it can be viewed as filling out a form with a number of blanks,
B where each blank is filled with the name of something -- either the name of a

facility, a type of resource, a time, a quantity, a location, or a specific object in
the data base.

Each form corresponds to a “plan element.” If plan elements are used to fill
) blanks in other plan elements, then the planning problem becomes less
stereotypical. If sets of things fill blanks, then the planning problem becomes
less stereotypical.

Most of the inference mechanisms in KNOBS are built around the notion of a
;t.‘ frame with slots. Frames can therefore represent plan elements, with “blanks”
being represented by “slots.”

A Surprising Result

Stereotypical planning is a far simpler type of planning than usually discussed in

'5-\ the artificial intelligence literature. Sequences of actions, and coordinated
J-: actions occurring in parallel are both outside the purview of stereotypical
W planning. Furthermore, the exclusion of planning sets of things is a great

simplification.

It is surprising, therefore, that any real planning problem can be recast into this

AN very narrow stereotypical planning format. KNOBS pushed stereotypical
e planning about as far as it can go. A follow-on program called KRS --
e, standing for “KNOBS Replanning System” (from FY83 to FY85) — attempted

to break the KNOBS approach out of the stereotypical planning regime to
-«J handle multiple coordinated activities; it met with mixed success and showed a

:-: negative result: the techniques that work for stereotypical planning do not

.} generalize. This report will occasionally suggest where these techniques begin to

break down.

CRITICAL DECISIONS

One would like to believe that critical decisions are made only after very careful
2 consideration of all alternatives, and that once made the criteria be carefully
documented. Real exploratory investigation does not work that way.

The KNOBS experience suggests that only in retrospect can a decision be
o recognized as having been crucial. Conversely and perversely, those decisions .
:: thought to be critical at the time they were being made frequently turn out not ™
: to matter at all. As a case in point, KRS (the follow-on to KNOBS) spent
v -

almost a year debating the “right” way to organize various plan elements to
represent a refueling mission’s interaction with an offensive counter-air mission




Ry 2, (the type of mission KNOBS plans). In retrospect, the particular organization e
g, of frames didn’t really matter.

This report points out, from a distant perspective, what critical decisions were

&8 made and what their consequences were. The reader is cautioned not to
_:} interpret the comments in this report as reflecting the considerations of the
:{ KNOBS researchers and implementors at the time (FY79-FY81). Rather, the
_} authors arrived at their various opinions based on work done on KNOBS and
other systems developed at MITRE and elsewhere, including systems to be built
" in FY86 and beyond.
:'.' Most of the discussion will be postponed until the relévant portion of the report.
’:‘.: In the immediately following paragraphs, we will point out the kinds of issues
::‘ that are critical, and alert the reader to some of the more important themes of
B the KNOBS research.
‘.i'* CRITICAL DECISIONS IN THE PLANNER SYSTEM
KNOBS uses rules. Initially, in the MICROKNOBS incarnation of FY78, it only
“ used rules, and only used them in a backward-chaining manner. By the end of
W the period (in late 1982), KNOBS used several different forms of inference,
only one of which was rule-based. The others ~— notably frame-based
y inheritance and constraint-checking ~- represent alternative methods of
) capturing knowledge in a computer program. The emphasis on constraints as a
'_; separate entity is one of the great insights implemented in the KNOBS system.
+ Most of the critical decisions we will examine concern these changes.
.R,
Having decided to use FRL-style frames to represent the things involved in
J.‘ planning (e.g., the types of resources, the facilities, and the plan elements), and
\.j having decided on some format for expressing some knowledge as rules,
::z attaching other knowledge to the FRL frame hierarchy, and representing still X
5 other knowledge as constraints, another set of critical decisions must be made: ke
g when a constraint succeeds or fails, what information should be returned? In a
. slightly different guise, when attempting to infer something using the rule
l: system, what information should be returned on a successful or unsuccessful
N attempt?
& j
L, One of the critical decisions in the planning system was that KNOBS should
Rl both support a human planner and be able to automatically plan on its own.

That is, KNOBS could complete a partial plan from any stage, provided that a
consistent continuation exists. From this decision a number of secondary
decisions had to be made; a small sample follows:

i

-

\-P

i How should KNOBS distinguish its decisions

from the users?

~ How should candidates for filling a slot be

"'\ “ ”
I enumerated? (It turns out that the “right N
_,,'s answer for interactive purposes may be exactly .
-': the “wrong” answer for autoplanning.) "
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n Should any information about why a constraint
5 failed be fed back into the enumeration? If so,
A what information, and by what route?

;‘ .a Should all constraints be checked, or only a
.» few that can fail for “different” reasons?
1 i Even though the KNOBS project was to explore knowledge-based techniques,
e the developers did not choose to enforce a rule-oriented representation of
" knowledge. Indeed, the second-worst critical decision in the entire planning
‘:| system concerned how rules should be invoked; it was a decision made by
;«":, default. Nobody decided that all activations of the rule system should be
: ' through application-dependent functions; rather, the implementors simply did it
@: that way. This is why, for example, that constraint checking invokes the
s rule-based inference mechanisms only if the constraint function (which is
. always handcrafted) happens to invoke it. Generally speaking, the
.;.4 implementation of KNOBS decides on which inference mechanisms should be
153 invoked when in an ad hoc and often arbitrary manner.
‘ L]
;: N CRITICAL DECISIONS IN THE NATURAL LANGUAGE SYSTEM
Had
. It is in the natural language system that we find the single worst critical decision
s : of the entire KNOBS project: that the natural language system should be Ry
.. intimately intertwined with the planning system. As an example, in checking T
:r"';" the constraints applicable to some value for-a slot, KNOBS used a scheme ~'\"
j. (called “trapping”) to only try a particular subset of the applicable constraints. g
N2 This subset was the one felt “relevant” to the user, not the subset that would
ros provide the best corrective information to the slot-filling enumerators. Thus,
9'0:. the needs of the interface conflict with the needs of the inference mechanisms.
"'t‘ Rather than resolving this conflict by separating the interface from the inference

mechanisms (and supporting both), KNOBS only supported the interface.

We'll see that the selection of which constraint failures to tell the user about is
very easy to make after all have run (provided they return the proper

e information when they fail). Deciding which constraint to run ahead of time,

X on the other hand, is a very complex decision. Because the user interaction

¥ ::‘ considerations were so intermingled with the planning considerations (the

> constraints generate failure explanations while they are running), the KNOBS

implementation was encouraged to go down the hard and hairy path: about two

sr'r. man-years went into building and modifying the constraint trapping :
Rl mechanisms. >
iy .
“'-\‘, If constraints were to return some useful information when they fail (for \
3 example, when a constraint concerning a time failed, it could return the time .
=4 interval it would find acceptable), then we would clearly want to run all the “

constraints so that we would have the most insight into how planning should

8

-t . . ) ) .
> proceed. This style of reasoning could not be investigated because the natural gS
:-:: language system has preempted the planning mechanisms for its own purposes, ::
:-.j as explained above and in more detail later in this report. oy
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Choosing a Universal Knowledge Representation Scheme

Since the goal of the natural language system is to accept arbitrary sentences
from the user, it is important that the language system’s internal representation
of the meaning of a user’s input in fact be able to represent any message the
user might wish to convey. Naturally, any internal representation of meaning is
going to be only an approximation of what the user meant. But there should be
some principles guiding how that internal representation encodes meaning.

The knowledge representation scheme eventually chosen for the natural
language system was that of “Conceptual Dependency.” While all knowledge
representation schemes are subject to many arbitrary and ad hoc decisions,
conceptual dependency “theory” is particularly bad in this respect, see
discussion in this report’s section on “arbitrary decisions in conceptual
dependency.”
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THE INITIAL RULE SYSTEM

KNOBS is a knowledge-based system, meaning that it possesses factual
knowledge in some specialized domain, and that it uses that knowledge in a
problem-solving capacity to assit a human specialist. The term
“knowledge-based system” is used to describe both so-called “expert” systems
and more general types of systems that use a variety of inference mechanisms.
Chess-playing programs are not “knowledge-based” programs, because they
have almost no knowledge that one would call “factual”, aside from some
standard openings: their heuristics and position evaluation knowledge is encoded
in computer code. Information retrieval systems have factual knowledge but no
problem-solving ability. One of the best known expert systems is MYCIN
[SHOR76], whose purpose is to aid physicians in the diagnosis and treatment of
bacterial infections. One of the first was DENDRAL, applied to aid chemists in
the analysis of the molecular structure of organic samples [FEIG71].

KNOBS is a knowledge-based system which captures the knowledge of human
experts in a variety of information structures, including so-called rules. By
using knowledge-based programming techniques, several advantages over more
conventional software were anticipated:

o New information could be incorporated
rapidly - not just situation reports, but changes
in the rules for acting on them.

o The system could take an active role in
planning, identifying problems and suggesting
alternatives. It couid explain its reasoning.

o English could be used to access, modify, and
control the system - not exclusively, but
whenever an abbreviated command interface is
not expressive enough.

KNOBS did not spring into being over night. One of the early decisions of the
project was that a functional capability needed to be demonstrated very early.
The early drive towards a demonstration system resulted in MICROKNOBS.

MICROKNOBS

<At the conclusion of FY79 an initial demonstration system, called
“MICROKNOBS”, had been constructed, though at a level of complexity and
realism considerably below what would eventually be attained. It was
implemented in Interlisp, a version of LISP initially devised at BBN and
transported to 2 number of different computers, including Digital Equipment
Corporation PDP-10 and DECSystem-20 computers. For a first application in
an Air Force context, MICROKNOBS was given some rudimentary information
about aircraft types, target types, weather, munitions, dand electronic
countermeasures; this information was used to generate recommendations for
munitions selection.
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MICROKNOBS embodied some of the principles that guided later development
in KNOBS. The general characteristics and organization of MICROKNOBS are
recognizable in KNOBS, although the code has been substantially revised: the
inference system, the natural language interface (albeit MICROKNOBS used
what was essentially a keyword-driven pattern matcher), the data base,
explanations, and rule editing. The principal differences between KNOBS and
MICROKNOBS are in KNOBS'’s greatly expanded and reorganized data base
(represented in FRL frames -- see discussion below), in the change of
emphasis from rules to constraints, the new facilities for planning complex
missions, and the advanced natural language subsystem. A display-oriented
user interface made a difference as well, both externally and in the top-level
structure of KNOBS.

Retrospective: New Ideas of MICROKNOBS

It is somewhat difficult to appreciate the new insights of MICROKNOBS today
because several of its new ideas are well-known today. For example, when
MICROKNOBS was being developed, having the inference engine automatically
maintain justifications was a somewhat new idea; today it is standard. As
another example, using declarative rules as the means for capturing knowledge
about planning was a goal seldom achieved in an implementation; today it is
common practice (at least in the reports written about implementations).

One of the outstanding ideas in MICROKNOBS that is fresh even today is that
the rule base should be easily altered by the user while the system is being used.
Even more significantly, we’ll see that KNOBS’s English component supports
some rule changes using natural language as the medium by which the new rule
is added.

The Decision to Use Interlisp

The decision to use Interlisp (used primarily on the west coast and at BBN in
Cambridge, MA) rather than MacLisp (used at MIT, CMU, and other east
coast centers) turns out to have been a mistake, due both to the later availability
of specialized hardware for fast LISP processing based on MacLisp, and the
1985 emergence of Common Lisp —— a derivative of MacLisp ~- as a proposed
LISP standard. We can only speculate as to why this choice was made:
MacLisp had support only under MIT’s ITS operating system and under the
MULTICS system, while Interlisp ran under DEC’s standard operating system.
MULTICS time was expensive. Therefore, unless one could dedicate a
PDP-10 to Al work, MacLisp was not an option. Furthermore, computer time
for running Interlisp could be purchased both at BBN and at USC on the west
coast. The latter was particularly important since demonstrations could be given
on that machine in the early morning (say 9:00 EST) before the west coast
users were awake (6:00 PST).

It turned out that this very early decision made essentially for short-term
economics had an unexpected and high cost. In the Interlisp programming
environraent, one edits the internal representation of code. The basic cycle is
one of
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Figure 2: Development Environments

MacLisp (and subsequent dialects, including ZetaLisp which runs on LISP
Machines and Common LISP which will be the standard definition of the core
of LISP) follows a more conventional

“load-run-read-edit-write~run- ...

The difference is that with MacLISP one edits text (albeit with a text editor that
“knows, understands, and loves” LISP), while in Interlisp, one edits live
structure in memory. The effect of this is that with MacLISP one doesn’t pay
any run-time space cost for comments, while one does with Interlisp (even
though Interlisp comments take no space in compiled code, they do in
interpreted code). Furthermore, comments in MacLISP could be put anywhere
{(since they were ignored by the LISP reader), while in Interlisp care had to be
taken. The net result of this early decision is that KNOBS code is very poorly
commented while other code written by some of the same individuals in a
MacLISP environment is well commented (at least by AI research system

standards).

Let me emphasize: the KNOBS experience leads to the conclusion that a “live
structure” editor —- as found in InterLisp -- discourages adequate commenting
of code. A consequence of this observation is that any knowledge-based system
that allows rules to be changed while the system is running must take care to

“load-run-edit-run ...

facilitate documentation of those changes.

edit-run-write”

cycle of

read-edit-write-run”
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Rules as the Only Representation of Knowledge

MICROKNOBS was strictly a rule-based system. Its knowledge was in the form
of simple implications of the general form “if the hypotheses H1, H2, ..., Hn
are satisfied, then conclude C1, C2, ..., Cn.” Information needed to check the
hypotheses of a rule could come from the data base, from the conclusion of
another rule, or from some arbitrary LISP code.

A typical rule for the selection of munitions, as printed by MICROKNOBS, is:

IF:
1: THE target IS HARDER THAN HARD
AND 2: THE CLOUD COVER OF THE target IS LESS THAN 1
AND 3: THE target IS LESS DEFENDED THAN LIGHTLY DEFENDED
THEN:
1: THE BEST MUNITIONS FOR THE target IS LASER GUIDED

Lower case indicates variables. The rule is actually stored internally in a
list-structured form suitable for Interlisp processing, but let us focus for the
moment on the logical operation of the system.

A rule like the one above would be invoked by an English query of the form,
“CHOOSE MUNITIONS FOR TARGET 3”. For natural language interaction
with users, MICROKNOBS had a surprisingly powerful syntactic pattern
matcher with synonym and Interlisp spelling correction capabilities. It would
accept queries about anything in the data base, such as: “WHAT IS THE
HARDNESS OF TARGET 3", as well as requests for munitions selection. It
could resolve certain pronominal references, such as “CHOOSE MUNITIONS
FOR IT", if, as in this case, a previous query had mentioned a suitable referent
like “TARGET 3”.

The cloud cover, hardness, and other facts about targets were stored in a data
base. A data base entry is in the form of the conclusion of a rule, like “THE
CLOUD COVER OF TARGET 1 IS 0”. In the example rule above, there is a
hypothesis “THE CLOUD COVER OF THE target IS LESS THAN 17;
checking it requires both a data base lookup and an arithmetic comparison,
which the inference mechanism takes in stride.

Backward Chaining

The hardness of the target is an example of a fact that must be deduced from
another rule. MICROKNOBS has to look for a rule with a conclusion about
hardness, such as:

IF:
1: THE target IS A BRIDGE
THEN:
1: THE target IS COLD
AND 2: THE target IS VERY HARD
AND 3: THE target IS STATIONARY
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o Then, when checking the hypotheses of this rule, it will look for an entry in the R
f_' . data base to find out whether or not the current target is a bridge. '}"'
) e
The pattern of reasoning illustrated above proceeds from “conclusion” desirec L&
to hypotheses which, if true, would imply the conclusion. When the conclusion "'
- of a rule is needed, the system sets up the hypotheses of that rule as new goals ,-:-
. for deduction. This process is characteristic of a backward-chaining inference 7]
> mechanism.  An alternative to backward-chaining inference is so-called . ]"
+5 w C . . P
: forward-chaining” which proceeds from hypothesis to conclusion. v
.i :'«' Roughly speaking, backward-chaining is goal-driven reasoning, rather than bty
u . . . .
.. data-driven reasoning. In a backward-chaining system, the rules are invoked LS
&} to answer specific questions rather than to warn or alert the system. The et
5

distinction between backward chaining and the alternative of forward-chaining

e

W can become blurred in sophisticated rule-based systems. Ul
’.;:' The decision to use backward-chaining exclusively appears to have been ;s-
.;, basically correct. There are two exceptions: first, when gathering 5:' d
: s recommendations the rules that map features to recommendations should be ! &‘
ﬂ forward-chained. Secondly, when told that, for example, “Hahn is an Ay
. airbase,” inferences specializing general knowledge about airbases to particular '* 4
knowledge about Hahn should be forward-chained. We will return to these -
:';: exceptions for a detailed examination later in this report (see section on “The b
::’_‘ FRL decision”). .)_
- Explanations & :
N SNyt
A rule-based system satisfied an important goal for an expert system: that the o
- functioning of the program could be controlled by strategies easily understood “ ‘\,_
i ::: by users. Not only can the system print out any rules in English, but it can also :{‘
. indicate which rules played a part in any particular deduction, and how they AT
"; were used. e
Lo e .
Explanations in MICROKNOBS were prompted by the query, “WHY?” after P
;;;' the system stated a conclusion. When laser guided munitions are chosen for ‘.:n;
K j target 1, for example, the explanation is: .l:'::
0
*': BY MR1: THE BEST MUNITIONS FOR TARGET 1 IS LASER GUIDED ::'.‘
Ay SINCE: O
1: BY TR3: TARGET 1t IS VERY HARD T,
SINCE: oy
'.‘_\( 1: DATA: TARGET 1 IS A BRIDGE {,::-
o 2: DATA: THE CLOUD COVER OF TARGET 1 IS 0 :*f::
k.Y 3: DATA: TARGET 1 IS LIGHTLY DEFENDED pee
L)
The explanation names the rule that delivered the conclusion and indicates how {2
its hypotheses were satisfied. If back-chaining was needed to establish a 3
[ hypothesis, the rule needed is named and given the same treatment, recursively. -:.::
: N , Ry
. w
n o
Y
= iy
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' page 11
LY,
EnS t.d
d ORI A R ARG A N B AR _:E:;E::I;-fltﬁ‘-.?} 1
) . T S e '

e b T L
RO RN TR Y
et n A aX) SO ) ) »



9

v

0N :.l :
X .‘-,";
§ N “
X .‘.-3;\{
: Changes in the Knowledge Base .'f-i-:'-'x.

LS
: AR
: MICROKNOBS could add or delete rules and facts, and edit rules. When A

adding or editing a rule, the system would take the user though the hypotheses %

¢ of the rule one at a time; new hypotheses or conclusions were entered in . &
s near-English. The user was, of course, limited to a highly stylized syntax. 1‘»;}.,.‘
L) (’.'.F“\{
' N
' THE INFERENCE MECHANISM o
z

!

. The internal form of rules, and the operation of the back-chaining inference in —
£ KNOBS has its genesis in MICROKNOBS. The aspects of the implementation PROAS
. that changed, and the reasons for the changes, will be covered in later sections. »

~
:'.‘:\ !
A MICROKNOBS rule had the form: e
(rulename (hypothesis®) (clause+)) .
LK “' N \1
X where “*” indicates zero or more occurrences of the term it follows, and “+” ._\j.:-_ﬁ
N indicates one or more occurrences. The second element of the rule is a list of b
: hypotheses, and the third is a non-empty list of conclusions. A hypothesis is a ‘,
' list that begins with a clause and may be followed by some side conditions: "-?,
K (clause side-condition*) g Ay
o
; Clauses used in hypotheses or conclusions were sentences that looked almost \“
k like the way they were printed out. Some examples are: .::.:,«
33
(?TARGET IS-A AIRBASE) L
¢ -
: (THE DEFENSE OF ?TARGET IS HIGHLY-DEFENDED) LAY
Rag
An identifier beginning with a question mark “?” is a variable. When printing :: _3
i rules out, the system replaced the variable “?TARGET” by “THE target”, -2 "
) eliminated hyphens in “IS-A” and other keywords, and performed some other NAAN]
transformations as well. e
.1 [, gr Q_f
d Side conditions were essentially LISP expressions representing function calls. E‘w:"c_‘
: For example, the side condition S
] RS
3 .i- R ‘~

(HARDER 7X HARD)

&
&

2

would, after a constant like SOFT had replaced the variable ?X, be evaluated in
the form

N (HARDER 'SOFT 'HARD)

when the hypothesis was checked. An interesting feature of the transformation
y of rules to their printed form was the way a hypothesis with both a clause and
v side condition, like

'\v\._p. J

N U USRS
*v,*;.* .-J-J"J'

l"l,“l. Vr\' (""}" \'_,J )

'
‘ s “‘\"" 0 'i’;.l o u: 5 ,O'M i,




9"
vy
o

';'\ ((THE DEFENSE OF ?TARGET IS ?2Z)

:?.., (LESS-DEFENDED ?Z LIGHTLY-DEFENDED))

e ¥y

was condensed into a single statement,

kY
¢
L THE DEFENSE OF THE TARGET IS LESS
‘d DEFENDED THAN LIGHTLY-DEFENDED.
=
i

The mechanism for doing this, which was generalized to handle much less
> ) straightforward cases, and produce better English, will be described in Section

L4 ,-.J 5
=
B Consideration of the MICROKNOBS Rule Format
: The format of rules just described has two related features which should be
o examined in more detail. The first clause in the hypothesis list received special

. attention in that it contained the first reference of every variable that needed to
{, be bound. The pattern matcher needed to bind all these variables while looking
for a single clause in the list of currently believed facts (we’ll sometimes use the
-4- term “fact base” to refer to this list). Only then could the side conditions be

evaluated as predicates. The predicate’s LISP code could then invoke the
inference mechanisms, either to confirm the side-condition or to refute it.

‘}::' Consider the problem of finding a country’s airbase X that has aircraft Y when
' the kinds of facts in the fact base are:
¥ (HAS-UNIT AIRBASE-HAHN TFW-109)

- (HAS-AIRCRAFT TFW-109 F-4C).
W

- "

::-.: We could not have a rule
.&'

;:l’; (RULE123
e ((IN 7X ?COUNTRY) (HAS-UNIT ?X ?Y) (HAS-AIRCRAFT ?Y ?2))

. ((HAS-AIRCRAFT ?COUNTRY ?72)))

.r:: because the two side conditions “HAS-UNIT” and “HAS-AIRCRAFT"” refer
::-. to a variable “?Y" that has not been bound by the conclusion or the first clause
'ff' in the hypothesis. Putting the “HAS-AIRCRAFT" clause first leaves “?X"
unbound. So the only choice is to put the “HAS-UNIT"” clause first, even
- though that is computationally expensive due to the number of airbase/unit pairs

_. to be enumerated. Note that the problem just mentioned can be solved by
e allowing multiple clauses as well as having side-conditions.

. ¢,
e
> Furthermore, the fact that the side-conditions were interpreted as functions set
- a dangerous precedent of capturing some knowledge in procedures. The

; knowledge engineer always had a choice: either write some rules to infer some
;:‘: condition, or write some code to compute whether some condition was true or
o not.
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The INFER function

INFER is the back-chaining inference function. Its call is in the form:
(INFER clause)

with some additional optional arguments to control the search. The “clause”
argument is the conclusion of some rule. In the example above, looking for the
best munitions for target 1, the call was:

(INFER '(THE BEST-MUNITIONS FOR TARGET-1 IS ?X))

INFER attempts to establish the requested conclusion by finding a fact or rule
whose conclusion matches this one, substituting TARGET-1 if a variable
?TARGET appears in the corresponding spot. If it was the conclusion of a rule,
INFER attempts to establish the hypotheses of the rule. Each hypothesis in the
rule generates a recursive call on INFER.

If INFER succeeds, it will, in the process, find a value for each variable in the
clause, in this case the munitions ?X. If it fails, another rule is sought. If no
more applicable rules are found, INEER fails, returning NIL.

Ordering Rules

The order of rules is significant, because some rules are more specific than
others. A rule is more specific than a second if the satisfaction of its hypotheses
implies the satisfaction of the second’s hypotheses. A more specific rule should
appear earlier in the ordering, since any less specific rule preceding it would
always preempt it.

Audit Trails

If INFER is successful, it returns not only a value for each variable in the
conclusion, but also an “audit trail” that contains the information necessary to
answer the question “WHY?".

The value returned by INFER is of the form:
(((variable . value)*) audit—trail)
where the audit trail is of the form

(DATA clause)

(rulename clause audit—trail®).

In both forms of the audit trail, the clause has constants filled in for all
variables. In the first form, the keyword DATA indicates that the inference
succeeded by finding a fact. In the second form, the clause is the conclusion of
the named rule, and the nested audit trails are from the hypotheses of that rule.
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Notice that MICROKNOBS simply returned NIL if INFER failed to show some
conclusion. This is an error: inference machanisms should distinguish between
failing to prove or disprove a clause, and failing to prove because the clause is
known to be false. Far better is to admit that any function that “proves”
something needs to return one of three values: true, false, or don’t know. The
don’t know response could result either from having tried to show both true and
false and failing on both, or from simply giving up on trying to show either.
MICROKNOBS is not the only system to make this mistake. Micro-PLANNER
[SUSS 70] and PROLOG [CLME 81] both interpret failure as negation.

The Need for Indexing

Rules were stored as elements of lists, called rulesets; this meant that a linear
search over a ruleset was necessary to find a rule matching a desired conclusion.
There were two rulesets: one for conclusions about best munitions, and the
other for conclusions about targets. The fact base was also stored in a single
list, which had to be searched linearly.

When the data base and number of rules were expanded, it was anticipated that
searching for facts and rules would become excessively time-consuming unless
appropriate forms of indexing were introduced. The frame system adopted for
the data base provided its own means for indexing facts; this will be discussed in
the next section. The need to index into the collection of rules led to a change
in the rule format for KNOBS.

New KNOBS Clause Format

In MICROKNOBS the first clause also had a very English-like word order
format: the clause

(THE DEFENSE OF ?TARGET IS ?2Z)
does not have the typical LISP organization of
(DEFENDS ?Z ?"TARGET).

When reimplementing the inference mechanism in the present KNOBS system,
all clauses were standardized to look like

(relation-name argumentl argument2...)
where each argument is either a constant or a variable.

This construction uses the property list of the relation-name as a place to hold
information needed by INFER, and also for information needed by the printing
functions. If a clause with a given relation name can be established by the
conclusion of some rule, then the relation name has a BCINDEX property,
whose value is a list of alf such rules, grouped by ruleset.
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FRAMES FOR DATA BASE ORGANIZATION sig
The MICROKNOBS data base was simply a list of clauses, which had to be &
searched linearly for facts matching a desired conclusion. The need to search G—’
».-f", the data base more efficiently was one reason for introducing a frame system. !
n:; The other reason was the naturalness with which frames could be used to ’t
‘%g support mission planning; that topic will be discussed in Section 3. '. :
Povg )
i The idea of frames as a knowledge representation technique arose from an o2
ox article by Minsky [MINS75]. Frames are a generalization of property lists. As v
s:';h: with a simple property list, frames store attributes of a named object. If one tg’
::; wishes to find the hardness of a particular target, for example, it is natural to ‘,'
i,u;. place that information under the HARDNESS property of the target name. 0‘:
.:E, Finding this property still requires a linear search of all the properties of the b
i target, but the code can take advantage of the efficient built-in LISP
_— mechanism for locating property lists of atoms. (The actual implementation of e
& frames used in KNOBS includes the entire frame, with all attributes, under the '
.. FRAME property of the LISP atom naming the frame.) :}.
Tk )
5,:.' Two central ideas separate “frames” from simple property lists: first, frames can < \)
L “inherit” knowledge from a more general frame; second, there are various =
R “daemons” associated with properties. The mechanism for attaching
. “daemons” to properties —— called a “facet” of a “slot” in a frame -~ was also “
8 \ used to attach other kinds of auxiliary information about the value in a slot. t
A.: T\ These ideas will be presented in detail below. -
1 w
i Frames Support Inheritance o
c.. Frames can be related hierarchically for more economical storage of :: -
e . information. KNOBS has individual frames for each aircraft type, for example, -:-:
1 : but there is a default maximum speed for all aircraft. The default speed is 1:'.:‘
Py placed in the SPEED attribute of a generic AIRCRAFT frame, where it can be Y
bl inherited by individual aircraft types that do not have their own characteristic
Y maximum speed. '.;
! o
0 Inheritance affects the value of a siot S in a frame F as described below. The X
; " chain of superiors of a frame F relative to a designated set of “inheritance” slots \:f
:i ¢ (let’s assume there is only one inheritance slot named AKOQ) is the ordered set :..:
-t of frames enumerated by “"
oy AKO(F), AKO(AKO(F)), ... , frame-at-root. E;Z;-
», (=]
i A slot with both a “default” value and an “assigned” value is considered to have :"::
i“\j the value “assigned” rather than the “default.” A slot without a value (either =
- assigned or default) is considered to have an inherited value equal to the value A4
of the slot S of the first frame (call it I) in F’s chain of superiors whose slot S “"
has a value. The inherited value is copied into F’s slot S, either as the ’Q
“assigned” or “default” value depending on the value's status in frame I. E:_
it
Note that the scheme above gives rise to two forms of default behavior. g X
Suppose X is AKO Y. Y’'s S slot can have a value A (residing in the $VALUE L
o facet of the slot). In the absence of other information, then X's S slot will then =
EN) % .
o
’.:. -:"
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Inheritance and Defaults — Unresolved Design Issues

Figure 3: Inheritance

default to A. On the other hand, one could assign a value B to X’s § slot in the
SDEFAULT facet (that is, a value with the status of being a default). KNOBS
usually used the $VALUE facet. The presence of these two almost identical
notions of “default” is a weakness of the FRL implementation of the notion of
frames.

A further design decision in the implementation of inheritance involves whether
tnherited values should in fact be copied into the inheriting frame, or should the
inheritance be redone each time the value is needed. The efficient solution is,
of course, to copy; KNOBS usually did NOT copy, the intention being to have
the frames change with time. However, the KNOBS data base is actually quite
static (e.g., which airbase has what aircraft tends not to change during a
planning session).

The usual justification for using inheritance is that of saving space. While the
space savings are significant, we recognize that the savings result from a
time/space trade-off: the space is saved by doing a fairly expensive lookup each
time some property is needed. Philosophically, there is a much more important
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reason for'using frames: inside a knowledge-based system, a single “fact™ ”'
should only be recorded in a single place. That is, we know the fact that “all o
airbases have control towers.” This fact should only be stated once for the d
e general notion of “airbase,” not once for each particular airbase. +
1330 .
K 3. The hierarchy of object types is itself information that can be important for i:
'u: certain purposes. The fact that an aircraft is a fighter rather than a g
:‘Q':' reconnaissance plane influences its choice for different kinds of missions. &
4t Thus, the frame hierarchy includes the path: h'
‘o )
i :
. q
PN Pt
Rt =
;'::’ ! ’
::v\' g
YD 1‘
AR 3
.8 All-weather by
h \J l‘.‘
AN v
o) . ’
o Part of the FRL Frame Hierarchy ¥4
L % .'\_v
o Figure 4: FRL Hierarchy '
.:::::‘ ;::
:-:::' Of course, the “fighter” role of an F-111E could be stored as another of its -::;
‘f- attributes, instead of creating a FIGHTER frame, but the latter choice allows us <t'
to use the same inheritance mechanism in a consistent way to answer all
v questions of the form “Is X a kind of Y?” The FIGHTER frame is also a good '_
1o ‘ J
S place to put generic information about fighters. _:
Y J
'y 5
:: Intermediate frames, like the FIGHTER frame above, create complications in - ]
.:\' > handling inheritance. The default speed of an F-111E, for example, now has 5'
to be inherited through two generations. Furthermore, another category of -‘"
e aircraft is “all-weather-aircraft”, and the same aircraft can be both a fighter ,-
-'2 and an all-weather-aircraft. This means that attributes can be inherited via ‘;
‘* ) multiple routes or from multiple ancestors. The frame system is not actually a 5
A hierarchy, but an acyclic graph. The diagram above shows such an acyclic o
o graph. p
Y Backward-chained Inheritance Through Multiple Paths o
(] v
:’_: Just as with the MICROKNOBS rules, the mode of reasoning used in -":
P frame-style inheritance is backward-chaining. To find if F-111E’s have wings, g
Ry knowing that it
\. "j '_:
¢! o
e ¢
: . page 18 3
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((HAS-PROPERTY 7Z 7X) (IS-A ?Y ?Z)) -> (HAS-PROPERTY ?Y ?X)

backward-chaining will pose the question “Do fighters have wings?” The same
basic inheritance rule could be used again to ask if airplanes have wings, etc.
until the inference mechanism finds some class for which the fact base already
contains an assertion that everything in the class has the property, or until the
inference mechanism gets to the top of the class hierarchy.

If the question to be answered by inheritance is infrequently asked, then it
makes sense to save space and use the time to do the inheritance when it is
needed. However, KNOBS answers the question “Does a specific radar
radiate?” by inheritance virtually every time it plans a mission that flies near a
SAM site. For frequently asked questions, it seems to make more sense to
“forward-chain” inheritance to record for each individual radar that it does
indeed radiate. Unfortunately, the decision on whether to inherit as needed or
on initialization is usually a design decision; it would have been possible to
select certain slots to inherit by copying (as discussed earlier), but such was not
done in KNOBS.

AKO and Other Relationships

The normal route for inheriting attributes is through the relationship “a kind
of”, customarily abbreviated “AKO” AKO is a relationship between generic
objects, or between categories of objects. Note that in the standard theory of
Jrames, AKO is itself just another attribute, which happens to be filled by the
name of a frame rather than a number or some other value.

The relationship between individuals and their categories is somewhat different.
For example, Alconbury is an individual airbase, not a kind of airbase. Its
relationship to the airbase frame is AIO (An Individual Of). The concept of
individuals has occurred in the literature; they were referred to as “instances” in
[STEF79] and [SZOL77].

The reason for making the distinction between AIO and AKO is brought out in
the following popular example: Suppose Fred is an African elephant, which are
elephants. Elephant is a species, but we cannot conclude that Fred is a species.

The solution here is that Fred is an individual elephant, and elephant is an
individual species.

On the other hand, an elephant is a kind of animal, and it is legitimate to
conclude that Fred is an (individual) animal. Thus, it makes sense to inherit an
AIO relationship over a path that begins with an AIO link and continues with
AKO links. Other attributes of the class can be inherited over such a path by
the individual.

Other transitive relationships can be useful paths for inheritance. KNOBS rules
sometimes ask, for example, whether a target has a part which is a radio
emitter. Thus, “a part of” (APQO) relationships are also found in the KNOBS
data base.

Finally, there are frame relationships which are useful in themselves as data but
do not participate in inheritance paths. An example is the “a group of” (AGO)
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African Elephant

Figure 5: AIO and AKO Intertwine

relationship. This occurs in the KNOBS data base between the group of aircraft
belonging to a particular combat unit and the generic aircraft frame.

These relationships all have inverses, so that they can be traced either upwards
or downwards. Downward links are applied in KNOBS to generate choice sets.
For example, a mission may require a fighter, so the inverse of the AKO link is
followed to produce a list of fighter aircraft types.

THE KNOBS DATA BASE

The current KNOBS data base has information about 53 tactical units
distributed among eight airbases in Germany and Great Britain, and about 700
targets. It has the speeds and ranges of eighteen types of aircraft, and the kinds
of radar associated with several types of surface-to-air missiles (SAMs). The
data in the experimental system is plausible, but neither classified nor accurate.

Some of the relationships in the KNOBS data base are shown in Figure 2.1.
The figure hints at the size and depth of the data base, which contains about a
thousand frames. The data base is so large, in fact, that much of it is kept in
source files. Normally, a frame is kept under the FRAME property of the atom
naming it. For most KNOBS frames, however, the FRAME property has,
instead, the name of a file in which the full frame can be found. Functions that
access frames were rewritten to recognize the file reference and load the frame
when needed, using a facility called the “frame swapper.” Only a few frames are
locked into main memory.

FRL

It appeared that developing software to create and access frames, and handle
inheritance properly, would be a significant task. Several frame representation
languages or data access packages had been developed as LISP extensions;
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seven of them are compared in [STEF79]. One of these was FRL (for “Frame
Representation Language”), which had been developed at MIT by Roberts and
Goldstein [ROGO77]. It was felt to be the smallest, simplest, and most
compatible of the ones available with the desired features. FRL was written in
MacLisp, but it was practical to translate it into Interlisp for KNOBS [ERIC79].

An FRL frame is a nested association list. The frame has up to five levels of
embedding, indicated below.

(frame
(slot (facet (datum (label message ... ))
(datum ... ) ... )
(facet ... ) ... )
e )
(slot ... )

)

What we have been calling an “attribute” is called a “slot” in FRL. The value
of a slot is a datum under a $VALUE facet. There are a few other standard
facets which have significance to functions provided in the FRL package:
SIF-ADDED, $IF-NEEDED, $DEFAULT, and some others. These will be
discussed below. It is- possible to put arbitrary facets in a frame, and the
standard facets need not all be present.

Nested substructures, such as the (LABEL MESSAGE ... ) list after a datum,
are optional. Only rarely does KNOBS use labels or messages, but one case
shows up in the example below, the AIRCRAFT frame.

(AIRCRAFT
(AKO (SVALUE (RESOURCE)))
(AEO (SVALUE (UNIT-AIRCRAFT)))
(POWA ($VALUE (SCL)))
(SCL (SDEFAULT (NONE)))
(SPEED (SDEFAULT (100 (UNIT: KNOT))))
(INSTANCES ($VALUE

(FIGHTER) (TANKER) ...)))

The default value for speed is 100; a label and message are used to indicate the
physical units in which the speed is expressed.

In the AIRCRAFT frame above, incidentally, the slot AEO stands for “An
Element Of” -~ the inverse is AGO for “a group of”. An aircraft is an element
of a group of aircraft associated with a unit; the generic frame for such groups is
UNIT-AIRCRAFT. POWA stands for “Parts Of Which Are”; it is the inverse
of an APO link. SCL is “Standard Configuration Load” or ordnance.

Notice how the domain specific slots (SCL, SPEED, etc.) are mixed together
with slots that ought to be common accross domains. One can argue either side
of the question “should representation of knowledge distinguish between

.';"':r-"l 3 .i‘5

*‘I
o .
CAPLAAS LY

SERRARRE |
¥, "j'v‘—‘r',‘l b ‘:i,

U
»
-

A
-1
oA
-

+
e ]
®

P v “x=p "a =0 vy
A
KX




N Y N - - ™" g o “atah mt o = 9 - R ‘Sal Sall S Sal ' gB Sal LA VAR. Alatfte fonsdy

‘ architectural support common to all domains and domain specific kinds of
I knowledge?”

FRL Functions

\

: FRL provides a collection of functions for creating (DEFFRAME), adding slots
¥ \'h to (FASSERT), destroying (FDESTROY), removing slots from (FERASE),
i updating (FPUT, FREMOVE, FREPLACE), and retrieving information from
L frames (FGET). The ones mentioned are just representative — the FRL manual
lists sixty-three, and it was found helpful to add some new variations for

: -\ ) KNOBS. On the other hand, KNOBS uses relatively few of the sixty-three
o available.
83
"'. The basic FRL function for retrieving information from a frame is FGET.
M FGET is called with an access path (the details are in the FRL manual) to the
part of the frame desired, and returns with a list of the values found.
we
K7 Inheritance
._\ﬂ
) If FGET is asked for the value under the $VALUE facet of a slot and there is
"d 4 no value, or the slot itself is not present in the\ frame, it does not give up.
: Instead, it looks for a generic frame of which this frame is an instance, listed
i under the AKO slot, and gets the value from there. As many AKO links will be
", traversed as necessary until a value is found or no AKO link exists. Thus a
r value under any slot can be inherited from a higher-level generic frame.
A The KNOBS version of FGET, eventually named MGET, also recognizes a
* single AIO link. If some rule needed to check, for example, what the
A THREAT-TYPE of target BES50432 was, the system would execute
-.)-' MGET(BES0432 THREAT-TYPE $VALUE). Now, BE50432 does not have a
s THREAT-TYPE slot, but it is AIO (an instance of) SA-3, which is AKO (a
Shiy kind of) SAM. And the SAM frame has a THREAT-TYPE with value
ot SAM-THREAT.
I If the value is not present and there is no AKO link to foillow, MGET looks for
| ::\-‘ a SDEFAULT facet and takes the value from there.
SN
) :" Procedural Attachment
N Besides values and frame names, the data in slots may also be function calls,
y and these calls may be evaluated automatically as a result of FRL actions.
:_\'; SIF-ADDED and $IF-REMOVED expressions are evaluated when a datum is
-::‘_ . added (by FPUT, for example) or removed (by FREMOVE) from the
- SVALUE slot.
a An SIF-NEEDED facet is the conventional location for an expression intended
2 to be evaluated when MGET fails to find any value, even after following AKO’s
N and looking for a SDEFAULT. MGET does not call the $IF-NEEDED
:?o. expression unless explicitly instructed to do so.

One might ask why KNOBS needed to use both a rule system and FRL's
Ba SIF-NEEDED and $IF-ADDED mechanisms. The developers thought that
rule-based inference was much more expressive and modifiable than FRL's
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mechanisms. The KNOBS constraint checking mechanism can be viewed as an '."\I&
additional gigantic SIF~ADDED attached to various slots. Nonetheless, under }3» )
peculiar circumstances (i.e., an airbase going “down”), the $IF-ADDED ‘LUt
mechanisms triggered forward-chaining. Under still other circumstances, an ..
SIF-NEEDED triggered back—chaining —— an activity usually asssociated with i
the rule system. The non-uniformity of representations among seemingly ‘::J'-L‘\' h
similar kinds of information -- and the relative lack of guidance from the EhtS
KNOBS architecture -- are present because these issues were not resolved by '[t .
the KNOBS experiments. AL,
K
THE FRL DECISION ik
AT
ALY
Several decisions concerning FRL and the fact base combine and interlock to ::'; o
such a degree that they cannot really be discussed separately. The decisions _' :q'
were: Sl
* To use a large fact base (700+ targets, etc.) k_ Y
S
* To use the “frame” to organize this database AN
w..‘:w.‘f{-
* To use the FRL ignplementation of “frames” AL
* The decision to use a DEC PDP-10 running LR N
. Y
Interlisp. -;._g‘i
el
The decision to have a relatively large fact base was one of the wisest decisions j-.. ';
made in those early years. This richness is one of the features that most clearly < g:g.

separates KNOBS from other “toy” knowledge-based systems. A heavy price
was paid, however.

Remember that a PDP-10 computer uses an 18 bit address to point to a 36 bit
quantity. The address space is thus about equivalent to todays personal
computers (e.g., IBM 8G86-based PCs have a 20 bit address space to bytes).
This address space is simply not large enough to contain a sophisticated Al
systemn like KNOBS. The Al researchers of that era either concentrated on

small examples, or went through much pain and agony to write some sort of ity
“manual memory management” to force—fit their larger applications into the -::‘.F ]
small machine. The KNOBS research team spent a man-year building, among ;“_ " Y
other things, the “frame swapper” trying to live in a small address space. & \
P e
As we will see, KNOBS used the rule and constraint~checking systems to do \a«. ;
most of its inference. For the most part, frame-based inheritance and the :‘ >, )
“daemons” (e.g., $SIF-ADDED and $IF-NEEDED procedures) were seldom :\ ‘.‘
used. Even when used, there were alternatives available. This combined with a \&\
continuing search for performance to drive the developers to_“short circuit” N,
much of the automatic inference supported by FRL. Indeed, only a small part e
(three or four pages of source code) of FRL is actually used. The result is a fast 4 Q
system, but one cannot now put an $IF-ADDED on a slot with any confidence N
that the daemon will be inherited or that the particular values being watched for \\
by the daemon will actually be put into the slot in the “standard” FRL way. )
T
]
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Remember the original goal for using FRL: to organize the fact base around a
particular set of objects, with each object being represented as a frame. This
organization was needed to avoid expensive linear searches of the entire fact
base to find the value of some property of something: no search was needed to
find the atom to which the corresponding frame was attached. However, each
slot access to that frame still uses a linear search of the names of the slots.
Similarly, a linear search is used to find facets within the slots. If the slot access
tries to inherit, then a further linear search of the class hierarchy also occurs.
These searches are NOT inherent in “frames,” but result from the particular
implementation of the notion of “frames” in FRL. More recent notions of
inheritance found in Flavors do all the inheritance at compile time, so
inheritance has no particular time-cost performance impact.

With the clear vision of hindsight, KNOBS might have been better off 10 have
implemented its own version of “frames” that was perhaps more complex but
more computationaily efficient (in particular, one that forward-chained
inheritance and compiled daemons). Presumably, if the frame~-style inference
techniques (i.e., daemons) had not extracted a price even when they were not
used, then they would not have been short-circuited.

One of the interesting theoretical contributions of KNOBS was its exploitation of
multi-directional inheritance. This facility was necessary because the bare
implementation of FRL did not distinguish between set membership (AIO —-
“an instance of”) and subset (AKO -- *“a kind of”). Correcting that
elementary logical oversight involved making inheritance trace multiple slots.
But once that step had been taken, the obvious generalization of selecting sets
of slots along which to inherit was taken as well. Specifically, the APO (a part
of) relation was inherited through when asking about the location and radiative
characteristics of something.

To summarize, the KNOBS effort revealed that inheritance in a homogeneous
tree hierarchy as supported by FRL was not sufficiently general for its
application. The semantically necessary addition of the AIO link provided the
opportunity to generalize the notion of inheritance to multiple paths specified by
sets of slot names. Simultaneously, the implementors began to feel that
inheritance was too costly to be used all of the time, especially if the developer
“knew” (but see below) that inheritance would not find anything useful.

The paragraph above should be taken as a caution: there are many cases when
the developer “knew” that inheritance wouldn’t find the relevant information,
so inheritance (or activation of $IF-NEEDED, or a call to the rule-based
inference mechanism, or what have you) was short-circuited. It became the
responsibility of later developers 10 examine each mechanism for every new fact
to make sure that some previous developer hadn’t added an efficiency hack
that now prevents the new fact from being used. The developing KNOBS
architecture may have discouraged such “hacking,” but the implementation did
not enforce any standard utilization of inference mechanisms, and the
development environment extracted a heavy penalty for doing any
“unnecessary” computation.

SN

o A

32




THE EFFECT OF FRAMES ON INFERENCE

When the list of facts was replaced by the frame system, factual clauses had to
be treated differently. In the present KNOBS system, a general factual clause
has the form:

(slot frame value);

that is, the relation of the clause became the name of a slot in the frame

appearing as the first argument, and the second argument is the value for that
slot.

If the slot, frame, and value are all constants, INFER checks to see that the
given value is in fact the value for the given slot. If the frame has been bound
to a constant, and the value is a variable, INFER will bind the variable to the
value for the slot. If the frame is still a variable, however, INFER will fail, since
it is impractical to search the entire data base for a frame that has the needed
slot.

In KNOBS, the slot is always a constant. As a general observation, it is hard to
see why any rule in the KNOBS application domain would need to “find some
arbitrary relation between X and Y.” This observation is not valid in other
applications, for example, in mathematical problem solving one might ask to
find a functional relationship between X and Y such that X = F(Y), such that F
has an inverse (or is associative, or commutative, etc.).

What capabilities, if any, were given up by INFER failing to try to bind the
variables in the following situations:

(slot=VARIABLE ...)
(slot=CONSTANT frame=VARIABLE value=CONSTANT)?

The first form generally doesn’t arise; it is saying something like “What is the
relation between ...” or “For some relation between ...” The second form is
generally useful; it is saying something like “What are the Xs with something
filling some role?” We'll see later that KNOBS had a mechanism for
enumerating candidates to fill some slot of a frame; one can only speculate what
might have happened if KNOBS had included an efficient way to use those
generators in the rule-based system.

The Format of the Rule Evolved

Standardizing the format of a clause to (slot frame value) is the third change
in rule format that had occurred in the evolution of KNOBS. Recall that
originally the first clause had an English-like representation. Then the format
of the clauses were normalized to resemble LISP’s so—called Cambridge~Polish
notation with relation first followed by arguments. Now the form of a clause in
the rule's hypothesis has 