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Abstract. This paper describes a production system implementation of Bobrowrs STUDENT 
Uudnt,  are  described.    Contrasts 
i of the 

several properties of production systems, especially with regard to control. 

program.    The  main   features  of  the   new   program,  ai 
between the two versions are pointed out.  A discussion of the Implementation brings out 

Studnt is then used as an example of the embedding of knowledge in a production system. 
The Knowledge in Studnt is expressed as 218 natural language statements of three types: 
task-oriented Knowledge, implementation and programming techniques, and Knowledge 
aboi't production system control. TasK-oriented Knowledge is characterized by an abstract 
moaer! with 16 statements, which can be organized as a problem space. A detailed example 
illustrates how the knowledge is mapped to the production rule form. The Knowledge is 
largely at the problem space level, with about a fourth of the statements dealing with 
programming techniques, and a much smaller fraction dealing with production system 
control. The knowledge analysis brings out the importance of the explicitness of 
unordered production systems with respect to determining the knowledge encoded in each 
production. The model of Knowledge acquisition suggested by the analysis indicates 
unique properties for production systems with respect to programming, debugging, and 
augmentation. The analysis gives rise to some measures along eight understanding-system 
dimensions. Comparisons with other research and consideration of the processes involved 
in the analysis point up the need for further work on this approach. 
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A.   Introduction 

This paper is concerned with Studnt, a production system implementation of the 
STUDENT program of D. Bobrow {1964a, 1964b). The analysis of STUDENT grows out of a 
more general research program whose aim is to rationalize the field of artificial 
intelligence (AI). The purpose is to clarify the scientific issues involved in AI, to 
characterise and justify the methods, and to firm up the theoretical and conceptual basis 
of AI. It is hoped that this would give better direction to research, bring about better 
teaching and learning of AI, improve the quality of reporting of research, and in general 
make AI more productive. The approach is to try to extend some sound preliminary worK 
(Newell, 1969) by looKing at üpecific AI programs. Given any system, questions were to 
be asked along the lines of: ".Vhere is the intelligence in it?", "How does its behavior come 
aboutj", "What are the methods it uses?", "Is there some measure of its effectiveness?", 
and "Can we measure the relative contribution of its parts?". These questions arise 
naturally in the context of AI programs whose basis is heuristic search, whore analysis and 
experimentation can lead, in a straight-forward way, to satisfactory answers. For instance, 
in evaluating a chess heuristic like the sorting of capture moves according to the value of 
the captured piece, it is possible to test various versions of a chess program and contrast 
their behavior.® That kind of evaluation is in consonance with the scientific tradition of 
gathering knowledge by controlled experiments. It is not possible to carry over that 
approach to an analysis of STUDENT because apparently minor variations in STUDENT'S 
structure can give rise to major deficiencies in its behavior, so major that comparisons 
lose their significance. Therefore, we take the approach of making explicit and analyzing 
the knowledge embodied in STUDENT, and in measuring the degree to which that 
knowledge is understood by STUDENT. Then we car. go on to determine what parts of the 
knowledge represent methods, what parts contribute intelligence, and so on. This paper 
presents some initial progress, including some tentative measures, and puts forth a 
conceptual structure that may shape future work. 

The goal of exploring the properiies of production systems (PSs)*® as an AI 
language provides a second motivation. A PS program specifies everything in its behavior 
in terms of condition-action rules. The conditions all refer to a common Working Memory 
which is the complete dynamic knowledge state of the program, and actions are simply 
changes to that knowledge state. In practice, the numbers of conditions and actions are 
both in the range of half a dozen to a dozen. There are no control primitives as such, but 
rather control is achieved through explicit elements of the Working Memory. From this 
small collection of rather abstract properties, there are some features of PSs that we 
might look for in a PS program: unifor mity and explicitness of expression of the knowledge 
content; flexibility and intelligence in the sense of doing a significant amount of condition- 
testing for each small sequence of actions-, flexibility also in the sense of being able to 
respond to unexpected items in the knowledge states and modularity of knowledge 
organization, following from the way knowledge is encoded in small^ independent units. In 
addition to these attractive properties, there is evidence that a PS-like organization is 
prominent in human cognition (Nowell and Simon, 1972).  The task area of Studnt   • hardly 

® This is being done by James Gillogly, as part of a Ph.D. thesis, in preparation. 
®» PS is used to abbreviate production system in this paper; PSs is its plural; P will be 
used tc; abbreviate production, plural Ps. 
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A. introduction Studnt 

one that places demands'on the language that will exercise all of those properties but 
nevertheless we will get some preliminary data from examining the extent that STUDENT'S 
structures and concepts have changed in order to be functional in a different programming 
environment. » K'"B'a'nmirig 

The choice of STLMT vas based on personal preference, on the availability of a 
good descr.pt.on of he program, including a listing of the program in a rule-based 
language, and on s.mpl.c.ty and exne-cted ease of implementation. 

. ;nPl,t '0 STUDENT (the original) was a story problem expressed in a hiphly 
rest noted subset of natural language. STUDENT converted that to a set of equations p us 
a set o unknowns to be solved for, and then solved the problem. It was able to apply 

^n°n r^11     ■mat,C;?S' COnSUlt a Gl0bal St0re of "^^ledge". and ask the user for more 

olu on   A t^i^r    M Set 0f eqUati0nS deriVed fr0m ihe ^ was insu"^ ^r a solution.   A typical problem is: 

"The price of a radio is 6.9.70 dollars, If this price is 15 per cent less 
than the marked price, find the marked price." 

STUDENT'S version of the equations and variables to be found can be expressed as: 

.   (price of radio) = ( (69.70) X (dollars) ) 
(price of radio) =-- ( (.85) X (marked price) ) 
Uolve-for (marked price)) 

STUDENT'S answer is: the marked price is 82 doll ars 

Fnaii.h     K   ♦ E        t0 d0 0nW part of the above' name^ ^e translation from 
English-subset   expressions   Into  algebraic   equations.    Studnt   thus   includes    he   molt 
interesting segments of STUDENT fron: the point of view of problem   o^g and natu/a 
anguage processing,    n addition that portion of STUDENT was written in a readable PS- 

clo^l Th! n^f / the present implementation follows the content of original rather 
c osely The omitted portions, except for the equation-solving process, seem to be 
straißht-forward extensions of Studnt, whil* the equation-solver is a distinct piece of 
program and rather peripheral to the interesting natural language and ^-solving 

of  eälnon^^PrP?   T G     au1
m f0rm t0 th0Se given t0 STUDENT' Stud"t outputs: a set 

of  equations   the  set of variables  in those equations as represented by  the  natura 
language text of the input; and a set of variables to be solved for.   In addition, Studn 

^^Zz^^zxr^betwe9n wtain ph- ^h b-- 
r^dmg Section C discusses the knowledge content of Studnt, and investig' es khowl£ 
interactions in forming the Ps. Some of the appendices dea with deta if^ Uie Studnt 
processmg. while the others are relevant to the Knowledge section, a ^llt'^pS 

A. 



Studnt Introduction 

Studnt is impi(?m(?nted in Psnlst (PS analyst), a PS language specifically designed for 
AI appiications. A PS is an unordered set of rules, Ps, specifying changes to a symbolic 
model of a situation, to be applied according to satisfaction of explicit conditions on that 
model. In Psnlst, condition- or left-hand-sides (LHSs) of Ps match an associative, 
unstructured Working Memory of data instances (items), each of which is a list headed by a 
predicate, followed by arguments. On matching, changes as specified by the action- or 
right-hand-sides (RHSs) are made to the Working Memory, either adding or deleting 
instances. The match dintinguiohes between new and old data, and Ps are selected for 
matching according to a stack regime whereby those relevant to the newest data are tried 
first, with older ones pushed down for later consideration. The stack is called :SMPX, stack 
memory for production examinntions. The set of Ps is thus ordered dynamically, not 
statically, if indeed it can be considered to be ordered at all.  The following is a typical P; 

Tlj "HOW OLD->WMAT" :: TFSCAN(X) & EQHOW(X) & LEFT0F(X,Y) & EQOLD(Y) 
& LEFTOW) 

-> MODLEN(-l) Ä EQWIIAT(X) & WORDEQ(X,,WHAT) & NOT WORDEQCX/HOW) 
& LEFT0F(X(Z) & Ni:GATE(ALL)i 

"Tl" is the label, "HOW 0LD">WHAT" is a comment string, and the condition (LHS) and 
action (RHS) are conjunctions separated by "«>". Tl is intended to recognize the sequence 
"HOW OLD" and change it to "WHAT", deleting and updating "LEFTOF" links. This brief 
description should be sufficient for the reader to follow the examples scattbred throughout 
the text. Appendix A gives a more systematic explanation of Psnlst featureis and explains 
in detail the various characters that are output by the running interpreter. 

..   ■       ..-■■■ 
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B.  The Studnt Produciion System 

B.l.   General overview 

The main processing of Studnt is driven by a single left-to-riRht scan of the input, 
dividing it into smaller units called chunks, which are then parsed before continuing the 
scan. During this initial scan throe things are done to provide information ror the parsing 
process. First, simple string transformations are made, mapping the input to a form more 
acceptable to later processes, for instance, "twice" is converted to "two times". Second, 
dictionary tags are attached to Key words, for instance, "times" is tagged as an operator of 
class "OPl". Third, the initial scan detects the operator, in the portion scanned, which has 
the highest "precedence", according to the parsing scheme to be described below. After 
the occurrence of a question word or phrase, the initial scan goes into FV mode (FV for 
find-variable). Each type of FV, as determined by the first word, has its own chunking 
cues, and each chunk becomes a variable, which requires no parsing. 

The parsing of a chunk is based on a system of precedences, in such a way that the 
chunk is split at the leftmost operator of the set of those operators having the highest 
precedence in the chunk. The chunk is split into two chunks, and each of those is 
processed in the same way. The precedence system, for instance, assigns a high value to 
"is", the main equation operator, and lower values to "plus'1, "times", and "the sum of", 
respectively. That is, the higher-precedence operators are assumed to apply to higher 
levels of the resulting expression tree, for instance, "a times b plus c times d" is taken to 
mean "(a times b) plus (c times d)". 

When a chunk can be split no further, it is taken to represent a variable. Thus, 
noun phrases are determin-d by their boundaries (operators and delimiters), and the only 
knowledge about internal structure consists of the features used in determining 
equivalence with previous noun phrases, Each variable is comoared to each proviously- 
determined variable. Two variables are the same if they have the same words in the same 
positions, with the following exceptions: a phrase which is the "head" of a previous phrase 
is taken to refer to the same object, for instance, "the number of fish" will match to a 
previous phrase "the number of fish in the pond"; "the" corresponding to "a" is taken as a 
match; and so on. The features used are independent of the meaning of the nouns used, 
and dependent on properties of structure and function words (pronouns, determiners). A 
variable containing "this" might be taken as referring back to some previous variable, in 
particular the "subject" of the previous sentence (for sentences of the form "xxx is equal 
to ...", where xxx contains no operators). Alternatively, "this" refers to a whole 
expression, as in "this product", provided the previous sentence had an operator as its 
main connective different from EQUAL. 

After each variable has been examined, the pieces of the origin?' .-«»ntence are put 
back together into a tree-structured expression according to labels tha. were formed as 
the chunks were split. That is, as each chunk is split, a marker is formed for each half of 
the chunk, with a pointer back to its parent; the halves become operands, the parent 
becomes the operator at the node of the tree. The label of the parent chunk in turn points 
to Its parent, and so on. The tree is built from the bottom up until labels run out, and if 
the operator at the top of the tree is "EQUAL", it is noted as an equation. 

5 B.1 



"■«um. 

B.l The Studnt Production System Studnt 

T,^sub.d,7l0n ^ FV(flnd..var,.ble) chunks ,sqU,tedist,,Kt from the precedinr    An 
FV chunk ,s s.mply a list of one or more FVs, delimited in special ways according to tho 
m.hal words of the FV chunk. For instance "What are" is followed by two or moro FV^ 
separated by "and". As another example, "How many ... do ... have £   s Iken to m^n 
what .s the number of     have ?". that is. the FV starts out   "he n mbor of    Ea h 

ZZ0   an   H Chl,nK dß,imited in ,heSe SpGCial W^S is taken !° refer to     valableo the problem, and a comparison is made to previous ones until a match is found. 

When  the  end of   the  input  is  reached,  unreadable  internal   representations   arn 
transformed  into lists  suitable for output.   The natural-language te.t 0^00^^    o 

Ts™     ,S """^ int0 a '^ ^^ Variab,ES ^^^s Ft a^Xred Inlo0 

B.2.   An example problem in detaij 

aiu»    T,lis
w

su';secti°" summaries Studnt's processing on the example TEST2    This should 
t     i llttl^f ^l-^ in ^^ -yi fine detalL of the actLaf Ps^nd oata represenfatiohs are given in later subsect ions. 

»,. vJ1? ru" beeinS by inserting Ihc full repr.senlalion of the te«l of the oroblom info 
tho WorK,„8 ^„,ory <HBl,ro a.l).   The iasl insertion gives the externe, repre'entX^f 

INSERTING (ASCAN 
(LEFTOFSB-1 Al- 
(LEFTOF Al-1 F2- 
(LEFTOF F2-1 N3- 
(LEFTOF N3-1 P^- 
(LEFTOF P'1-l «5-- 
(LEFTOF «5--1 16 
(LEFTOF 16-1 E7 

PB-i) (PROBLEM PB-1) (TGSCANFIN 5B-n 
-1)(EQA A.l-1)(W0RDEQA1-1 A) 
-1) (EOFJRST F2-J) (WORDEQ F2-1 FIRST) 
-1) (EQNUWBER N3-1) (WORDEQ N3-1 NUMBER) 
-1) (EQPLUS P4-J) (WORDEQ P4-I PLUS) 
•1) (EQ6 «5-1) (WORDEQ «5-1 6) 
IXEQIS 16-1) (WORDEQ 16-1 IS) 
1) (EQEQUAL E7-1) (WORDEQ E7-1 EQUAL) 

nZIZ M3SM S?"^ (EQNU'^ER N35-1) (WORDEQ N35-1 NUMBER) 
(LEFTOF N3b-J. ?36-l) (EQ? ?36-l) (WORDEQ ?36-l') 
(LEFTOF ?36-i SE-1) 
(STRI.ENGTII 36) {ENDMARK SB-1) (ENDMARK SE-1) 
(TEXT 

(A Tm^1"^81* PLU5 6 IS EQUAL T0 A SECOND NUMBER . 
Lwl r .5TFIRST NIJMBER IS JmE TIMt-rS mi HALF OF THE SECOND NUMBER 
W1IA r ARE THE FIRST NUMBER AND THE SECOND NUMBER ?)) ' 

Figure B.l   Initial Working Memory contents for TEST2 

B.2 
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Sludnt The Studnt Production System B.2 

The portion starting with the first LEFTOF and ending, with the last LEFTOF is the internal 
representation of the text, which is the argument of TEXT. Each word of the text has 
associated with it a toKen, Ai-1, F2-1, N3-1, etc. A token consists of the first letter of the 
word concatenated with the position of the word in the text, then "-" and a number which 
gives the number of tokens that have been generated from the identifier which precedes 
the "-" (the final number insures uniqueness for all such generated tokens). Relations are 
then attached to these tokens (the structure of token names is never used internally). 
LEFTOF gives relative positions of tokens in the string, while EQwww (for some word 
www) and WORDEQ relate the tokens back to the external reoresentation. (Why two 
predicates are necessary for this is explained in Section BA) The two tokens SB-1 and 
SE-1 arc ENDMARK's marking the left (beginning) and right (ending) ends of the string, 
respectively. The first insertion, (ASCAN PB-1), is a signal that the problem is to be 
checked for clues as to whether it is an age problem, This age-problem check must be 
done before everything else, because transformations and other processing depend on the 
result, PROBLEM gives the problem an internal name, which ;s very rarely used. 
STR1.ENGTH means "string length", and its value is used in making estimates of certain 
quantities having to do with the monitoring processes (I Ps), wnich will be explained in 
Section BA TGSCANF1N is the single most important predicate in the above list, since it 
initiates the scanning process, at token SB-1. 

Tiie first major piece of processing has to do with the text up 10 the first period. 
The following describes the essence of this processing, ignoring many or the finer details. 
The first segment is the chunk C-l: (A FIRST NUMBER PLUS 6 IS EQUAL TO A SECOND 
NUMBER), After the initial scan, PLUS is marked as an operator of class 0P2, with 
precedence 7. The EQUAL TO is deleted by a transformation, and IS is assigned precedence 
8. The highest precedence in C-l is thus 8, and the chunk is split at the IS, to form CL-i: 
(A FIRST NUMBER PLUS 6) and CR-li (A SECOND NUMBER), CL-i and CR-1 are labelled so 
that when fully parsed the tree for the arithmetic expression can be re-built from the 
fragments. For instance, we have (LABELU C-l 1 TOP) and (LABELU CL-1 2 C-l); thus, 
CL-1 has a level-2 label, with parent node C-l.  The U in LABELU stamis for "unfinished". 

A precedence swn is now done on CL-1 (picked by virtue of its being leftmost of 
the "unfinished" chunks, computed by a numerical priority; the effect of the numerical 
ordering is similar to that of a stack) and a split occurs at PLUS, which is the only thing in 
CL-i which has a precedence value. In general, the precedence scan picks the element 
with highest precedence for the next split, and in case of ties picks the leftmost such. 
CL-1 becomes CL-2: (A FIRST NUMBER) and CR-2: (6). CL-2 undergoes the precedence 
scan, and the absence of any precedences indicates that it is a variable chunk. The 
Variable identi'ication process is done, and since no other variables have the same form, it 
is given a new token, VAR-1, as its expression (a chunk has associated with it an 
expression, which may be trivially a single VAR token). CR-2 similarly becomes VAR-2. In 
the process of giving the two chunks expressions, LABELU is changed to LABELF, F for 
"finished", and the presence of two "finished" chunks with the same "unfinished" parent 
node (CL-1) results in assigning CL-1 the expression formed from its operator, which was 
noted when it was split, and its two descendant nodes, namely (PLUS VAR-1 VAR-2). 
Having done this, control passes again to the precedence scan, which now examines CR-1; 
CR-1 was formed in the first split, but was "forgotten" while the left half of the split was 
being parsed. CR-1 has no precedences, and becomes VAR-3, after checking that it is not 
identical to any of the other VAR's,  This prompts the construction of (EQUAL (PLUS VAR-1 

B.2 



B.2 The Studnt Production System Studnt 

VAR-2) VAR-3), since the two descendants of C-l are now "finished". This evpression is 
marked as an equation (ISEQN) by noting that it has EQUAL as its operator, and that its 
exprnssion-trec? level is ■ 1. The first chunk is now complete, and the scan resumes 
starling at TWICE. 

The second main chunk is processed in a way similar to the first. Three new 
transformations are applied before it is parsed: TWICE becomes 2 TIMES, ONE HALF 
becomes 0.5, and the OF after the 0.5 becomes TIMES. 

The third main chunk, starting at WHAT, is an FV chunk, since WHAT is recognized as 
a QWORD (question-word). The action on the third chunk involves splitting it at the AND, 
and processing the two halves as variables. The variables (A FIRST NUMBER) and (THE 
FIRST NUMBER) are recognized to be the same, differing only in A as opposed to THE, so 
thai (THE FIRST NUMBER) Is known to be VAR-1. Similarly, (THE SECOND NUMBER) is 
VAR-3. 

The portion of the Working Memory that gives the final solution is in Figure B.2. 

ISEQN (C--J (EQUAL (PLUS VAR-1 VAR-2) VAR-3)) 
(G-2 (EQUAL (TIMES VAR-4 VAR-I) (TIMES VAR-5 (TIMES VAR-6 VAR-3)))) 

HASREPR (VAR-1 (A FIRST NUMBER)) (VAR-2 (6)) (VAR-3 (A SECOND NUMBER» 
(VAR-4 (2)) (VAR-5 (THREE)) (VAR-6 (0.5)) 

FVLIST (PB-1 ((VAR-1 VAR-3))) 
EQVARCHUNK (C-3 CL-2) (C-4 CR-1) (CR-4 CL-2) (CR-6 CR-1) 

Figure B.2  Final output for TEST2 

ISEQN denotes the two equations found; HASREPR gives external representations for each 
of the VAR's; and FVLIST gives the list of FVs, Instances of each predicate are ordered 
lexicographically by their first element. The EQVARCHUNK instances give which chunks are 
assumed to be equivalent. We see that two occurrences of VAR-1 (CL-2) are noted in 
addition to the first, and also two other occurrences of VAR-3 (CR-1). (The chunk names, 
C-l, etc., refer to actual text segments, whereas the VAR's are more abstract, and can be 
represented by several different C's.) 

B.3.  Comparison with the oriizinal 

One of the primary differences h the overall processing between Studnt and 
S riJULNl is clue to Studnt's being driven by the left-to-riKht scan. The Meteor language 
had built-in facilities for efficient scanning over arbitrary string segments to pick out 
patterns; Psnlst is more general, and must do the scan more deliberately. The original 
repeatedly applied its templates to the entire input string until no more valid applications 
could be made, thus imposing an order on template application as opposed to Studnt's 
order of examining text.. This means, for instance, that sentence-boundary templates in 
STUDENT were all applied before, say, the breaking of sentences into equations was 
started.   Studnt proceeds in contrary fashion, making full use of all information seen in the 

B.3 
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Studnt The Studnt Production System B.3 

scan up to a boundary, before continuing beyond that boundary. This contrast is quite 
v.sible m the actual programs. A significant portion of STUDENT consisted of sets of rules 
w.th mdmdual rules m those sets consisting of processing plus a branch to the initial rule 
m the set. Exhaustion of one set of templates led to a branch to another set The 
corresponding left-to-right sequencing is evident in Studnt's "S" group of Ps. which control 
applications of the various rule sets at each scan point. 

A second major difference arises from the internal representation. STUDENT was 
wntten in a language specifically oriented towards processing data organized as one- 
dimensiona lints. The underlying language for Studnt. Psnlst.ls designed to require all 
such structure to be explicit rather that built-in. partially for the purpose of allowing 
examination of just how much use is made of the string structure of the input, and pSy 
for the purpose of retaining generality. M Mmny 

This can be illustrated by comparing a specific rule from STUDENT: 

(* (HOW OLD) (WHAT) 

to the co-responding rule from Studnt: 

IDIOMS) 

Tl; "HOW OLr->WHAr :: TFSCAN(X) & EQHOW(X) & LEFTORX.Y) & EQOLD(Y) 
& LEFT0F(Y)Z) W 

-> MODLENM) & EQWIIAT(X) & WORDEQ(X;WHAT) & NOT WORDEQ(X,'HOW) 
& LEFT0F(X,Z) & Nl:GATE(ALL)i 

hollw ^T rif'1
there are four ^^' ^e label of the rule (actually * is just a place- 

hand^ fr the PreVi0US riJ,e)i ,he '^-handJe; the'right- 
b^woGn IhXi H       i 0f   .he rUle-   SOmS rU,es have an 0Ptional act'on ^quence 
hn r^nd  il  IH^        St P03,t,0nS'   ^ that ,he Studnt P makes *^ »he LEFTOF 
STUDENT rile   M^ATMT^^ ^ transfGr™"°"' «hile this  is  implicit   in  the 

a3 o0uU lo^sf iharri "f ^ ^ ^ ^^^^Z tt aoour  dw Ps, so thai the advantages of the specialized notation seems to result in 
compression in size of rules rather than changing the number of r£ inTha entU s^sten" 

Minor differences can be noted in some of the details of the Drocessins    Not 

ZTSISM \STUDm*r " the ™rm 88 P"^** thus cerfr     option 
Snte  STU AT        T' I*^   reSU,ted *" SOme differBnces in ^ *""* ^sultef Fo 
her r^urtl r, ^ t PM c

1?
nven,ion' convertinB occurrences of singular forms to 

Simula LJP\ reCOmf v timeS Spans,,> whcreas S»^ ^nve'ts plurals to 
thlf nnl    K ,S   6 t,meS f00t ^   STWm de,eted occurrences of "th." and "a", so 
hnL ^ /     'f comPar,50ns have some automatic equivalences, while Studnt retiins 

"?he'- and'v' i"   T** ^W ? t0 ^ the kn0W,ed«e that *" difference between 
2L Tt ^^"^«ent.al.   In this case, and perhaps others, Studnt is less general 
since  t doesn't have Ps to handle all of the cases implied by STUDENT'   mechanism this 

requ red for the task.   Studnt doesn't check for error conditions; STUDENT recoenized a 
few lim.tad types of "errors" in the input problems.  Overall, Sluoni^Z^ZZ ,1 
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B.3 The Studnt Production System Studnt 

STUDENT on the test problems published in the original report (given the more modest 
definition of "solution"), so that there is good reason to assert close similarity in 
knowlec'ge content of the two versions (see Appendix E for results on that fiet of tests). 

The ways in which the control of the two programs differs can be illustrated by 
displaying the actual code for processing that results in parsing the input according to the 
operator precedence tags.   First, the rules from STUDENT, with commentary enclosed in 

' : 

(* (S(S1/0P1),S)        ((EN CAR (*K 2))) 
(/ (*S LEFT (*K D) (*S RIGHT (*K 3))) OPTST) 

7, this stacks the left operand onto LEFT, the right onto RIGHT 7. 

(OPTST   («). 8) (1) «) 
/f the operator itself is used to determine branch target 7 

(TIMIIS   (S) ((*ENLEFT)) 
(* (SI) 

1, tests for nonempty, prnparßs to work on left operand 7 

(OFOK     (S) ((*K TIMES (FN OPFORM (*K 1)) 
(FN OPFORM (*N RIGHT)))) 

7 the recursive step: these rules are all part of OPFORM 7 

*) 
OFOK) 

END) 

' 

Studnt does the same thing by a loop for the precedence scan (r20-P29, P50), followed by 
the split into operator and operands (C25, C60), followed by the assembly (C70): 

P20; "NilW HIGH PREC" :; PRECSCAM(C,X) & HIGHPREO(C,N,Y) & HASPREC(X,M) 
Ä 5ATISFIES2(MlM)

,fGREATERP M N)) & LEFT0F(X,W) 
i NOT CHIJNI(ENDR(X,C) 

-> PRECSCANiC.W) & HIGHPREC(C)M,X) & NEGATE(l,2)i 
P23; "PREC SCAN ON" :: PRECSCAM(C,X) & H1GHPREC(C,N,Y) & HASPREC(X,M) 

& NOT SATISFIES2(M,N,,(GREATERP M N)) & LEFTOF<X,W) 
& NOT CHUNICENDR(X,C) 

-> PRECSCAN(C,W) & NEGATE(l); 
P26i "PREC SCAN ON" ;: PRECSCAN(C,X) Ä- N0T( EXISTS(N) & HASPREC(X,N) ) 

Ä LEFT0F(X,W) & NOT CI-IUNI(ENDR<X,C) 
-> PRECSCAN(C,W) & NEGATEd); 

P27j "PREC SCAN DONE" :: PRECSCAN(C,X) & H!GHPREC(C,N;Y) & HASPREC(X,M) 
ÄSAT^F!ES2(M,N,,(GREATERP M N» & CHUNKENDR<X,C) 

=> HIGHPKl,C(C,M,X) & PRECSCAND(C) & NEGATE(i,2)) 
P28; "PREC SCAN DONE" :: PRECSCAN{C,X) & HIGHPREC(C,N)Y) & HASPREC(X,M) 

& NOT SATISFIES2(M,N,,(GREATERP M N)) & CHUNKENDK;X,C) 
.=> PRECSCAMD(C) & NEGATEd )i 

P29; "PREC SCAM DONE" :: PRECSCAN{C,X> & NOT( EXISTS(N) & HASPREC(X,N) ) 
& CIIUNIfENDR<X,C) 

=> PRECSCAMD(C) & NEGATEd )i 

P50; "HASOP1":: PRECSCAND(C) & H1GHPREC(C,M,X) & SATISFIES(M,,(EQ M 5)) 
-> HAS0P1(C,X) & NEGATE(2)j 
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C25; "OPl BRK" :: HASOPKC.X) & WORDEQIX.XW) 
=> CSPI.1T(C,X,X) & HAS0P{C,XW) & WEGATEd); 

CoO; "SPLIT CHUNK" :: CSPl.IT(C,LOCL,l.OCR) & LEFTORXl.LOCL) & LEFT0F(l.0CR,X2) 
& LABELUCN.P) & MXCPRIOR{M) 

-> EXiSTS(CL,CR) & NCWPLORC) & RRENAME(X2,C,CR) & LRENAME(X1,C,CL) 
& LAQELUCUN+l.C) & LABELUCR.N+l.C) & HASCPRIOR{CL,M+2) 
& HASCPRlORICR.M+l) & MXCPRI0R(M+2) & CHUNKENDL(X2,CR) 
& CHUNKENDR(X1,CL) & NCGATEd,2,3,5); 

070; "FINISH SEG" :: l.ABELU(C,N,P) Ä l.ABELF(Ci,M,C) & LABELF;C2,M,C) 
& HA50P(C,X) & SATISFIESCP.P NEQ 'TOP) & HASCPRIOR(Ci1PRl) 
& HASCPRIOR{C2,PR2) & SATISFIES2(PR1,PR2,PR1 ?*GREAT PR2) 
& SATISFIES2(M,N)

,(EQUAl. (?*DIF M N) .1)) 
& HASEXPR{C1,Y) & HASEXPR(C2,Z)   • 

-> HASEXPR(C,<X,Y,Z>) & LABELF(C)N)P) & NEGATEC); 

(For help in understanding those Ps, the reader might refer to Section B.5.) How Studnt 
encodes the choice of which chunk to do the precedence scan on (P10) is not shown here, 
but it suffices to note that the choice is based simply on a numerical priority (HASCPRIOR)- 
assigned  to  the chunks.    How  STUDENT makes the same selection is implicit  in  the 
recursive calling of OPFORM illustrated above. 

One further example illustrates the differences in the languages wäed to express the 
two versions.   STUDENT uses the following: 

REMEMBER ( ... (PEOPLE IS THE PLURAL OF PERSON),., ) 

whore there are many similar phrases as arguments to REMEMBER, to set up internal 
properties which arc then used by the rule: 

(WORDS (SI) 0 (/ (*Q SHELF (FN GETDICT 1 DICT») WORDS) 

which cycles repeatedly over the entire problem string.  Studnt's corresponding rule is: 

D6i) "PEOPLE PL" :: TGSCAN(X) & EQPEOPLE(X) -> ISPLURAL(X,,PERSON) & NEGATE(ALL)i 

Thus STUDENT could be augmented by adding rules of a natural form, but the class of such 
forms was rather small, and the larger issue of significant augmentation could certainly not 
be encompassed by this mechanism. One of the aspects of the Studnt knowledge analysis 
below is an approach to the more general problem of augmentation. 

Ö.4.   Doscription of the productions 

Now we describe the Ps of Studnt in some detail, in groups according to their 
function, poiniing out features of interest with respect to the use of PSs. Some of the 
descriptions include a typical P and a trace segment (starting at "!") showing its operation. 
In order  to understand everything in full detail, the reader will need to refer to the 
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Mings of tho predicates, Section B.5, the program listing, Appendix B, and perl^ps 
the cross-reference, Appenciix C. The groups of Ps in this subsection are ordered by 
importance, which corresponds to their order in the program (though such order has no 
ofect on program behavior). There are twelve groups: S (.can), T (transformations), 
D dictionary tags). P (precedence tags), M (mam verbs), C (chunking), R (renarw) 
V (van.ble idnntificaUoh), F (FV chunking), A (age problem), B (building output) and 
I (information monitoring), P names in Studnt are a single letter (the letter of the 
containing group) followed by one or two digits, e.g. 813, perhaps in rare cases followed 
by another letter, e.g. V33R. 

S Ps: Scanning the problem string (14 Ps) 

The S Ps make Ihs primary scan of the input, resulting in the application of 
transformat.ons the addition of dictionary tags, the segmentation into sentences, and the 
determ.nation o   the highest operator precedence seen in each segment scanned    The 

T^M-IW
P,'TSLT^S: TLrE!"T0F, TfrSCAN' Tf:SCAN™. ISSCANCHUNK, TGSCAN, 

l^r ATN ' T. S t?
,?VJ;?, TFASCAN) TFASCAN,r"^ WG'^rc, HASPREC, FVSCAN 

ISSCAM-V. These Ps have the effect of sequencing the firing of olher sets of Ps to 
accomplish the things mentioned.   This sequencing in explicit, using two signals for each 

TFSrAMl-^0'^5". .l^. (r
i,;n:-Ce' TFSCAN eV0KeS lhs 'information process.^ and 

I'st^  Iv'Tnr e TSfAN signal has been examined.   These two signals are both 
asser ed by S13 (and others), but TFSGANRN follow. TFSCAN in being asser'ed and is 
Ujereforn stacked in :SMPX until all the consequences of the TFSCAN have be.n examined 

PO   TA^IM  TaJOr pr?,;es5in5 arf? asserfed as f°^: TFSCAN (transformations, see T 
Ks;,    ll-AoCAN   (age-problem   transformations,   called   optionally,   see   A   Ps)    TGSCAN 
die lonary tags, D ^). and TGSCANF1N2 (leads either to precedence checks of S20-S30, or 

to    VSCAN, see F Ps).    S20-S30 determine the leftmost  position that  has  the highest 

PRFC^MJH J    r     y    H   ^S'" atl0n   0f   ,he   mpl,t   at   the   period   deli^er.    The PRrCSCAND assertion in the RHS of S40 evokes the extensive parsing process on the 
chunk just scanned, passing control to the P Ps.  S40 also contains the start of fhe scan o^ 
he next segment (TFSCAN and TFSCANFIN), these signals are stacked in :SMPX throughou 

bhuHd^Troce^Bn;{:r
tha, ,he end of ,he input is reached-and si-ais fhe — 

A typical S Pi 

S13, "TF SCA
Ä

N;:'™SCANFIN?(X) & LEFTORX.Y) & NOT 1SDELMX) & ISSCANCHUNK(C) 

=> TFSCANlY) & TFSCANFINIV) & INCHUNK(X.C) & CHUNKLEN{L+1) 
& NI.-GATE(1,5) Ä NOT TGSCAN(X); 

! 7.      S 1.3-1    "TFSCAN" 

SrS^-f1W2 A1"1) (LEFTOr A1-1 P2-V (1SSCANCHUNK C-l) (CHUNKLEN 1) 
^J f <f,'SCAN ^"^ <Tf:SCANFIM F2-1) (INCHUNK AM C-l) {CHUNKLEN 2) 
(NOT (TG5CANFIN2 A1-1)) (NOT (CHU^CLEN 1)) (NOT (TGSCAN Al-1)) 

This P firing moves the initial scan pointer from Al-1 to F2-1, i.e., from "A" to "FIRST", in 
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problem TfiST?. C-l is the currt.-nt chunk. Transformations are invoked on F2-1, Al-1 Is 
added to C-l, and the lengin of the chunk goes from i to 2. This is the seventh P firing in 
the process of solving T(:ST2. 

T Ps! Transformations on the input string (38 Ps) 

These Pj; specify that certain sequences of tokens in the input are to be replaced 
by equivalent sequences, so that the parsing process can work with a standard form of 
input. Examples of transformations were mentioned in Section B.2. Some Ps achieve this 
by changing external names associated with tokens, while others assert new tokens and 
remove the old ones. In doing this, the LEFTOF links are maintained, sometimes requiring 
changes to the scan pointerr. that were set up originally by the S Ps. There are many 
uses of the macros STRJNGEQ and STRINGINS; for an explanation of what these expand 
into, see the comment at the very beginning of the Studnt program listing, Appendix B. 

External names of tokens are encoded in two ways, by F^www and WORDEQ, as we 
saw in Section B.2. WORDEQ's could be used everywhere, without a need for the 
EQwww's, except that since WORDEQ has an instance for every input token, there would 
be much more searching during the matching process. On the other hand, WORDEQ is 
required to give a direct link from a token to its external name, for instance in comparing 
arbitrary phrases for identity. 

The T Ps form a non-deterministic if-statement (COND). Ail of their conditions are 
keyed to the TKSCAN signal, and the checking of the conditions is done in a non- 
deterministic order. When a P succeeds in matching, the result is to delete the TFSCAN 
signal, thus disabling any further firings of other transformations. Another view would call 
these Ps a subroutine, control being passed by a data condition instead of in the 
conventional way. Other sets of Ps in Studnt also maintain control of processing in a 
coherent way, but use a larger sot of signals to achieve communication. 

T50-T52 are used (as a sort of subroutine) by several other Ps to properly re- 
arrange the global scan pointers in case old tokens become inoperative as a result of 
replacement.   The S Ps function as if nothing had happened. 

Example: 

T2; "IS EQUAL TO">IS" :: TFSCAN(X) & EQIS(X) & STRINGEQ('(EQUAL TO),X,Y) 
«=> MODLEN(-2) & LEFT0F(X)Y) & Ni:GATE(ALL,-2); 

! 26.    T2-1      "IS EQUAL .TO->IS" 
USING (TFSCAN 16-1) (EQIS 16-1) (LEFTOF 16-1 E7-1) (EQEQUAL E7-1) 

(LEFTOF E7-1 T8-1) (EQTO T8-1) (LEFTOF T8-1 A9-1) 
INSERTING (MODLEN -2) (LEFTOF 16-1 A9-1) (NOT (TFSCAN 16-1)) 

(NOT (LEFTOF 16-1 E7-1)) (NOT (EQEQUAL E7-1)) (NOT (LEFTOF £7-1 T8-1)) 
(NOT (EQTO T8-1)) (NOT (LEFTOF T8-1 A9-1)) 

"IS EQUAL TO" is transformed to "IS" by removing the two extra words, E7-1 and T8-1, 
and by fixing LEFTOF pointers to make 16-1 left of A9-1. The first insertion is a signal to 
the I Ps that a change in problem length has taken place. 

13 B.4 
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D Ps: Dictionary tags (43 Ps) 

Tcnn   The  t,'lßS  ■',ppl'Ed  f0 WOrd  tokens arG: IS0P2'  IS0P1' IS0P0'  1SVERB, ISPERSON, 
SPRON (optionally, only in age problems), ISPOSSPRON (another optional one), ISPLURAL 

1SSINGÜ1.AR,. 1SQW0RD, and ISDELIM.   These tags are applied in a control environment 
similar to the rhat for the T Ps. 

P Ps: Precedence scanning and lagging (23 Ps) 

Pl-Pf) are sensitive to the tags applied by the D Ps, adding precedence values for 
operators. P10-P29 form a precedence-scanning process that is called after chunks 
scanned by the S Ps are split. P10 and P15 determine which chunk to scan next 
according to thp explicit sequencing tag, HASCPRIOR. The unscanned chunk with hlphest 
value is chosen. 

Actually P10 also notes the next-highest chunk, and re-inserts the ISCHUMC 
predicate for that chunk. This is necessary to be sure that P10 or P15 will be tried again 
after a precedence scan is completed, because ISCHUNK, as used in P10 and P15 actually 
means a new ISCHUNK, al least for the CO one. Each time the match is done, though (even 
if it fails to succeed using a particular ISCHUNK as the new one), all new ISCHUNK's 
become old, and without the re-assertion, P10 or P15 would not be examined again, 
resulting m neglecting some ISCHIMO;, So, in PiO, the next-highest chunk is re-asserted 
making it new again, and stacking it in iSMPX behind other data which cause other 
processing to be done before coming back for more precedence scanning. P15 checks that 
no other unprocessed ISCHUNIfs exist, so that no re-assertion is necessary. 

P20-P29 make up a precedence-scanning loop, going from left to right in the chunk, 

aarronL^      ^   the   leftm0st   insta'1ce   of   the   hiBhest   Precedence   is   selected. 
uirSn^   ,G        SCanning 5ignal* CHU',1KEN»l- is used to start the scan at the left end, and' 
PPPPSAM''^0''.?8 the prosrer,s-   Tlle set of Ps ^ « loop, because each new assertion of 
KKLCSCAN results in examination of the elements of the set to determine the next action. 

P30-P75 emit signals thai are picked up by C, M, or V Ps, depending on the 
particular signal; so, after the precedence is determined, the chunk is split at an operator 
transformed according to its verb structure, or taken as a variable chunk with no further 
splits possible. 

Example: 

PIO) "START PREC SCAN" :; ISCHUNK(CO) & CHUNI(ENDL(X,CO) & HASCPRI0R{C0 MO) 
& NOT PRECSCAND(CO) & ISCHUNK(Cl) & HASCPRI0R(C1,M1) 
& SAT1SFIES2(M0,M1IM0 ?*GREAT Ml) ii NOT PRECSCAND(Cl) 
Ä NOT( KX)STS(C2,M2) & HASCPRJ0R(C2,M2) 

& SATISFIES2{M0,M2,M2 ?*GREAT MO) & NOT PRECSCAND{C2) ) 
& NOT( EXlSTS(C3,M3) Ä HASCPRI0R{C3,M3) 

& SATISFIES3(M0,M1,M3,'(GREATERP MO M3 Ml)) 
& NOT PRECSCAND(C3) ) 

=> PRECSCAN(CO,X) & HIGHPREC(C0,0,X) & ISCHIJNK<Cl)i 

! 68. 

BA 

P10-1    "START PREC SCAN" 
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& SATISFIES2{M(N,,([:QUAI. (?*D1F M N) 1)) 
& HASEXPR(C1,Y) & HASEXPR(C2,Z) 

=> HASeXP^C-X.Y,^) & I.ABELRC.N.P) & NflGATEd); 

! 112.  C70-1    TlNIJiH SEG" 
USING (LABELU CL-1 2 C-l) (LABELF CL-2 3 CL-1) {LABELF CR-2 3 CL-1) 

((HASEXPCRLCR-P21"VAR-P)SCPRI0R ^ 5) (HASCPR,0R ^ ^ (HASEXPR ^ ^^ 

IN(NTOau a-T ? c-iS)LUS VAR"1 VAR-2)) (LABELF CL-12 c-i, 

Ma ii"!1^ C,1UnkS, CL"2 a,Kl CR"2' Which are ™lM* ^R"1 ™* VAR-2, are formed 
,   w !r^,{!^?r USm5 the 0perat0r PLUS of the P^rt chunk CL-1.   CL-1 is marked 

f.mshed (LABELF) and is ready to be formed into the expression of its parent C-T (that 
won't occur, though, until the second operand, CR-1, is finished). 

R Ps: Renaming chunks after splitting of a chunk (6 Ps) 

i.H ißf'T rnr^ a.J
Chunk g0ing fr0m riBht t0 left-   R6-R9 rename a chunk goina from 

le     to nght    R6-R9 additionally are able to name pieces of a sequence of text thaf were 

V Ps: Variable comparison, for equivalences (26 Ps) 

V5-V37 perform a number of tests on nuw variable chunks (chunks with nn 
operators), in order to determine if the chunk, or something very cte toT h^ been 
seen  before     These  tests  are  performed in  a  particular  sequence   as  cöntro led  bv 

S: UN rsTmtff" TfP' TH,STEST^ EQVARREMD' ^QCHUNS VS 
case    vis V2f checV f0r "M    ■•      H!  't^ ^^ dUm^ V10 hand,es the d^'"y caoe.   vu V21 check for   this   in the chunk, and resolve references accordinElv    V23- 
V^ remove comparisons to variables that have already been proven equ^aento others 

new va'rbirto0^. —? '^ bG*^™ of ^^ V25 initiates'compar on o t^ 
do^ hv cf al  P^vious var.able chunks, except as just mentioned.   The comparison is 
done by .stepping tnrough the variables to be compared, on the LEFTOF links wKither 
check for equality or check for corrnspondence according to several spect  equivalence 

Ru's w'. "iL ? 1
ma*ches :the ***". where xxx is an unspecified word, e.g. "the 

Russians ; he may be sk.pped; a singular form matches "the number of xxx" whore xxx 
i    the plural- orm of the singular word (only for words that have been tagged by D's) 

the numbt:- i^f 0ne nUm^" (,he latter is in a n8W variab,e>' "<™ numb"'. "one of the numbers  (latter is new); "second number" - "other number" (latter is new). 

y/JO-VSO note that two variables are equivalent, when the comparison goes throuph 

o the nL nr'5 being T'f^ V!i5 C0Unts the variab,e chu"ks « they are ompared to the new one, in a part.cular sequence to prevent the P match from finding muTple 
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assignments; if it were allowed to find multiple ones, incr .-renting the count as kept by 
CHTKSTKD would be done only once, effectively, since each increment would use the value 
of CHTESTED before any of the multiple firings. Allowing multiple firings is a feature of 
Psnlstj it was used to advantage in V25, to find all comparisons to be made with a single 
match, but in V25, the order didn't matter, and no values depended on non-multiple firings. 

The presence of V55 is actually not necessary, by analogy with a similar comparison 
process elsewhere in Studnt, A63-A69. The latter test makes bette' use of the implicit 
stacking mechanism of Psnlstj it was coded somewhat later in time than the V tests. V55 
was left in because it seemed desirable to use it as an illustration of alternative methods 
of expression in Psnlst, and because it illustrates an approach applicable in more general 
situations, whore stricter control is essential, 

V60 notes that all tests are finished, and creates a new VAR toten. V65-V90 are 
used to remove all testing signals from the Working Memory; this is useful in case one test 
succeeds before all the others are done, so that they need not be continued. 

V30i "VAR «" :: f:QCHUNI(TEST{Cl,C2.X,Y) & WORDCQ(X1XW) & WORDEQ(Y,XW) 
K LEFTORX.X?) & l.EI--T0RY,Y2) & NOT CHLM(ENDR<X,C1) 
& NOT CIIUI«JKENDR{Y)C2) 

=> EQCHUNKTEST(C1,C2,X2,Y2) & NEGATE(l); 

! 123.   V30-1    "VAR=" 
USING {EQCI-IUNICTEST CR-1 CL-2 A9-1 Al-1) (WORDEQ A9-1 A) (WORDEQ Ai-1 A) 

(LEFTOF A9-1 S10-1) (LEFTOF Al-1 F2-1) 
INSERTING {EQCHUNKTESTCR-1 CL-2 S10-1 F2-1) 

(NOT (EQCHUNKTEST CR-1 CL-2 A9-1 Al-1)) 
* 

This is an example of the variable comparison process. In this case the next positions to 
bo tested will not bo the same, since CR-1, "A SECOND NUMBER", is being matched to CL-2. 
"A FIRST NUMBER". 

F Ps: FV scanning and segmentation (15 Ps) 

The type of scanning and segmentation for FV chunks depends only upon the initial 
question-words. For instance, if a sentence starts with "What are", Studnt expects more 
than one variable, separated by "and'. These exooctations are set up by asserting 
instancies of: RTANDQMGOING, RTQMG01NG, RTDOGOING, RTDOESGOING, RTHAVEGOING, 
RTANDPERGOING. The scan is actually sequenced by the S Ps, using FVSCAN. In a couple 
of cases, more complicated transformations are done, for instance, F45 will change phrases 
like "How many fish does Mary have?" to "the number of fish Mary has".  Example: 

F5; "WHAT ARE FV" :: FVSCAM(X) & EQWMAT(X) & ISSCANFV(C) & CHUNKENDL(X,C) 
& LEFTOF<X,Y) & EQARE(Y) & LEFT0F(Y,Z) 

=> OHUNKENDL(Z,C) & RTANDQMGOING(C) & N(IGATE(l,4)i 

! 439.   F5-1      "WHAT ARE FV" 
USING (FVSCAN W27-1) (EQWIIAT W27-1) (1SSCANFV C-3) (CHUNKENDL W27-1 C-3) 

(LEFTOF W?7-1 A28-1) (EQARE A28-1) (LEFTOF A28-1 T29-1) 
INSERTING (CHUNKENDL T29-1 C-3) (RTANDQMGOING C-3) (NOT (FVSCAN W27-1)) 
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^ 

(NOT (CHUIvlKENDI. W27-1 C-3)) 

More the beginning of an FV chunk is noted, T29-1, starting "THE FIRST NUMBER", keyed to 
"WHAT ARl'". A signal is set up so that "AND" and "QMARK" are treated appropriately 
when encountered. 

A Pa: Age-problem transformations (44 Ps) 

The age heuristics in Studnt closely parallel those in STUDENT, so that the following 
description is somewhat cryptic; scanning the Ps should help to fill in the details. Most of 
the relevant predicates start with "AGE". Al-A3 detect clues to whether a problem is an 
age problcnii the occurrence of any of the special words is conclusive evidence. A11-A12 
delete superfluous phrases. A15-A20 translate the occurrences of verbs like "will be" into 
more suitable forms. A24-A28 note the occurrence of phrases that may be used later on 
to modify age variables that are not otherwise modified. A31-A35 translate age operators 
into arithmetic operators, for instance "age 5 years from now" becomes "age pluss 5" 
(pluss has a different precedence from plus). A38-A43 detect the need for an age 
operator, an first noted by A24-A28, collect that operator, and place it in the string after 
the current age variable. A50-A59 replace an occurrence of "their ages" by a list of all 
age variables seen so far, separated by "and". These AGEREF's are collected in the order 
seen, by using a numeric argument. Pointers to all age variables are collected as scanned, 
by A61-A69, which also do a comparison, so that several occurrences of the same age 
variable do not appear in the replacement for "their". A71-A75 replace the occurrence of 
a personal pronoun by the first age variable seen. A81-A85 do a similar thing for a 
possessive pronoun. 

B Ps; Build up answers (6 Ps) 

Several functions are performed in building answers: chunks that are FVs are 
collected into a list, replacing the chunk name with the variable it stands for (Bl-B2)i a 
check is made for an answer unit (as in, "How many spans ..."), by B3; and the external 
representation of problem variables is collected for output, by B5-B8. Note that the FVs 
are collected in a particular order, by using HASCPRIOR. B2 constitutes a single- 
production loop, continually firing until all the ISFV's have been collected onto the FVLIST. 

B5 is tilr.o a single-production loop of so.ts: the RHS specifies that BU1LDREPR is to 
be done, followed by a re-assertion of an ANSWERBUILD2 instance, which causes 35 to be 
examined again for more possibilities, and so on until the variables to be represented are 
exhausted. In the variable-representation collection process started by the B5 BUILDREPR 
assertion, since several variables may be equivalent, and since those that are equivalent 
have the same expression but not necessarily the same string representation, HASCPRIOR 
sequencing is used, so that the first representation seen in the scan is used as the 
collected list (the second HASREPR argument). 

I Ps: Information gathering (13 Ps) 

These Ps are not part of Studnt proper. Rather they monitor Studnt's progress by 
counting operators, variables, equations, and FVs, and by estimating how many more of 
those are likely to be found, assuming the worst case.  These counts and estimates are 
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rocordod iii SPACES17ES instances, Tfie Information as recorded was at one time used to 
attempt to measure the contribution of each P-firing towards reducing the combinatorial 
possibilities of the final output of the process. Thus, as each piece of new information is 
added, more is known about the form of the output, in terms o' a reduction in the number 
of a priori possibilities. On the basis of that reduction, the ultimate "value" of each P 
might be measured, with due account being taken of the fact that it depends on outputs of 
previous Ps, and so on. 

X Ps; Examples for testing (27 Ps) 

Each X P contains the initial data for an example, including signals to start the Studnt 
prucessing. These tests are in sets of three, so that during testing, only a small amount of 
storage is taken up by problem statements. The modules represented by the EXPR's were 
loaded separately, and after testing, deleted, before loading the next set. Each test uses 
the macro INITPROB to translate from a string representation into a sequence of 
predicates with arguments, for the internal representation. INITPROB is explained in a 
comment at the very beginning of Appendix B. 

B.5.  Description of the predicates 

In the following alphabetical listing of predicate descriptions, conventions on the 
types of arguments have been adopted to shorten the descriptions and to ease 
comprehension. Unfortunately, this typing is not Jone in exactly the same way in the body 
of the program (its value was not realized soon enough). Six argument types are 
distinguiched, based on the first letter of the argument: 

c:   chunk; a chunk is a sequence of tokens linked by LEFTOF which forms 
a unit. 

I:    list structure, 
n:   number, 
p:   position in string; each position is represented by a token, for which 

various properties can apply, 
w:  word; the external name for a chunk element, e.g. "TIMES", 
x:   other, to be explained with specific uses. 

Arguments that are multiply used within a predicate description are numbered. If numbers 
for different types correspond, then the arguments also correspond, for instance, 
(cl,c2,pl,p2) refers to two chunks, and two positions in those chunks, with pi In cl, and 
p2 in c2. 

The reader can refer to Appendix C to find names of ?\ (Appendix B) that use these 
predicates. 

AREC0MP(pl,p2) Innp sIMut for comparing ■{• variabl«* in an at* problem \o at« if a now on« is 
(hn soma aa on« alrsariy aeon; th» (okann at pi and pZ ar« to ba comparad noMt. 

AG£COMPFIN(p) eignol thai an ace variable compariaon haa boen initintod, for a now variable 
•terlinc nl p; croatea a now AGEREF if not removed by th* AGECOMP loop. 

AGECOMPWEM(p) doMo all AGECOMP aifnala, aim« the teat hat failed; 
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AGEOPCp.c) 

AGEÜPNEfitKpl.pR.pS.I 

AGEPOSSCOKpl.l.pa 

AGEPROEK* 
AGEPRONCOKpl.l.pZ 

AGEPtFl^.n 

AGEREFCHK(p 

AGEREFCNKn 
ANSUNITCHK(x 

ANSWEHBUILD(x 
ANSWtHBUlLD2(x 

ASCAN(K 

BUlLDREPR(x 
CHTCOUNTEO{cl,c2 

CHTESTED(c,n 

CHIJNKENDL(p,r. 
CHUNKrNDR(p,r. 

CHUNKLLWn 
CSPUKc.pl.pZ 

DEFOPLIGKn.w 
DELAYEXPNDCx 

' r.NDMARK(p 
EQCHUNKTESKel.cZ.pl.p^ 

E0VARCHUNK(el,c2 
EOVARREMl)(c 

E0www(p 
FVLISKx.l 
FVSCAN(p 

FVSCANEND(p,c 

HASCPRIOR(e.n 

HA5EXPR(c,>: 

HA5IS(c,p 
HASOP(c,w 

flA50Pin(c,p 
HASPRGCCp.n 
HAGREPR(x,l 

HA5SQUARE(e,p 
HASSQUARElKcp 

B.5 

p slniln an age operator for c; \hp operator m»y be uB«d latar in tho chunk to 
motlily an npp vrriBblp thnt is othprwrse uiKJunlifiml. 
colli'd Ihn woids of an AfiEOP, as list I, with cirreni coUpctinf poüilion p3i tho 
result will fill in hnlwsen pi »nd p2. 
collet words startinf at pi into I; rtiull ia to rtpliic* thu poBWBsiv» pronoun 
at p2. 
x is an ng« problnm; thin enrblee spoci*l Nuristic trsnnformatiopp nnd pr<ic«iBin{. 
collrct words startint AV pi into 1; r«eull ia to replace tho pronoun ni p2. 
p in Ihn stnrtinj pooitlon of nn age variable with priority n (towor moans Men 
bnfora); an nco variebto is any njo probtem variable which ■tarts with » person. 
phrnnn sfdrtinj at p in to be checked to set if it Is ■ new distinct ct* variable 
(AGEREF), 
count AGEREF'H, for assitninj priorities to now omts. 
chock for croation of an ANSUNIT, in tho proewss of answar-buiWint for problem 
x. 
nignal thnt tho nnnwor-builHint process ahoukl bogin for problam x. 
pigmil tho chock for iniiintion of tho collection of the axtarnal raprasantdtion of 
variables, in nnnwor-building, problem x. 
do proliminary chock iar keyword« sijnifyinj an age problem; x ia the current 
problem 
bulkl up tho nxlernal string representation for variable x. 
in tho variablr-tost counting procea», mark« cl a« having been counted with 
raspocl to toots on c2 
c has boon Instad with rsepoct to n other chunkaj inilinlicad to 1 to inr.lul« c 
itself, 
olpment at p in at tho loft and of c. 
element »t p ie at tho right end of c. 
current length of current scan chunk in n; uoed in I Pa. 
chunk r. in to bo split into two chunkp, with pi  directly  to tho loft of tho 
oporator phrnno at tho split, anil p2 diroetly to tho right, 
tho n'lh dofinito oporator round in w, 
PanltM primitluo for delayed oxpiinnion of a PSMACROi usad horo because of 
innortion of now, variable text tluting tho problam runs. 
an nnd of thn problom text siring in at p (left or right and). 
Scot for pqim'jiWmor between cl and c2, which are assumed to be variablra. 
c' and c2 reprijgont Ihn anme variable. " 
signal  '   n all EQVARCHUNK'B have been removed from eonBklaration  in  th« 
yarinbln comparisona 
thowoid ai p in tho string in equal to "www". 
I in n IM of FVs for problom-x. 
signal to inilinlo chock for specUl FV transformationo nt p. 
p in e marks tho end of an FV-, results in the set-up for another FV to follow, or 
in dntoetion of tho end of tho input string. 
e has priority n; lower moans seen first, if the chunk waa created in thn initinl 
scan; otherwise a higher value is given to tho left chunk than to the right, when 
a chunk in aplil in two; values from latar nplita are higher than for eariior ones. 
c has BxpraBsion x; x is either n token referring to a variable, or a list structure 
for tho nxpKjssion. 
c has IS an highost praccrion«1 oloment, at p, 
c has .oporator  with nnma wt thin will be used in c^natructing  tho output 
oxfiiiminn. 
c hau OPm, for m •< 0 1 2, as highest pracodenoa alemant, at p. 
p hnn pmodonnr n. 
x has exlornal repn»«entation 1; usually thn liat of words for the token x of a 
variablo chunk 
c hns highest-pracednnDr operator SQUARE, at p. 
c hns htghest-procsdonoe oporator SQUARED, at p. 
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HAtiUOPCHUNK(p,c) 

HASVKHIKe,p) 
HIGHPRECCc.n.p) 

ir-DEirrtot«) 
iNCHUNK(p,c) 

ISAN'SUNIKW) 

ISCHUNK(c) 

ISDEUM(p) 
ISEQWe.x) 

ISFV(c) 
ISIS(p) 

IS0P(n(n) 
ISPERSON(p) 

ISPUJRAUp.w) 
ISPOSSPHON(p> 

ISPRON(p) 
ISOWOROCp) 

ISRJ-Kt-KWe) 

ISSCANCHUNK(e) 
ISSCANfV(c) 

ISSlNGULAR(p) 
ISUOPDUM(p) 

ISVARCHUNK(c) 

ISVERB<p) 
LABELFfel.n.r.Z) 
LABEI.lJ(el,n,c2> 

LEFTOripl.p^) 
LflnNAMF(p,r.l,c2) 

MODLEN(n) 

MODLCNC(x) 

MKCPRIORtni 

NEWÜVAR(e> 
NEWEOWx) 

NEWFV(c) 
NEV/OP(x> 

NEWPLOP(x) 
NEWPLVAR(e) 

NEWREFHXPR(e) 
NEWREFOP(w) 

NEWSlZE(x) 

NUMVARCHUNKS(n) 
PLACOPLIST(n,w) 

PRECSCAWcp) 
PRECSCANO(c) 

PROOLEM(x) 

p in a unnry oporotor dummy, a«i up fo hoW a pooition in c white Ihn unnry 
opnoJor oKpinsBion it reproscnfa iB pnrsad; lesull will r«pl«c* »ho dummy ng «n 
opnand in e, 
c itnn R vorb as highest proccdcnc* olrmont, at p. 
tho hichrnt proeodmer for c is n. at p. 
ditniil thiit an IF ha» burn dok-lod in thr scan; x is a dummy arguAwnt. 
plrnwnl at p io in c. 

w in tho unit h which tho nnnwor ic to be oxpntiitd; befora tho nnnwor-huiklini 
pioccsG, it in jutl a posilion in ttio string. 
c in a (now) compkile chunk; innoi iwi after tho »ntirt chunk hat boon initiolly 
scannrd, o1, öfter it haa boon rsnanwd as a reault of tho apiiltint procese. 
p is n dnlii.iilnr. 
c in nn nnunlinn, with exprvtBion x. 
c in nn FV. 
p in "ir."i uord to eateblir.h piscodeno» value. 
p is opomtor of cUae m, m « 0,1,2; used to eitabüsh prtctdono» valuo. 
p ia n pnnon. 
p in tho plurnl form of w. 
p io n pooDOBPiv« pronoun (only nc» problome). 
p io n pronoun (only njo prcblom»), 
p I'B n quontion-word. 
c in » referenoo oxpirjesion, io., a candklale for » future "lhiB"i c is ?ithor a 
Bonlonr.o thai isn't an equntion or tho auojoc? itf a aenteno». 
e in cufrontly beiiij Bcannodi it is n.it an FV. 
e iu nn FV, and in currently beinc scannod 
p in tho ninguUr form of some word. 
p ia a unnry operator dummy, BOO HASUOPCHUNK. 
c IB B vnriahlo chunk, ie., nn operator!, a noun phraae: thie is a aifn«! for 
inilintinn of variable compariaon proctaaea. 
p is a verb. 
cl is Inhclod fininhod, exprveBion-trM level n, pnrent e2. 
cl ie Inbelod unfininhod, oxpi^aaion-tree level n, pnrent e2. 
pi in dirnctly to tho loft of p2. 
cl in rennmed to c2, current ponition p, proceodint to tho loft from p. 
modify tho length of tho «tring of tho problem by n; uaed for eetimaling apac* 
eiroo in I Pa. 

x in a dummy nrgumrnt; a chunk bountUry haa been reaehodi tho etring length 
uood to compute worat-case epnoa-aicea <I Pa) can be adjualod based on the 
length of tho chunk juol 6c«nnr<l. 
maximum chunk priority nuirtoer is n; used to aeeign to each chunk n oniquo order 
nutrher. 
c io a now dintinrt varisblo: signal to I Pa. 
signals a now equntion to I Pa. 
e is a now FV; signal to I Ps. 
signal thnt x is B new ooeratori for I Ps. 
signal a nowly.plawd operator to tho I Ps. 
c is B nowly- plwed variable; signal to I Ps. 
signal n now reference expnasion, to become the ISREFEKPR. 
signal that w is the oporwor of a referenw »xpreasion, to I Pi. 
signal that a new spoce-sixe vector noede to be computed; x  is a dummy 
argumont. 
n dintinrt variable ehunkn ore known. 
tho n'th placed operator Is w. 
precedonne ecan in being dono on e, current point p. 
procodonr« ecan has been done on chunk c; eignal to not* result ami proceed 
accordingly, either to split chunk or feat ae variable. 
x is tho name of the current problem. 
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RRIINAMI-fonl.RjJ) 

B.5 

PROBxXK(n..) whnro xxx in VARS, EONS, OP5, or FVS-, »rgumtnts art VBIIICB coniributing \o 
Bpnff-siTie as notad in <hp comtnenla accprnpsnyiiij II (aeo Appon<li>; B); INOEF 
in an estirrnln bnn«! on »Irinj length of what in eonnWerGd ihn worst cnne for 
ihn giuon qunntily; in, eenumptionn nm m»d« on lenjthn of enfttme giving rin» lo 
thn largoot oxpoctnd countj DEF roflecfs aclunl count BO far fourxl; PLACED 
reflocta thnt nn opnrotor or variobki may bo dulerminwt but it« pooition in thn 
output oxprossinn treo remainn undptorminod. 
cl. in rennmcd to c2, eurront pooition p, procaeding to thn right from p. 

RTANOPERGOINRk)  aignol  to   npply   FV   Irannformatinnn  whnn  "PERIOD"   or   "AND"   is   scanwd, 
Bomrwlioro to thn right of thn current Bean poaitior..,- e ie the currant scan FV, 
limiting thn ncopo of thn signal. 

RTANI)QM(;OING(c)   Bimilar to RTANDPERGOING, for "AND" or "OMARK". 
RTÜOESGOING(c)  similar to RTANOPERGOING, for "DOES" 

RTOOGOING(e)   similar to RTANOPERGOING, for "DO". 
RTHAVEGOINC(e)  similar to RTANOPERGOING, far "HAVE" 

RTQMGOlNG(c) similar to RTANOPERGOING, for "QMARK". 
SPACESlZEN(n)   the nurrfcar of opocv-aiE« vector». 

SPACESIZES(n,l)  I is thn n'th spew-sie« vector; eompomsnta eorre»pond to argumnit for all of 
thn PROBKXK'R 

STRINGED  macro for gennrating airing» of EQwww'a, LEFTOF'B, ate. -  «e«  commant in 
program linting 

STRINGINS  macro for gonnroting atrings of EQwww'a, LEFTOF'», ate. -  see  comment in 
program linlinp. 

STRlINGTfKn)  thn longth of thn input ntring remaining to bo acannrd. 
TANI)DIFF(c)  trannform "AND" in c to "MINUSS", sin«, thn difference operator hat preceded it. 
TANDGLMc)  trannform "AND" in c to "PLUSS", sinw thn SUM operator ha« been soon. 

TBYIS(c)  trannform "BY" to "IS", as requiiod by "EXCEEDS". 
TFASCAN(p)  Bigrij.1 to ehnck for epoc«l »go-problem trannformationo. 

TFA!SCANf'I.N(p)  signjl comptrtion of TFASCAN at p. 
TFOUT(pl,p2>  renrrnng«. thn TFSCAN poinlors thnt uned to be at pi, to tie at p2i neeeeeary in 

sorw trannlormationn that actually re-order thn atring. 
TFÜUTDELAY(pl,p2> do B TFOUF on pj  and what become« to thn left of p2, »fter  mtmrihn of 

gonmotetl, wiriobln text. 
TFOUTLEN(pl,p2,n)   TFOUT vyilh n airing Inngth.arijm.linnnt of n.        ' 

TFSCAN(p)   signal to inilmtn chock for string trannformatinnn »t p. 
TFSCANflNfp)  signal complHion of TFSCAN al p, ready for next step in the scan proceea. 

TGSCAN(p)  signal to inilinta chock for dictionnry tngs at pi    '    '. 
TGSCANFIN(p)  done with TGSCAN at p, record preccdnn«.« or do FVSCANi eleo e apecwl aignal 

to inilinln thn aenn to begin the problem. 
TGSCANFIN2(p)  compli>tinn of initinl ncan proceesing »t p, ready to move ecan pointer. 

THEIRCOLL(pl,p2,p3,pO,l)   cnllrct an ngn veriabls starting nl p3, current collection poeition p4, lint of text I, 
,0 bo \pmim\ nlnnj with othnr variable» between pi and p2 when coUpctnd. 

THEIRCOLL0(pl,p2) age reference starling nt pi ha« bean collrctod, for "THEIR" which In to bo 
replaced nl p2. 

a signal to colk-ct a lint of all ngea  leen BO far, which nre referred  to by 
"THEIR", end put thnm botw»on pi and pi' when collectod. 
B tint of all toxi colkittod BO far for a "THEIR" replacement! ench varinble is 
collfctnd aopnrntely ami then ndded to thin list. 
Ihn vnrinbln lont for "THIS" ha» been done tor c; atgnal» the initintian of the 
match of c ngainnt othnr voriabk» qhunlm 
c in not tonlod with reepoct to equivolenc«» with other varisblee; Signale for the 
first of a seiiee of toats to bo started.' 
cl, which in thn operand for a un»ry oporafor, is to be renamed to bo c2i 
renaming in currently at p3, to be terminated at p4i on termmation, the chunk is 
lo bo split at p5. 

VARCHCOUNT(clIc2)  signals failiiio of equivslenoe tests of el with respect to e2j chunks «rt counted 
after being tested. 

VARCLEANUPCe)  clean up BBoertionn hnving to do with the teating of c, since the result is known. 
WCOLLECT(e,K,p)  eoltret words for c, with expretsion x, at p. 
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THISTESTEOCc) 

UNTESTED(c) 
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WOROEQ(p)w)   (ho word «I p la w, 
WORDINS  m»cro for sonrrotins EQwww itnd WORDEO for a »trint posHion 

in program litdins. 

8«» comment 

B.6.   Conclusions on the implemnnttition 

This subsection considers the following aspects: validation, program control, 
representation, and efficiency. First, in order to verify thai Studnt is close to the original. 
Appendix E gives the results of test runs on V problems as given in the original 
publication. All of Studnt's answers are acceptable approximations to the solutions 
produced by STUDENT. These tests used all of the Ps of Studnt except: S65, T3, T6, T7, 
T19, T20, Dl, D9, D13, D11, D55, D57, D75, D87, P8, P28, P65, M30, M50, .C5, C50, C52, 
V?l, A3, Alö (that is, 25 out of about 260). There is no essential difference between 
these Ps and Ps that were actually used for the tests, so that this deficiency is not 
serious. 

Programs written in Psnlst must use data signals to provide control, as is the case in 
ail P5s. Several features of Psnlst are useful in coordinating control signals. The main one 
is its stacK memory, :SMPX, which is a temporary memory that effectively orders new 
elements of the Working Memory by their recency of assertion. Ps are selected for firing 
on the basis of this recency order, with those using the most recent data selected first, 
and with others pushed down in the stack until all the consequences of the newer data 
have been considered. The recency order is specified by the left-to-right order in RHSs 
of P«, such that the left-most assertion is considered to be the most recent. If a data 
instance .is re-asserte , at some time after its initial assertion, it is given a higher position 
in the recency order, corresponding to its most recent assertion. This re-assertion is 
analogous to data rehearsal in other systems. Another Psnlst feature is that when a P is 
selected for matching, it may fire more than once, as opposed to firing once, allowing other 
Ps to be examined relative to the new data from that firing, and then returning to consider 
other possible matches that were available at the time of the original match. That is, all 
possible firings occur, in arbitrary order, before proceeding. Thus a set of Ps 
representing steps in some process can be working on more than one input element at a 
time, with multiple firings giving the appearance of parallel sequencing on the inputs. 

In Studnt, control passes in various flexible ways between; S Ps and T, A, D, and F 
Ps; P and C, M, and V; C and R; M and R; R and P. The I Ps are evoked by most other 
groups. Appendix D gives a picture of the changes in control. The recursive nature of the 
parsing process, that is, the maintenance of the tree structure of the chunks, is encoded in 
the labels attached to chunks as they are split. Strict control sequencing is exhibited in 
the initial scan processing (S Ps), in the splitting of chunks (P10), in the variable 
comparisons (V Ps), and in the answer-building (B5). That is, the S, V and B Ps use 
specific signals to perform definite sequences of steps in fixed orders. The chunk-splitting 
process orders the'chunks by attaching to each a numerical priority, and then processing 
according to that, resulting in the appearance of a stacking mechanism. The sequencing of 
the main scan, with control passing from S to (and from) T, A, D, and F Ps makes use of the 
stacking mechanism of :SMPX to order the consideration of process initiation and 
completion signals, which are emitted simultaneously by S Ps.  That is, an S P emits both 
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an iniHation signal and a complntion signal, with the initiation signal processed immediately 
and the other stacked in :SMPX for consideration after everything relating to the initiation 
signal har. been completed. Many looping processes were noted i PJ?0-P23, C20-C22, two 
in the R's, V[5-V60, several in the A's, and two in the B's. A loop can easily maintain tight, 
control by using a special signal which is assened first in its actions, and which is only 
used by other Ps in the same looping process. The mechanism of re-asserting data to 
cause re-examination at some later point is used twice, in P10 and in 85. Multiple firing of 
Ps is used to advantage in three places, V25, A63, and A67, and special care is taken to 
prevent it in V55, In V25, for instance, a new variable is compared to all previous ones, 
wilh the set of previous ones considered all at once instead of serially, in summary, we 
see that in an environment without conventional control primitives it is straight-forward to 
achieve a variety of flexible control facilities. 

The unstructured Working Memory of Psnlst is intimately connected with Studnt in 
two ways. The number of items in the memory is much larger than is efficiently stored in 
the linear Working Memory of other PSs. The range of Working Memory size for the Test2 
example is from 115 to 321 items (these are initial and final figures, since no intermediate 
values are known, but no significant differences are expected for more accurate 
monitoring). The final memory size for Test 16, the biggest test, is 765. The :SMPX 
mechanism narrows the focus of attention to a small portion of this mass, but even .'SMPX 
becomes relatively large. For instance, the maximum number of ;3MPX entries for Test2 is 
126, but this is probably much larger than the number of distinct memory items that are 
referred to, since a data item occurs in many entries. Very little effort was made to limit 
the memory size, since the interpreter is capable of handling such magnitudes efficiently. 
Thus, these figures should not be taken as representative. The second effect of the 
Working Memory is that it is more general and more cumbcrsom« than the special string 
representation used in STUDIiNT, but the benefit of making eyerylhihg more explicit 
counteracts that minor difficulty, as we see in Section C. 

The execution times of the tests given in Appendix £ are in the range from 2 
minutes to 20 minutes, with the average around 5.6 minutes (on a PDP-10 computer). This 
is within an order of magnitude of what would be considered reasonable times for these 
tasks as performed by humans. One might expect a computer with the limited knowledge 
that STUDIINT has to do an order of magnitude better than that, so that PSs seem not 
particularly speedy®. Two things might easily make this order of improvement: more 
efficient implementation of the interpreter, and som;? way of compiling Ps (they're run 
interpretively at present), Also, the efficiency limitation may not be as serious as it 
appears, because one might argue that as morn knowledge is added, little is .added to total 
run time, since the number of applications of Ps in doing a. particular task would not 
necessarily go up significantly. This assumes that not much is added to the time required 
for selection of the next P to fire. This is reasonable based on limited experience so far, 
wbicb indicates that the ratio of examinations to firings is fairly low. (Humans probably 
have no problem wilh huge amounts of knowledge because of some parallelism in the 
recognition-selection process.) It also may be that new knowledge would interact only 
slightly   with  existing knowledge, so that there would be  little  interference  with  the 

» These times are in the right range for humans; the only STUDENT figure is that it took 
less than a minute (on a 7094) to do the age problem TESTS, which Studnt does in about 
7.5 minutes, about a factor of 20-30 slower. 
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C.  The Knowledge in Sludnt 

The pfiinaiy rusults presented in ihis section are based on viewing Studnt as the 
res-.uli of a ^nowtedse ervgodJUS process. Philosophically Ihis view is similar to McCarthy's 
Advice Take;)' proposal (1958), which laid out a plan for a general program that could 
modify its knowledge and its internal working procedures in accordance with advice given 
externally. The details of McCarthy's proposal were expressed with reference to a 
systeiTiatization of common sense knowledge as declarative statements in predicate logic, 
whereas the present rpproach expresses knowledge informally in unrestricted natural 
language and has a PS program as its target. That is, Studnt is analyzed as if it were the 
r.sult of the assimilation of a large number of knowledge latements (KSs) In natural 
language. These KSs are shown to interact with each other to form the encoding of the 
knowledge as a PS. 

The general strategy taken here is appropriate when viewed in the framework of a 
knowledp.e acqiiinition approa-r.h to AI. This general approach consists of several steps: a 
precise formulation of the knowledge that it is necessary or desirable for an AI program 
to have; a suitable programming language, interprntable by a computer, for the ultimate 
expression of knowledge as procedures and data; and some way to bridge the gap 
between the external ((»presentation and the internal (procedures and data) representation 
of the knowledge. This is to be contrasted with a knowledRe Reneration approach, which I 
believe Is Implicit in approaches using mechanical theorem-proving techniques, perhaps 
inspired by McCarthy's Advice Taker. Knowledge generation takes knowledge in the form 
of axioms and operates on it according to inference rules, in the hope that knowledge 
sufficient to produce intelligent behavior will result. A generation approach does not 
distinguish the three steps above, in part because the internal and external 
representations are the same; also it is not concerned with exhibiting a full body of 
knowledge, but rather with finding an adequate basis for generation. Since the generation 
approach has not yet been successful, the present approach is proposed as an alternative. 
Since it is a first approximation, some aspects have been alluded to, illustrated, and 
circumscribed, but it remains informally (and vaguely) expressed. Expressing the 
knowledge precisely in any language (natural or artificial) is no small endeavor, and it is an 
activity that has not been carried out at the present scale by any previous work. The use 
of unrestricted natural language in the present work will be justified below (Section C.ll). 

At present, a computer prog-am for the knowledge encoding process does not exi;.1, 
although no insurmountable difficulties in constructing such a program can be foreseen. 
Rather, the knowledge has been obtained by an analysis (also not computerised) that 
represents a dual of encoding knowledge, namely, by a knowledge extraction process. The 
extraction is based on the meanings of the predicates that compose Studnt's Ps. Although 
the KSs were obtained analytically by an extraction process, it has seemed most natural to 
express them as If for use in encoding. Of course, Studnt is the result of an encoding 
process, but there is no basis for saying what the author had in mind during that oriBinal 
encoding, since accurate records were not kept. 

The KSs fall quite readily into thrte major classes, which will be referred to as the 
N class, the Q class, and the Z class. The N-class statements (Ns) contain all of the task- 
oriented   knowledge,  for   instance,   knowiedge   about   how   arithmetic   expressions   are 
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ropr(»sonted in natural language, how to recognise a specification of which variable is to 
be solved for, how to transform idioms, and so on. Most of the description of Studnt in the 
procRcling souion is at this level, loosely spoaKing. To organize this Knowledge, we will 
use and augment slightly the concept of problem space (Newell and Simon, 1972, chapters 
3 and 14), and we will refer to N statements as being at the problem space level. 

Q-class statements (Qs) deal with implcmcntation knowledge. These define terms 
used at the problem space level and provide a collection of orogramming techniques 
suitable for the requirements of the problem space. The Qs are stated in a sufficiently 
genera! way to bo useful in conjunction with other problem domains than Studnt's domain 
and with other programming languages besides Psnlst. 

The Z class of statements (Zs) deal with Psnlst control constructs, namely the special 
control features of Psnlst that affect the actual form of the Ps. The present analysis 
neglects other Psnlst features such as syntax and the properties of P conditions and 
actions; thin level is suppressed because of its straight-forward, routine nature. 

In addition to the three classes of KSs that comprise the abstract content of actual 
Ps, a fourth, concrete component is central to the analysis: the predicates, which are the 
problem-specific programming constructs. The knowledge extraction process is entirely 
dependent on the predicates' meanings (see the preceding section) for forming the KSs 
The knowledge encoding process as presently formulated takes the predicates as given' 
and uses them at the appropriatt (near-final) step in building the Ps. The predicates are 
the basic expressive primitive for all the KSs, so that their meanings span the three 
classes (N, Q, and Z). 

The division of KSs into Nu, Qs, and Zs raises some interesting questions relating to 
what kinds of KSs might be necessary to augment Studnt's capabilities and relating to what 
might happen to the contents of each class as shifts to other programming languages, 
other task domains, and so on, are considered. But the division has also led to the 
hypothesuration of a more general model, of knowledge acquisition. The model puts the N 
0, and Z components into a larger framework, and indicates the location of some 
interesting topics for further work. It is used to display the interdependencies of those 
three classes, it makes morn explicit what other knowledge is needed to complete the 
knowledge encoding process, and it allows questions about the origins of the N«;, Qs and 
Zs to be posed. In particular there are interesting questions relating to the formation of 
the problem space that is the basis of Studnt. Finally, the model of knowledge acquisition 
makes contact with work by other researchers. 

This section commences by presenting a model that can be used to give an overview 
of the Nsj the model describes the knowledge at the problem space level abstractly, and 
provides a basis for determining the relationships of various subsets of KSs. A definition 
of problem space is included in that discussion. Section C.2 goes through the knowledpe 
encoding process for a particular P, illustrating how KSs interact and how contact vith 
otudnt predicates is made. The interactions of KSs in forming a selection of other Fu is 
given in Section C,3, illustrating the uniformity of the encoding process over all of 
Studnt, and raising the question of "bugs" that became evident. The encoding process is 
summarised in Section CA We then shift the focus to the division into Ns, Qs, and Zs 
giving abstract characterizations for the Qs and Zs to parallel the model given in Section 
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C.l, other aspocts o   the division are discussed at the same time.   Section C6 returns 
o the top.c of knowledge extraction, the precedm5 subsections having laid a   LS on 

for the necessary details.   The more global view provided by the hypo'he  Ze5 K^owiedpe 

^^l^cn^a{:dinSGcUon QJ- T,ie ,8St 'our -^tionfsLCal rnrough Sect on C.ll, give conclusions, comparisons to other approaches, considerations 
with respect to understanding systems, and foreseeable problems in e.tLg this worK 

C'1-   £h2ig£kniühg the contejit of Ihe krm/leMg statements 

The Nr. are the class of KSs that deal with the knowledge in Studnt at the oroblem 
space level, namely knowledge about the task environment and how to deal with U 
problem space o defined morn precisely later in this subsection). In oTher words ^e N 

a.e a mixture of process-independent facts about the domain of algebra word probfens 
and of knowledge about specific methods and control sequences that can be used 7o 

behar^TK6 aPP,iCati0n 0f the d0main facts t0 P^uce\pPropria e ^oblm-solvi g 
S udn   P:    17 "^H m,Xt;,rfi beCaUSe they arC What is '™™^ extractable   rom   he otudn   Ps.   As we w.ll see below in discussing the model of knowledge acquisition (Sect on 

^'n Ii 0ra l0n .^ Pl,re ta5k *™*™^ knowledge is one level removed    om 
he problem space level, and in any case the problem space level cannot be bypassed as 

that model is presently envisioned, oypassea, as 

To provide an overview of the Ms and to establish a vocabulary of elements and 

ZT^'rTfrZ f^ " the f0,,0Wing GenSe-   A ^ is « coherenr b dy ol objects and relations that represents some more complex structure, in such a wav tha 
manipuiations (relations) on elements of the model correspond to SipLl.Hons (relation 
on e,ements in   he modelled structure.   A model generally abstracts, suppress ng some 

defmed at some point, have relations to other terms, are manipulated rtraWftmed and 
so on. in way. that are clearly specified in the model. For more detail the nTodel orovid^ 
pointers into the actual subsets of Ns.   The presentation of the n t^ ^ 
help he reader to place the Ns that occur in the following subsections in perspect ve. the 
mode   is also essential to the identification of this level as the pS spa ^7 The 

wt t^at": ^ I!0 ^0^f *™*"* ^ ^wledse extPr.cl pToces eS buUn 
ways that are di f.cult to pinpoint given the informal stage of the present analysis    Tha" 

b^t    r r      rh Vf' WaS eVident at many P,aces whi,e ^ •"•'^   w s be ng done 
b it a clem-picture of its use did not emerge, it probably will not do so until the processes, 
are automated.   We will discuss this further below. processes 

The model of the Ns consists of statements a. through p. below.   The objects in 

ociat rmot^t0'; " f6;^ NS13]' are SetS 0f W «re elaboration o 'te associated model statement. The KSs are listed in full in Appendix F. and they will be 
discussed further in the subsections following this. * 

a.    Input: a sequence of "words", each occupying one "position". 
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m. 

"answer uhi " I (e    ° „f LtehT    nS IS ^ Wi", "n of,i0"«' 

operations that dopond on tL 1 ! SSfS  0f  WOrdsi  other 

Properties. [NDlSlS, NMISJ ' "'^ USe ,tS ClaSS ^bership 

to each other  and with ^ 

The sequences are broken into "rNimu> i 
«ords ,„ pVrltolar «0^01^3    „dLr.08 to,meml""-shiP of 
between the wo,ds in thm cSes 

8 '0 mterrl!latto"^ips 

dotarmi„
ye .urt^lN^iX^J^sro';0 iär ^ '"^ *" 

subdiviHion. [NM N5°,5 yS "' P™™01"« from tho first 

its boundary a   an WanH" 1 f '^ 0pera,or which '"""'O 
momborshipVCly'   "a ' "r^dV ;'nk iS,Subdivi«. "» ^unK 

wÄ'^CÄdaÄ^ 
"verbs". (NM2-NM7, NM12J Variables and operalorsi i.e., 

class membership   o   ts operand'.5 »''r ^ 'f*'"™" b* 
opener  ^r a, its  ^^^1:^^^ 

PS tÄ: :r:r dn:e:r ä ^""^ 
[NP4, NC14, NC16, NVl-NVlgJ PrBV,0US eKpression- 

^^ ^ «- a>^orSoi:,xr:Ä! 
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o. 

P- 

Pi^nce or „IJM,Ke 0( pa,„clj|ar ,,„, ^„^^ ^  *° 

or acijusled. (Ml-Ml 10] P°5S    " 0Ulpl"5 "" be made 

^■-n^bl^nit^-ifS'S^ 0' r red l0 deSCril» "- W - which 
«mitod to deScril,inE only L , , l!^ ^^^ ÜE tije beham, rather than boins 

1972, pp. glO-8 , a ^ m 0 fr"," "'^""'r ,C,r",Uls,ed (Ne*t-11 a"d Simon3 

rnprOS„„tinE a aiale cHM M   ,,r; „UT     ,™,™,POne",S; <" » -' ^ Slants, each 

eements  fron, „,,..,,,, o„eS; (3   1      1 a " 1 ,? ,^     ^"^"^ ""' Dr0C,UCe "W 

elr?mßn s,  to  be  rearlvd  frnm  n,.   • ,—7^,L--^^^ W '"c cjosircd -lernen   or  set of 

Lnowlecii  avI.C w ic       n es "^ '  t ""^  by aPP,yit1g —^^F)  the  tot° 
•«ference information,   T To   een toTeM?',   y;iamiC  ,nf0rmati0n   r0  '^"^ 
euriotic search .ethod (see, ioX^l^^^^ ^^ of »- 

I'uman problem solving, a r-pf of invari^f fit JJ^' u there are d,fferonces. In 

heumtic search hold Tor pro IPH X .hl If^ ' ^ reStrictiVe COmPar(?d to 

^"itely  generated); a new iJXd^ T^3'0^  iS 5ma,i  and  finite ^r 
backup (the set of elemPnfs tha   can bP   If.      '   f w"' eVery feW Gec0ndG or ^i ^nd 
il'-trate below, the Nowell n       if f      J "Iw  l^ l^f   M*0' *S ™ ^ 
v^ying   amounts  of  direction  to  tl ^ 
concept for Studnt presented below ha' ordt.d "^antiat.on of t;ie problem space 
(?); it has combined (!) and«    dll f. components (3) and (4) before (I) and 

Knowledge cdater^Id t | ( ^^ ,S lr\StU
/
d?t m need for ^ distinction in 

further dincu^ed beloJ Zt^^JT^ (e ^d ^ whose P^nce wilt be 
model of the Nu above. g g   eS StUcM$ problem sPace ^ ''eferring to the 

a}   I^inilial state of knowledges statement a. 
P ■   I He problem or desired state is b 

d •   The operators, which produce new elements- 

>■     mitial-scan operator set: transformations, dictionary tans and 
segmont,n5: statements c. d. f, g, n, and 0. ^    gS, ^ 

"•    rV-segmentation operator: m 

'ii: ^i^'ttLscannins and sp",""8 chu"ks' ^^^ 
iv.   variable-matching operator: I. 

e'.   Plans: e; sequencing implicit in g-'m 
f •   Monitoring transitions to new knowledge states: p. 
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C.1 The Knowledge in Studnt Sludnt 

<omr-tJr  fea!U7S
| 

0f   "^  Pr0ble'n SpnCe  ciescriP^n Reserve closer   attention     First 

11:       of Pi,.   Studnt fortunately has a set of Ps that monitor the knowledre .täte a- 

P tor TO r r crief; in;1 
ihe i pr"providins a ^'^ ^— ^ou rV11, 

opcrato.r.      o bndly reiterate the function of the I's, they are connected with meanur   r 

H-, ce   a     n' ^^ ^^ ^^ * ^ ^ in ^ ^^ ^ so ution    Fo^ 
n^an e   at some point, wo may know that there are two equations, five operator    and 
four eignet variables, which determines a finite number of possib e o   puts Ithl   a"k o 
Studnt   being  to  reduce   that  number  to cne),    Further  support   0^ hf dilision  Wo 

XT^T  ^  ^ri 50 mi"iSeCOndS f0,•  C-h W0rk'^ Memor    a cn'oV   : 
rn0 H    '. T Computing the time this gives for each dynamic operator segment    The 

a        n,    ""T  "'M9 typiCal eXampl(?) Puts thR ti"'e ^ ^ throe- t; Hve    eco d 
range observed by Newell a,,d Simon (1972) for comparable problem space oporaoT 

Zn     o\   3   70*^    I?01'1 'I00 WOrking ^V actions' ^ 70 ^ion   between 

Uros more than once at some boundaries), but this still give' five secS as ^result 

The   second  feature   of   the  problem  space  that   needs   to  be  discussed   is   ihn 
e* stence of plans, point e' (e. in Ihe model),   A ^lan is some kind of exl t conL   ^ 
S   dos  the   applications  of  operators (Newell  and  Simon,  1972   PP   821-823)     A    one 

r".: t' "Z in.thiS
1
Se,-cr 

a fpGcific ^^ ^ - g-ant!ed lo a biete     o 
o   app c t on oM^r''1 P a'1 T ^'^ >5 ^ '^ SC™' which ri^^y controls the order 
°i.ht    A n fhR oP^ators by moving a scan pointer along the input string from left to 

two different  results obtain (lop0„ding on the order o   testing for   Ser cent" S.T-M 

Z^ZlZ^l^Xf^ PTm '*' Mh*' ;*Z^ ^ t-ttio^to0: 
hi!   li K ? ai Sludn,, and ln P'T'licular, whether plans are added bit bv 
b , wdh processing taking advantage of pieces of plans wherever posTibe  and sear hin^ 

rS  l^Tpt^r5 fUr,her' th0 PS hmm^ ^ alU^UKpli   nr * be5 

Fo L     1 sl.t ^       ■.T8' SeemG m0re SUitab,e than s,a'ldard control structures oi mulling Studnt as a problem space in this way serves to o^anize the model (it ZZi 

C.2.   KjKiwIedge.Mer act ions in forming a production: §13 

lor ainLno°U,ntr°sTudnrP
eXTr10 ^^^ ^""^ 0™™ ** it is envisioned 
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The knowledge in a P is built up around a particular KS, its principal KS, The P 
results as parts of the principal KS refer to subjects of other KSs, thereby causing them 
to interact with it, defining its terms and elaborating the conditions under which it applies. 
A particular N interacts with other Ms to give the total intention of the P. Qs and Zs are 
then added as required to define terms, to provide specific techniques, and to make 
contact with the control structure of the underlying language. This process will now be 
illustrated by examining S13 in detail. In case the reader loses the overall structure of 
the following details, the material is summarized in Figure C.l at the end of this 
subsection, and Section C.3 gives a summary in a different form. 

813 is a P thai controls the initial scan of the input problem, invoking the 
transformation process and doing some bookkeeping on the string elements scanned. 

S13| "TF SCAN" :: TGSCANFIfWX) & LEFT0F(X,Y) & NOT ISDELMX) & ISSCANCHUNK<C) 
&CHUNKLEN(L) 

,.•'.•'   «=> TFSCAN(Y) & TFSCANFIN(Y) & 1NCHUNK<X,C> & CHUNKL£N(L+1) 
Ä NnGATF(l,5) & NOT TGSCAN{X)i 

whore NFGATF(1,5) H NOT TGSCANFIN?(X) & NOT CHUNKLEN(L) 

The principal KS for SJ.3 is NSI i®: 

NS1).   TI-IK INITIAL SCAN PROCEEDS FROM LEFT TO RIGHT IN THE PROBLEM STRING, 
PERFORMING THE FOUR FUNCTIONS®* AT EACH POINT IN TURN, AND ADDING EACH 
WORD SCANNED TO THE CURRENT CHUNK. 

The first phrase brings in Q4: 

Q4     THE PROCESS OF SCANNING INVOLVES MOVING A SCAN POSITION FROM AN OLD 
POSITION TO A NEW ONE. 

To determine the old position, use is made of TGSCANFINg; 

TGSCAN(;IN?<p)    completion of initial scan processing at p, ready to move scan pointer. 

The new position is determined by using Q8 which brings in»o» LEFTOF: 

Q8     PROBLEM STRINGS AND SUBSTRINGS ARE SEQUENCES OF WORDS, READ FROM LEFT TO 
RIGHT, WITH EACH WORD DIRECTLY TO THE LEFT OF THE WORD FOLLOWING IT. 

LEFTOF(pl,p2)     pi is directly to the left of p2. 

This   has   determined  everything  relevant  to  the  old  position  of  the  scan   pointer, 

® Ns are given labels of the form N + initial of a P group + number + occasionally a letter. 
«•» These are defined by separate KSs presented below. 
®»» Some of the connections between KSs and between KSs and predicates may require 
free interpretation and detective work on the part of the reader. It is beyond the present 
scope and purpose to be more precise. 
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reprt?£;ented by the first two I.HS conjuncts in S13. At a knowledge level that is 
Kupprasscfd horn, it is understood that "old" would imply something in the condition (LHS), 
whereas the "new" refers to something in the action side of the P. What actually goes into 
the action side for the new pointer position depends on parts of NSll that will be taken 
up later, afier the interactions from what has been done so far have been discussed. 

Now, the initial scan does not always proceed unconditionally, as stated by N512: 

N5).2   WI-lliN THK ENO OF A CHUNK IS SCANMliD, THK CHUNK IS COMPLETE, AND IHK INITIAL 
SCAN IS INTERRUPTED FOR TIC CHUNK SPLITTING PROCESS. 

This interaction results, by indirection, in the third LHS conjunct. First there is an 
association to NS7, which c-efines how the end of a chunk is recognized: 

N57    WMLN A PERIOD WITH A DELIMITER TAG IS SCANNED, THE END OF THE CURRENT 
CHUNK HAS BEEN REACHED, IF THE CHUNK IS NOT AN FV CHUNK. 

Using (he meaning of 1SDELIM, we get the third conjunct: 

ISDELIM(p) p is a delimiter. 

More, a choice was made on whether the 1SDELIM argument should be X or Y, that is, 
whether lo interrupt the scan before or after looking at the delimiter of the chunk. The 
choice of X, namely the elemr-nt just passed, follows from consideration of QH (which the 
knowledge encoding process would consult every time such a condition were tested): 

Oil    DURING A SCAN PROCESS, WHEN A CONDITION IS STATED IN TERMS OF THE POSSIBLE 
OUTPUT OF SOME PROCESS THAT IS APPLIED AT EACH SCAN POINT, THE TEST FOR 
THAT CONDITION AT A PARTICULAR POINT SHOULD"? BE DEFERRED UNTIL THE SCAN 
HAS PASSED THE POINT. 

In this case, one example of a relevant Studnt Iransformation is stated by NT25: 

NTJ?5   ", AND" TRANSFORMS TO "PERIOD". 

W« now proceed to the second phrase of NSll, which refers to performing four 
functions in turn.   This is elaborated by Q5: 

05      APPLYING A NUMBER OF FUNCTIONS IN TURN MEANS TO APPLY THE FIRST, AND WHEN 
THAT IS DONE, APPLY THE SECOND, AND SO ON. 

So we need to know what the first function is: 

N5J.    THE FIRST FUNCTION OF THE INITIAL SCAN IS TO APPLY TRANSFORMATIONS AT EACH 
POINT IN THE SCAN. 

Since we're doing a sequence of functions, we look at: 

«a» This kind of imperative language is typical of expressing KSs as if to an encoding process. 
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QJ.Ö    WI-IIIN A SEQUENCE OF ACTIONS IS TO BE PERFORMED, MORE FLEXIBILITY« IN 
ALTERING THE COURSE OF THAT SEQUENCE OBTAINS BY BREAKING IT INTO 
SEPARATE STEPS, EACH REQUIRING AN INITIATE SIGNAL AND HAVING A 
COMPLETION SIGNAL; THIS BREAKING INTO STEPS IS ESPECIALLY USEFUL FOR 
LONGER SEQUENCES WHERE UNDER VARIOUS CONDITIONS, DIFFERENT ELEMENTS OF 
THE SEQUENCE ARE ACTUALLY EXECUTED. 

This öels us lo iho use of TFSCAN and TFSCANEIN; 

TFSCANip) signal to initiate check for string transformations at p. 
TFSCANFlN(p)       signal  completion  of  TFSCAN  at  p, ready  for  next  step  in  the  scan 

process. 

Wo use two signals because of: 

Q24    WHEN THERE ARE MANY MORE WAYS OF COMPLETING A PROCESS EVOKED BY AN 
INITIATE SIGNAL THAN WAYS OF INITIATING IT, THE COMPLETION SIGNAL 
SHOULD BE EMITTED AT THE SAME TIME AS THE INITIATE SIGNAL, IN SUCH A 
WAY THA"( THE INITIATE SIGNAL IS EXAMINED FIRST. 

Since the order of consideration of those two insertions is critical, we must make use of: 

7.2     THE FIRST TWO RIGHT-HAMD-SIOE INSERTIONS ARE ORDERED AT THE TOP OF :SMPXj 
WHEN IT .15 DESIRED TO DO ONE THING FOLLOWED BY ANOTHER, ORDER THE 
"INITIATE" SIGNALS ACCORDINGLY. 

So, now we have the first two conjunds of the RHS, 

The final phrase of NS1 I  deals with noting that each word scanned is part of the 
current chunk.   This cannot be unconditional, because of an interaction with NSJO; 

NS10   THE PERIOD AT THE END OF A CHUNK IS NOT INCLUDED AS PART OF THAT CHUNK OR 
ANY OTHER CHUNK. 

This associates first to N57 (see above), which says we're testing on "period". By the 
samri reasoning as used before, this exclusion also has to be done after the scan on a 
position is done, so the NOT ISDELIM test serves a double purpose. To add to the current 
chunk, we need to know what it is: 

ISSCANCHUKikXc) c is currently being scanned; it is not an FV. 

This is the fourth LHS conjunct, and the act of noting is taken care of by the third RHS 
conjunct, which uses: 

INCHUNIUp.c)        element at p is in c. 

<?> The Qs at times express qualitative goals like flexibility and efficiency, rather than simply giving 
absolute direction. 
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The use of IS5CANCMUNK allow? UG to clean up a loose end regarding the use of N57. We 
must verify that in fact the end of the chunk has not been reached, and the NOT 1SDELIM 
will work, provided this isn't an FV chunk; the definition of ISSCANCHUNK guarantees it. 

This taker, care of the central action with respect to NGil. It remains to consider 
SiOniü other associations which are related but are less essential to the main process. NI7 
has to do with scanning, in fact, with the number of words scanned: 

NI7    Tl-li; LENGTH OF Tl-lii PART OF THE PROBLEM AS YET UN5CANNED CHANGES EACH TIME A 
NEW OPERATOR, EQUATION, OR PERIOD IS SCANNED, AND IT CHANGES BY THE 
NUMBER OF WORDS SCANNED SINCE THE LAST CHANGE OR SINCE THE BEGINNING OF 
THE PROBLEM. 

CIIUNKLEN is the counter: 

CI-IUNKLEN{n)        current length of the current scan chunk is n. 

To change a counter, we need the old value in the LHS, with the new value as part of the 
RHS.   QC> requires us to delete the old value of the counter: 

Q6      WHEN A VALUE OF A COUNTER IS CHANGED, THE OLD VALUE SHOULD BE REMOVED. 

This gets the sixth RHS conjunct. 

We have not mentioned the fifth and seventh RHS conjuncts, whose purpose is to 
erase old scan signals.   The appropriate KS: 

Q3      FOR STORAGE EFFICIENCY, PROGRAM SEGMENTS THAT RESPOND TO SCAN SIGNALS OF 
THE "COMPLETION" TYPE SHOULD ALSO REMOVE THE CORRESPONDING "INITIATE" 
TYPE, AS WELL AS REMOVING THE USED "COMPLETION" SIGNAL, IF IT IS 
POSSIBLE THAT NO PROGRAM SEGMENT RESPONDS TO THE INITIATE SIGNAL. 

There are other KSs that deal with the initial scan, which would be examined, but 
rejected, in the process of building SI3. 

N52    THE SECOND FUNCTION OF THE INITIAL SCAN IS TO APPLY AGE-PROBLEM 
TRANSFORMATIONS, IF THE PROBLEM IS AN AGE PROBLEM, AT EACH SCAN POINT. 

NB3    THE THIRD FUNCTION OF THE INITIAL SCAN IS TO PUT DICTIONARY TAGS ON WORDS 
AS EACH WORD IS SCANNED. 

N54    THE FOURTH FUNCTION OF THE INITIAL SCAN IS TO CHECK FOR A NEW HIGH 
PRECEDENCE WITHIN THE CHUNK BEING SCANNED, IF THAT CHUNK IS NOT AN FV 
CHUNK AS EACH WORD IS SCANNED. 

N55    THE FOURTH FUNCTION OF THE INITIAL SCAN IS TO APPLY THE FV 
TRANSFORMAT IONS, IF THE CHUNK BEING SCANNED IS AN FV CHUNK, AS EACH 
WORD IS SCANNED; AN FV TRANSFORMATION IS ANY OPERATION THAT DEALS WITH 
THE DETERMINATION OF FV CHUNKS. 

NG6    A CHUNK THAT STARTS WITH A WORD THAT IS A QWORD IS AN FV CHUNK. 
NSil   THE FIRST CHUNK TO BE SCANNED STARTS IMMEDIATELY TO THE RIGHT OF THE LEFT 

■   END OF THE PROBLEM STRING. 
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NB9    WMiiN THi; CNO OF ONIT CI-ilJMK IS REACHCD, ANOTHKR BEGINS IMMEDIATELY, UNLESS 
T(-ll; RIGHT END OF THE PROBLEM STRING HAS BEEN REACHED. 

N5).3   THi: LAST CHUNK IN A PROBLEM IS ALWAYS AN FV CHUNK. 

N5?! through NG5 arc rejected because they deal with functions of the scan other than the 
firut. NG6 and N513 are rejected because the QWORD ^ag is the result of the third scan 
function, and is thus unavailable. N58 is relevant, and interacts with NSli to produce 
another P, S10. N59, N51.0, and NSJ.2 (the last two were displayed previously) do not add 
to tho action because of the exclusion of their conditions with the third LHS conjunct. 

Figur« C.l summarises the interactions between the KSs that form 313 as 
described above.- Each arrow represents an interaction, with its origin at the KS (or 
predicate, in one case) that initiates the interaction by requiring further elaboration. 

C.3.   Summaries of interactions for selected productions 

This subsection gives summaritrs of the formation process for a representative set 
cf Ps. Since each summary lists only a P and its principal KS, the reader must refer to 
Appendix F, which lists the KSs in full, in order to follow the detail. 

Each summary starts out with a listing of the P and its principal KS. If the P has any 
macros, I heir expanded form is given. The body of the summary is organized into 
"sentences", delimited by ".", broken into segments delimited by ";". A sentence represents 
closely interrelated processing, wilh each segment dealing with the determination of a set 
of conjuncts of (he P. The conjuncts are referred to by labels such as "LI" and "R3", 
which stand, respectively, for "first LHS conjunct" and "third RHS conjunct". In counting in 
RHSs, EXISTS conjuncts are ignored. Lines giving macro expansions also give labels for 
the conjuncts in []>, to aid in determining referents of labels for the conjunctions 
containing the macros. Within segments, "&" is used to indicate "interacts or combines 
wilh", a binary operator on KSs; "->" is used for "associates to". "&" has a higher binding 
power than "->", i.e., a & b -> c & d is really (a & b) -> (c & d). These are, of course, to 
be interpreted loosely, Each sentence has as subject its first element; segments that start 
wilh "A" or "->" implicitly have an occurrence of the subject. 

The summary of S13 appears first, so that the reader may become accustomed to 
the notation on familiar material. The meaning of "excitatory interaction" is explained 
below. 
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NSU 

Studnt 

TGSCANFIN2(X) & LEFTOF(X,Y) & NOT ISDEIIM(X) & ISSCANCHUNK(C) 

& CHUNKLEN(L) . 

-> TFSCAN(Y) & TFSCANFIN(Y) & INCHUNK(X,C) & CHUNKLEN(L+1) 

'   & NEGATEC 1 , 5 ) & NOT TGSCAN(X); 

NS1 Q15 024 12 

Q5 

Q3Q5 

NSU 

■P^PI 

Figure C.l   Knowledge interactions in forming S13 
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Summary for SJ3: 

5)3; "TF SCAN" :i TG5CAMriN?{X) & LEFTORX.Y) & NOT ISDELMX) & ISSCANCHUNK<Cn 
& CI-IUI>JKLEN(L) 

=> TFSCAM(Y) & T(:SCAMI-1M(Y) & INCHÜNK^.C) & CHUNKLEN(L+1) 
& NI;GATE(1,5) & NOT TG5CAN(X); 

where NI.:GATE(1,5) H NOT TGSCANRNftX) & NOT CHUNKLEN(L) [R5, R6] 

principal (model statement e.): 
N51, J.   Tl-li: INITIAL SCAN PROCEEDG FROM LEFT TO RIGHT IN THE PROBLEM STRING, 

PERFORMING THE FOUR FUNCTIONS AT EACH POINT IN TURN, AND ADDING EACH 
WORD SCANMliD TO THE CURRENT CHUNK. 

first phrase: Q1 -> Li; Ql & Q8 -> L2; 
excitatory interaction; N5).2 -> NS7 -> L3; 

Q11 & NT25 (&• others) -> arg of L3. 
second phrase: Q5 -> NS1 Si 015 & 024 Ä 12 -> Rl, R2. 
third phrase: L4, R3; 

excitatory interaction; NG1.0 -> N57 & L4 def'n -> L3 
(again, arg as above). 

Q4 -> NI7 -> 15, R4; Q6 -> R6. 
Q3 -> R5, R7. 

The following summaries are given to indicate the uniformity and general 
applicability of the above knowledge encoding process to all of Studnt's Ps. T12 is a 
typical initial-scan transformation P, with much simpler structure than S13. MIO, C60, and 
C75 deal wilh the process of breaking down chunks into operators and operands, and then 
putting the completed expressions together to form an equation. F60, F70, and F75 
illustrate the processing of one type of FV form. These examples illustrate the application 
of over half of the Qs, and introduce twenty new Ns. 

The examples also include three "bugs" which were discovered by the knowledge 
analysin (see C75, F70, F75). These are bugs from the standpoini of the analysis, not 
defects in the actual output of the program. The first involves having two Ps with 
overlapping conditions, whore a combination of the two into one is more appropriate, and 
is dictated by the analysis. The second bug is an inconsequential incorrect ordering of 
RHS assertions. The third seems more serious, since it is an omission of updating the 
element that denotes which chunk is the current scan chunk, However, its bad effects are 
cancelled by the failure of other Ps to check for or make use of that information. A more 
general discussion of the typos of bugs encountered in the process of doing the 
knowledge analysis is below. Section C.4. 

39 C.3 

       ,..'.;■■  ':-.:■ 



C,3 The Knowledge in Studnt Studnt 

Summary for T12: 

T12; "TWICE^TWO T)K€S" :: Tf:SCAM(V?-l) & STRINGEQCdWICD.X.Y) 
•=> MODLCNO) K' EQ2(VM) &- WORDCQIV?-!,'?) 

Ä NOT WORDf:Q(V?-l,'TWICE) & STRINGINSC(TIMES),V?-i,Y) 
& NI;GATI;(AI.L,-2)) 

where    STf?INGEQ{-{TWIGE)<X)Y) H LERTORX.VM) & EQTWICE(V?-1)   • 
& LEETORVM.Y) [12,13,14] 

STRINGINS('(TIM(IS).V?-1,Y) n EXISTS(Tl) Ä LEFTORTl,V?-l) 
Ä EQT1MES(V?-1) Ä WORDEQ(V?-l,,TIMES> 
Ä I.EETOr(V?-l,Y) [R5-R8] 

NEGATE(AI.L,-2) = NOT TFSCAN{V?-1) & NOT EQTWICE(V?-1) 
& NOT LEETÖRV?-i,Y)     [R9, RIO, Rl 1] 

principal (model statement c): 
NT12   "TWICE" TRANSFORMS TO "2 TIMES". 

NT12 -> L3, R2, R3, R6, R?; (checks other NT's, by Qll, but no effect); 
Q8 -> 12, L4, R5, R8; Q)2 -> m, RIO, Ril. 

"Iransforms to" -> N51 ••> l.l; Q7 -> Rf); Q9 -> args of R2, R3, R4; 
Nig -> Rl (order determined by NUO ä Zl), 

Summary for MIO; 

MIO) "CONN ••■" ;: EQIS(X) & HAS1S(C,X) & LEFTORX.A?) 

Ä NOT EQMULTJPL1E0(A2) & NOT EQDIV1DE0(A2) & NOT EQINCREASED{A2) 
«=> NI:WEQN(X) & CSPLmCX.X) Ä HASOP(C,'EQUAL) & NEGATE(2)) 

whore NEGATER) * NOT HASIS(C,X) [R4] 

principal (model statement i.)i 

NC4    A CHUNK WITI-I A HIGHEST-PRECEDENCE OPERATOR MARKED, EXCEPT "SQUARE" AND 
"SQUARED" , IS SPLIT INTO TWO NIIW CHUNKS, WITH THE LEFT END OF THE LEFT 
CHUNK THE SAME AS THE ORIGINAL, RIGHT END OF THE LEFT CHUNK THE WORD 
DIRECTLY TO TH(: LEFT OF THE PHRASE REPRESENTING THE OPERATOR, LEFT END 
OF THE RIGHT CHUNK DIRECTLY TO THE RIGHT OF THE PHRASE REPRESENTING THE 
OPERATOR, AND RIGHT END OF THE RIGHT CHUNK AT THE RIGHT END OF THE 
ORIGINAL CHUNK. 

NCI -> LI, L2; & NM1 & NC5 -> R3) & Q16 -> R2. 
strinö in condition -> Qll -> inter with NCI -> L4, L5, L6\ 

& Q8 -> L3. 
"equal" in NMl -> NC12 -> Nil ••> Ri (order by NUO & Zl). 
"split" in NC4 -> Q13 -> R4. 

. 
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Summary for CGO: 

C60; "SPLIT CHUhJIC" :; CSPLI^C.LOCL.LOCR) & LEFTORXUOCL) & LEFTOF(LOCR,X2) 
& LABELUC.N.P) ft MXCPRIOR(M) 

=> EX1STS<CL,CR) ft Ni:WPLOP{C) & RRENAK^X^.C.CR) & l.RENAME(Xl,C,CL) 
ft LABELU{CL,N+1.1C> ft l.ABELU(CR,N+l,C) ft HASCPRIOR<CL,M+2) 
ft HAGCPRIGWCR.M+D & MXCPR10R{M+2) ft CHUNKENDL(X2,CR) 
ft CMUhJKENDR^Xl.CL) ft NEGATE( 1,2,3,5); 

where NEGATE 1,2,3,5) H NOT CSPLlT(C,LOCL,LOCR) & NOT LEFTOF(Xl,LOCL) 
ft NOT LEFTOr(LOCR)X2) ft NOT MXCPRIOR(M) [R11-R14] 

principal: NC4 (see abovc^) 
NCI -> NC5 ft Q15 ft 08 -> LI, L2, L3. 
"new chunKs" ••> NR1 ft m?. ft Q53 -> NC15 -> Q19 -> R2, R3. 
NC5 -> Q20 -> L4, M, R5, L5, R6, R7, R8. 
renaming -> 021 -> R9, RIO. 
operator placed in exprnssion -> Nil -> N110 ft 23 -> Rl, 

order of Rl, R2, R3. 
Q18 -> Rl)., Q17 -> R12, R13. Q6 -> R14. 

Summary for 075: 

C75; "FINISH SEG =" :; l.ABELU(C,N,R> ft t.ABELF(Cl,M,C) ft LABELF(C2MC) 
ft HASORC.X) ft SATISFIES(X,X EQ 'EQUAL) ft HASCPRI0R(C1,PRI) 
ft H'ASGPRIOR{C2)PR2) ft 5AT1SF!ES2(PR1,PR2,PR1 ?»GREAT PR2) 
ft SATISFIESdv^.M EQ 2) ft HASEXPR(C1,Y) ft HASEXPR(C2,Z) 

=> NI:WREFEXPR(C1) ft l-IASEXPR(C,<X,y,Z>) & LABELF(C,N,P) & NEGATEd); 

whore NCGATEd) s NOT LABELLKW)     [R43 
and <X)Y)7> converts to the LISP expression (LIST X Y Z) 

principal (model statement k,): 
NCI 1   AN EXPRESSION IS A TREE STRUCTURE OF THE FORM (a b c) WHERE a IS THE 

OPERATOR, b IS THE TREE EXPRESSION FOR THE LEFT OPERAND, AND C IS THE 
SAME FOR THE RIGHT OPERAND. 

NC11 -> LVLIO, Lil, R2. 
"tree structure" -> Q20 -> NC5 ft NCI7 -> LI, L2, L3, L6, L7, L8, 

L9, R3; Q33 -> R4. 
"left operand" -> NCI4 -> L5, Rl. (conditional, others are C70, C78.) 
(in the pjven KS framework, NCI2 should also be included; reason 

for its absence is related to the growth of the program: 
C70 - C78 were not split into the three conditions originally, 
so that C90 was necessary.) 
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Summary for F60: 

F60i "FIND FV" :: EQFIND(X) & FVSCAN(X) & ISSCANFV(C) & CHUNKENDUX.C) 
& l.EFT0F(X)Y) 

=> CHUWKFNDUY.C) & RTANIDPFRGOING(C) & N[:GATE(2,4); 

whore NI:GATF.(2,4) s NOT FVSCAN(X) & NOT CHUNKENDUX.C)    [R3, R4] 

princ.ipnl (model statement m.)i 
NFS    A SENTENCE WHICH STARTS WITH "FIND" HAS FV CHUNKS STARTING AFTER THE 

"FIND" AND SEPARATED BY "AND", AND IT ENDS WITH "PERIOD". 

Nl:a ••> LI, IA 
"FV" -> NS5 -> 12, L3) transformation -> Q7 -> R3. 
"find" adjacent to start -> Q8 -> L5. 
removal of "find" -> Q23 -> U, RI; last phrase of Q23 -> R4; 

Ä Q10, inhibited by NF9. 
separator after chunk -> later in scan -> Q22 -> R2. 

Summary for F70: 

F70( "&-. ." :: FVSCAN{X) &■ RTANDPERGOINQ(C) & EQPERIOD(X) & LEFTOF(W)X) 
=> ISVARCHUNK(C) & CHUNKENDR<W,C) & FVSCANENWX.C) & NEGATE(i,2)j 

where NEGATE(i,2) a NOT FVSCAN(X) & NOT RTANDPERGOING(C)  [R4, R5] 

principal: NF?;, see above. 
Ni:3 & Q22 -> 12,13. TV" -> N55 -> LI. 
"period" -> NF2 & Q23 & Q8 -> L4, R2; 

NS1.0 & N511 & Q14 inhibits NOT INCHUNK(X). 
end of FV -> Nl:3 -> Rij -> Q16 -> R3; -> Q18 -> R5i 

-> N512 -> Z2 -> order of Rl, R3 (bug: R2 should be after R3). 
transform -> Q7 -> R4. 
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Summary for F75: 

F75; "&'■. &i  :; FVSCAN(X) & RTANDPERGOINGiOC) & EQAND(X) 
& t.EFTOF(W,X) & l.EFTOF(X,Y) 

=> ISVARCI-IUNK{OC) & CMlJNKENDR<W,OC> & EX1STS{C) & NEWFV(C) 
Ä ISFV(C) Ä RTAN()PERGOING{C) & CHLMfENDUY.C) & NEGATEd,?); 

where Ni;GATE(i,2) H NOT FVSCAN(X) & NOT RTANDPERGOING(OC)   [R7, R8] 

principal: Nl:8, see above. 
NFS & 022 -> 12, 13; & 025 & 08 & Q23 -> L4, L5, R2. "FV" -> NS5 -> LI. 
separator ••> Nl:3 ■•> Rl; -> 025 & 01 & 016 -> R4, R6; -> Q22 -> R5; 

025 new chunk -> Nil -> R3. 
(bug: missing ISSCAMFV update, apparently a serious bug, 

but it works ok because other Ps don't check) 
transform ••> 07 -> R7; R5 & 034 -> R8j 

end of chunk -> N5I.2 -> Rl before R4. 
NU -> NI10 -> 13 -> order of RHS, except bug, should be R3. Rl, R4, R2. 

C.4.   Summary comments on the details of the analysis 

This subsection discusses in a more general way the knowledge encoding process 
rcvealn-d In the examplns just given. Then, there is a short discussion of the bugs that 
were delected in carrying out the analysis for all of Studnt. The reader will need to refer 
to Appendix F to follow the examples used as supporting evidence. 

The knowledge encoding process starts out with statements that are close to the 
abstract model characterization of the target process. That is, particular KSs are selected 
to be principal KSs on the basis of their plan-like nature, as opposed to being simple 
assertions of facts. For example-, among the NS's, N51-5, 8, 11, 12 and 14 are used as 
principal KSs, while N56, 7, 9, 10 and 13 are not (actually the inclusion here of N56 and 
NS9 needs to bo qualified, see below), Similarly, NC2, 4, 6, 7, 10 and 11 are the NC's that 
are principal. It is evident from these examples, however, that it may be 'mpossible in 
general to decide which KSs can be principal without fully woriJng out the interactions, to 
see how the KSs stand in relation to each other. Note that model statement g, (Section 
C.l) is elaborated almost entirely by non-principal KSs. This may indicate that the 
structure of the model can be helpful in distinguishing principal from non-principal. 
Another common feature of non-principals is the use of phrases like "whenever": NM12, 
NM13, and NF9 are examples. 

Once a principal KS has been chosen, interactions of three main sorts occur: 
definitional, excitatory and inhibitory. A definitional interaction is an interaction in which 
one KS defines a term in another. We have seen a definitional interaction in the use of Q5, 
dealing with sequential application of functions, which is further elaborated definiiionally 
using N51, ultimately obtaining conjuncts Rl and R2 of S13. An excitatory interaction is an 
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c.ombinjition of Psj whore separation would restiit in less complexity in P conditions (517- 
S35 could be re-organized). The firct type, although occurring only once, seems to be the 
most serious (it was discussed in Section C.3). The primary reason that the particular 
example dldn"! result in errors by the program is the redundancy of the Working Moinory, 
that is, the Ps that processed the partially erroneous data did not checK it for complete 
consistency. The redundancy is due to the overly cautious nature of the problem space 
plans, which dictated the structures to be built during initial scan (NS11), and the lack of 
the checks on the data structures is due to insufficient tendency of the Ns (in this case, 
NV6) lo be associated with checks on data consistency. 

The basic issue here seorns to be that in analyzing how a program ought to be 
written within the present scheme, and in comparing that with the actual program, the 
actual program falls short of expectations in ways that can not be tolerated in the output 
of some automatic programming procedure. That is, an automated procedure to produce 
programs in the present scheme would need to (and could be expected to) exercise more 
caution in such situations, producing programs as close to being correct as is possible. A 
further consideration is thai the result of the bug's presence is that not everything is 
explicit. That is, effects of changes to the program would not have been noticed at 
locations where no checks occurred but things were by default assumed in good shape. In 
general, this is a bad practice, since PSs are capable of the desired explicitness, and 
should exploit it. 11 is clear that the second, third and fourth types of bugs are similar to 
the first in these respects. The fifth class of bug is really a matter of programming 
techniques that might have been used to result in less complex conditions, and in general, 
fewer Ps, since separating conditions into distinct sets of Ps makes the possibilities 
additive- instead of multiplicative. In some places in the program this principle was applied, 
but the application was not uniform. The ?-owledge encoding process is expected to 
involve some search in investigating inte-act ions of KSs, in order to decide between 
alternative expressions of program segments. 

c-5-   Further characterizations of the knowledge statements 

We now return to the topic of the partition of KSs into the Ns, Qs, and Zs, which was 
introduced at the beginning of this section. The coherence of the N class has already been 
demonstrated by presenting a model for the Ns and by associating that model with a 
problem space formulation of Studnt's problem solving. The Qs and Zs do not appear to 
bo coherent enough to construct a model at this time) the structure of the Q and Z 
knowledge will only emerge after a fuller set of such statements has been determined. 
This subsection will group the Qs and Zs into some broad categories, and then discuss the 
N-Q-Z partition with regard to substitutibility of other such sets of KSs for the present 
ones, modularity of knowledge, and augmentation of Studnt and how it affects the various 
classes of KSs. 

The Q KSs can be divided into 3 broad types: definitional [04, 5, 8, 25, 53], erasing 
[03, 6, 7, J.2, ).3, 17, 18, (23), 31, 33, 34, 37, (38), 39, 41, 46, (51)] and programming 
techniques [all the rest]. Some of thoni have secondary meanings which belong in a class 
other than the primary one, and this is indicated in the preceding and following lists by 
enclosing in parentheses. We have seen above that some of the Ns are also of a 
definitional type, so that we must distinguish between the two as follows.   Definitions that 
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arn problem space dnpondent, o.g. "the end of a chunk is the delimiter, period", are 
classified as Ns, Qs are intended to bo just the opposite, since they define entities that 
can bo encountered in many task environments, such as strings and scanning. 

The Qs can also be characterized by primary topic, as follows; 

a. Sequencing, applying functions, communication between processes, 
use of signals [5, 15, 16, 18, 19, 24, 28, 37, (38), (39), (41), 42,(49), 
50,(51)]. 

b. Scanning [3, 4, 14, 22, (26), (31), 44, 48]. 
c. Transformations on strings [7, 9, 10, (26), 3), 42, (52)]. 
d. Numeric: counting, ordering, and finding maxima [6, 26, 27, 29, 30, 32, 

40]. 
e. Clean-up operations, attribute erasure [13, 33, 34, 38, 39, 41, 51]. 
f. Strings [8, 11, 12, (22), 43, 52]. 
g. Looping [(21), 36, 45, 46, 49]. 
h.    Structures: tree, linear, splitting linear ones, separators, renaming 

[20, 21,23,25,53]. 
i.     Initialization [1, 2,(27), 47]. 
j.     Use of a dummy as a place-holder [35]. 

Topic a, is the topic which may appear to have the most dependence on PSs, so that 
something more is required lo justify any claims for generality. That topic's Qs are stated 
in terms of processes with two kinds of associated signals, initiation and completion, with 
the former emitted by the evoking process, and the latter by the evoked one. Signals are 
taken to be entities that can be processed, cancelled, and conditionally emitted. The 
crucial assumption is that signals can bo emitted to be processed in a particular order, that 
is, that many can be emitted simultaneously, with processing of those in some specified 
order. This last assumption is the attribute that is most difficult to justify as appropriate 
to a non-product ion-system context. Further study will reveal if this is a major difficulty 
or not. Three of the KSs in particular are offensive in regard to possible scope limitations: 
Q15, Q24, and Q40. The first two use the signal order attribute just mentioned. Q40 
specifically mentions "multiple firings", which is recognizable as referring to firings of Ps. 
But the statement is referring to a more general concept, that of synchronizing the results 
of asynchronous processes, so that the choice of words may be questionable, but the 
concept maintains the desirable degree of generality. One further point is that the 
erasure component of Qs is not at all necessary (at least, visibly) in languages which 
automaticaliy discard local memory contexts, or which don't require explicit data signals for 
control primitives. 

The Zs can be grouped into five topics: 

a. Order in RHSs of Ps [1, 2, 3, 11]. 
b. Re-assertion of instances, use of :SMPX [4, 7, 8]. 
c. Peculiarities of the match, especially its being keyed to new data [5, 

6]. 
d. Contradictory actions possible [9]. 
e. Specific control of looping [10]. 
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Tlie following model of Pstrlst, although not fully general, suffices to explain the 
content of the 7.5. Peilst IG a PS interpreter in which Ps detect conditions in an 
associative unstructured Working Memory. As a rosuit of detecting conaiiions, specific 
actions are performed, consisting of additions to and deleuons from the Working Memory. 
The Working Memory at any moment is partilioned into new cava and old data, whore new 
data are elements thai have not been processed relative to specific Ps 10 which 'he 
elementr. may have relevance, i.e., Ps whose conditions may become true as a result of the 
elements. For a condition to bo considered true, at least one element of it must match a 
new data element. The order in which new data elements are processed with respect to 
relevant Ps is determined by a stack, ;SMPX, and the order ct elements in the action sides 
(PHSr,) of Ps determines order of placement in the stack. Elements Which may have 
become old become new again by repeating their addition to the WocKihg Memory 
(referred to as re-asserlion), Each data element's first eiement is ics areclicaie, and 
elements of the Working Memory are grouped by predicate. Predicates can bo oeclareci to 
b« nonfluents, in which case data elements with those preaicates never have the new 
si at us, i.e., no :GMPX entry is made for processing conditions reiavant to nonfluents. 
Predkalea are fluents, if they an? not nonfluents, 

Of the set of Zs three are related to the issue of whether there is some non-local 
knowledge in the Ps; 75, 7.6, and 7.8. That is, these seem to recjuire that one P knows what 
actions some others are performing, and perhaps how ihey're sequenced. This in fact is 
not the case, with one exception which can be avoided. Z8 is similar to Qll, in that it 
requires knowledge of other KSs, and need not be dependent on actual Ps. 15 and 16 are 
alike in that ihey can be hanciled in a very local manner, although one use or Z5 actually 
has a more global scope. Thai is, when a P wants lo exciuoe firing again on data, part of 
which it has already processed, it tan emit a signal specific to itself which indicates this, or 
ii can include in its condition some part of its action which can oe used for such an 
mdicalor, The use of Z6 (P V5> thai violates localness (and which can oe fixed in the 
former way) assumes lhal one signal il emits ullimately resuiis in the change which is used 
in its condition to exclude spurious action later on. 

Three aspects of the way the KSs have been partitioned Indicate a wider 
applicability for the model and motivate the particular boundaries chosen, First, the 
division into Ns, Qs, and Zs is intended lo bo such thai other analogous sets of KSs could 
be üubsliluted with no interaction with statements in the other sets. For instance, we 
might want lo use the Qs and Zs in conjunction with knowledge about solving loaic puzzles 
or we might want to program STUDENT in a different language. It turns out that this idea! 
is ntUinod strongly in only one direction. For instance, changing to a different problem 
space would not affect the statements in the Q and Z sets, although the sets would 
probably need to be expanded with additional elements to meet different demands on 
technique. A change n the underlying programming language would not necessarily affect 
the Qs and Ms, although it is often the case that such changes come about in order to 
adapt fully lo the available language facilities. In the case at hand we have two instances 
of this kind of language dependence. In the comparison above between STUDENT and 
Studnt, we saw how the change in language affected some of the olans in the problem 
space. We have also seen above how PS concepts may have weakly influenced how the 
Qs are slated, fho clean substilutibility of sets of statements ai the N level is really the 
most important and desirable form of substilutibility, since in a larger knowledge 
acquisition context, the other forms of change would never occur. 

■ 
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The second anpoct of the N-Q-Z division is the issue of modularity of knnu,lp-H™ A 

body of Knowledge iS modular if it has internal coheren^^h internlt Wer^ 
connectedness while relations to external knowledge are significantly fewer    ModuaUys 

modi fr'8'  I3"0"5.3  b0dy 0f di^5e  ^-'^ge'to  be  cLomposed  in to  uni 
modules)  arger than pnm.tive elements, making it more manageable and blowing sLtu e 
o be made ev.dent more eas,ly.   Individual KSs are hardly modular: they i^era t to a 
arge extent w.lh other KSs.   Out they do have a certain orderliness with re X   to tho 
cont. n,ng knowledge structure as represented by models.   So instead of inS vidual Kq 

S on ThaT ■ "" !—"^ ^^^ 0f tW0 ^'  Wi,hin a n'Odel.t    e n     to 
anlZ *"™*™™ ^latively independent part to be taken as a unit and perhaps 

replaced as a un.t.   An example of this might be a major change to the way s im ad ties o 

Zen1:! r äf™r*^ ^^ ^ Section CD.   The model as a w. I m it be 

o cu Th« n 7 r;P,aCed: FOr inStanCe' a Shift t0 a diffe,-ent P^blem space ght 
o cur, T1e cons.derat.ons ra.sed above in connection with substitutibility apply to Ms 
case, f h s approach to modularity is speculative, and it depends on the exact forn taken 

p"f   Wh-   the   ^^   -coding   and   ex,ractiPng   proceL:;^^ ^ 

of the 'e! of Ns T^rlZ^l ^ ^ '7 'T ^'^ ^ With ^i^nMon ui ine sei or IMS, rather than the larger operation of completely replacinp it    Cre cbarmt 
case of augmentation already exists in Studnt. namely the age-problem heurisics   A PO 

J     Q26 % f 42 ^ ^^r'5 I5'" 'f^ ^ "^ a™ ^'problem'^ftl    su 

=„,J ,.iw 7   u   i > >■" 'cöis. VIRS(O, y ana 1UJ.   ine A Ps themse ves use three N<i   11 Or 
an    MX zs   hat are used elsewhere in Studnt. which indicates .mall N over ap but la ^6 
and /overlap.   When wo consider the age problems solved, we .ee tlS the A P   ^r. 

oth'r  olfe   ^ ^ ,0tal T,lbRr 0f P f,,in55' indica,i^ a '-go ov^; ' n processi , wl other  problems,    The conclusion from this is that augmenting  the given  frameworir to 

large   degree   on   existing   mechanisms.    In   fact,   the   o innal   STIJrFMT   H! ! 

:oa7"e;:yhus
t
lutrt,sddcsip'(

n)Hi5. ^that the ^ ^^^™™z^ ea../ to do, but  this doesn't detract from the oresent conclusions, because the cla«^ 

C'6-   The knowlpdp.e extraction process 

u„. / ^ fal', our diGCUJision has been oriented towards viewing Studnt as the result of « 
know edge encoding process, but as stated in the introduction to thi sect on L 
Know edge was extracted from Studnt by an analysis. The primary a ribute ol Z 
now ledge analysis is the many-many ma^ between KSs and P a <i to Sy th s we 

need to re-examine the knowledge extraction process. y 

Sinc
t
e {hc reader already has some familiarity with S13, we can use it as an eyanmlr. 
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LI: finished with initial scan at x, ready to move pointer. 
12: x is to the left of y. 
L3: x is not a delimiter. 
L4: curront scan chunk is c. 
L5: current length of scanned chunk is I. 

Rli ^tarl transform check at y, the new scan pointer. 
R2: finish transform check at y, 
R3: x is in chunk c. 
R4: current length of scanned chunk is now 1+1. 
R5: negate LI. 
R6: negate L5. 
R7: remove old scan-chock signal for x, 

From this description, we can sketch how the knowledge contained in S13 can be 
read off directly from the surface structure of the P.  NS11 is composed of three phraser 
two of which derive from LI + L2 + Rl, the third from L4 + R3.   The first cluster says 
essentially that the scan is updated, left-to-right, and then the transform check is started. 
The  second says that x becomes part of the current scan chunk.   These elements fit 
together in such clusters by virtue of shared variables, x and y in the first case, c in the 
second, and by virtue of predicates with similar meanings.   In the formation of N5).l, QQ 
and OS have  been abstracted as separate definitions, since they are  recognizable  as 
potentially useful in many places,   An exception to the scan process is given by L3, by 
virtue of its negative sign, so that it is known that some knowledge has interacted by 
specifying some incompatible action under the negated condition.   From knowledge of the 
abstract model of the process, that negated condition is evidently an instance of the end 
of a chunk, so that N512 is hinted at, using the definitional KS NS7.   A further refinement 
of L3 is that its argument, x, carries some information, since without other considerations, 
y would appear to be equally possible (of course, an arbitrary choice might have resulted 
in  x,  but  we  must  look  first  for  some other  justification).   How that  information  is 
elaborated should be clear from the analysis of SI3 that was carried out in detail above 
Internstingly, the argument x of L3 provides a link to two actions, and the interaction with 
NG12 results only in the use of y in Rl which is linked to x by L2.  It appears again in R3, 
so that  another interaction is evident, this time having to do with adding elements to 
chunks, KS NS10.   Another feature that can bo read off from the P is the update of the 
length of the scanned chunk, wilh argument I linking L5 and R4.  This link is expressed by 
NI7,   Finally, Ihe last three RHS assertions, R5-R7, are deletions, and lead to the formation 
of the appropriate Q KSs. 

So, reading off what a P does gets a set of propositions, which are then taken singly 
as KSs, or, if several are so interdependent that they cannot stand alone, they are 
grouped as one KS. Support that some cluster is a meaningful grouping is gained from 
occurrences in many Ps, resulting in a certain economy of expression as the analysis is 
extended. The question of why the many-many mapping is obtained thus reduces to why 
he size of the P is what it is. Si3 is the size it is because a certain number of things 

have to bo done as the scan progresses, and they must be done before the process goes 
on. There is a good reason why it is less than e!egant in operation if it is broken down 
into its component parts, with each a separate P. If each P did the thing stated by a 
single KS, Ihe various Ps would be obliged to check each other's output, and at times to 
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force i-fitraclions of certain actions. For instance, in S13, without explicit interactions with 
WG1.2, a Gignal would be emitted as if the scan were to continue, but that signal would be 
intercepted and delayed while the chunk splitting process were done. As things actually 
arc, that condition is recognised before any signals are emitted, and behavior adjustment 
occurii appropriately, Brealung up a P into smaller ones would thus require extra KSs for 
the additional control. Clearly Ihere is an optimum with respect to minimizing the number 
of KS&. Of course, matching overhead and efficiency would bo affected by this change in 
organisation, bill that is a secondary concern at the momi-nt. On the other hand, making Ps 
contain more K5s does not pay because one then has to multiply Ps in order ro get all of 
tlie logical combinations of conditions. For instance, if three Ps perform one stage of a 
test, and four others perform another stage of the test, combining Ps might require as 
many as twelve Ps (whore seven had sufficed) to handle all possible paths throught the 
two lest stages.   , 

Figure C.2 illustrates the many-many mapping between Ns and Ps, for the S Ps 
restricted to M^s, (NPV., NPs, Qs, and Zs are not shown; S20, S25, S30, and S40 use NPS 
while GJ.3, SI5, S40, S60, and S65 use NPs). 

Distributional data for the KSs over Ps supports the size that was chosen as a unit 
Kb. I his data is derived mostly from Appendix F, which gives the Ps that use each KS, and 
which has at its end a table thai gives distribution frequencies for Ps having specific 
numbers of Ns, Qs, and Zs. The rest of the data conies from an inversion (not included) of 
that appendix, which gives the KSs associated with each P. 

For Nu, nearly a majority (59 out of 154) are used in only one P, somewhat fewer 
are used in two (33), and fewer still in three or four (14 and 3, respectively). Ns that are 
used in more than four Ps are less numerous, with frequencies at or near ?ero There are 
extremes, however: NIIO is used in 70 Ps (the maximum), and some others that are heavily 
used are Nil, N51, NS3, ND.13, and NI9. For Qs and Zs the distribution in frequencies is 
about the same (10) for uses in each category for 1 to 3 Ps, down to around 3 for 4 to 9 
uses, and then at or near 0, with the maximum number of uses 105 for Q8 (other heavily 
used KSs: 72, Q12, ZI, Q7, and Q)8). Thus the distribution of Q and Z uses is somewhat 
flatter and more spread out than for the Ns, which is in accord with their being more 
generally applicable than the Ns. The high frequencies for low numbers of uses supports 
a unitary property for KSs, as opposed to compositeness. The many-many mapping of KSs 
to Pv. ir, supported as follow?,. There are about 55 Ps for each frequency class for 1 to 1 
KSs in each of the N and Q classes (accounting for a total of about 220 Ps). This means 
for instance, that about 55 Ps have 2 Ns and about 55 Ps have 2 Qs, though not 
necessarily the same 55 Ps. There are 3 Ps with only one KS (MOO, V10, and A77), and 20 

« With only 2. There are about 10 Ps for each frequency class for 5 to 8 KSs in each of 
the N and Q classes, and the other KS frequencies are near 0 (S40 has the maximum of 19, 
with close runner-ups: C60, F75, F15, M55, M50, M30, M20, and F35). 

With respect to principal KSs, a majority of KSs thai are principal are prindpal for 
only one P. But only about 100 Ns are principals, so that some serve as principal for 
more than one P. One way this is possible is illustrated by N511: it is principal k-r SiO, 
S)3, and Sib, each of which elaborates a case of its use u'ider different conditions, ND1 
(and other ND'u) are composite, defining a set of words to be members of the same word 
class at once rather than (unconcisely) making a separate statement for each membership 
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The Knowledge in Studnt C.5 

P     Comment on P 

S10 Initialize scan 

S13 Scan and apply 
transformations 

S15 Scan (FV) and apply 
transformations 

S15 Age transformations 

517 Apply dictionary tags 

518 Apply dictionary tags 
(Age problem) 

S20 New high precedence 

S25 No precedence 

S30 Lower precedence 

S35 Apply FV chunking 
rules 

840 Delimiter chunk 

S60 Detect FV start 

S65 End of FV 

S70 End of problem string 

Key: Direct uses are solid lines, weaker interactions, broken ones. 

Figure C,2 The mapping of NS's to S Ps 

assertion    NR is not strictly a compound statement, but F5, F15  and F20 «arh 
subpari of it as their principal component. ' eaCh use a 

from P^ i        , 3Ur"n;ar,2e ,he ^y* in which the various kinds of KSs can be extracted 
rom Ps, based on the experience with the full Studnt analysis.   As in the above elmofe 

and I he RHS, using common variables; by the occurrence of wnr L ML i üc  •   ,7   * 

Se^   o^on *t0  T^T ,he **^^^ -t^e" some kmd of collection of several cases of use, so that an appropriate generalization can 

iof nmons are N   or Qs    But ^ ^def "itio"a, s0^ of KSs, and whether those 
start^ 0n,y »PP'y when the reading is 
siar.eo   from  .cratch,  and  once   the  basic  terminology   for  a  PS  is   established,  the 
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cletei-niinViön process IG much easier. To determine the Qs of the definitional and erasure 
types is quite straightforward: erasure knowledge is based on occurrences of negated 
templates in the RH5, and definitional Knowledge can be assumed whenever there is some 
Pap between terms in Ms and predicates. To determine programming techniques, the 
following duos am used: presence of signals; ordering of signals in the RHS; presence of 
data thai is elsewhere used in a particular way (Q28, Q42)i particular type of predicate 
(of, 016); 1-e-ar.sertion (042). For the Zs, we have the following: order of the RHS; re- 
assVriion; seemingly (dränge condition elements, for instance P-spocific ones. With respect 
to the use of RHS order in determining Qs and Zs, something more must be known than 
local considerations, since Psnlst does not have an explicit notation for which of the RHS 
elemr-nts really (to have an important order relative to each other. This "something more 
IG simply closeness lo the principal KS of the P, or closeness to the problem space plans 
that are directing the processing. In general, only the first few elements, or m most cases 
just the first one, have an ordering constraint, with the rest being don't-care's. 

C.7.   A_m_rxlel of knowledp.e acquisition 

The process of knowledge encoding fits into a model of knowledge acquisition along 
the following linos. An artificial intelligence is seen as an entity with capability for 
gathering pieces of information, which are used in formulating behavior patterns organized 
as problem spaces, A piece of information by itself is insufficient to produce appropriate 
behavior. Rather, it must be assimilated or understood by having it fit into models that 
have been previously acquired or that are built up by a problem-solving process. This 
process of understanding consists of first expressing the new information in terms that 
overinp with some problenvspace-level model and then allowing the information to interact 
as'illustrated above to form new P rules. This broad model goes along with the view that 
jntelliaence is increased by increasing the ability to select a particular behavior out of all 
the possibiiities in a given situation. In the PS model, selectivity is increased by adding 
rules and by correspondingly increasing the complexity of P conditions, This growth In 
selectivity can easily be seen as growth in a discrimination net (see Rychcner, 1976, or. 
Haves-Roth and Mostow, 1975) in which each condition element is taken as a node in the 
network. A match to a P condition then corresponds to finding a path in the network to a 
terminal node, at which are stored the elements corresponding to the action side of a P. 

Figure C.3 illustrates the components of the model. Each box in [ yjre C.3 
represents some body of knowledge, either as an abstract model or as a specific set of 
detailed facts. Boxes in solid linos have already been discussed, along with the processing 
indicated by the arrows that results in the Ps, Boxes in broken lines arc parts of the 
process that are hypothesized, but are insufficiently elaborated at present to permit 
furl tier specification. The figure shows static data dependence; i.e., it indicates that 
knowledge in one box is used in forming the knowledge in the other. It doesn't indicate 
anything, for instance, about how a knowledge encoding process would access the various 
bodies of knowledge dynamically, nor does it include the knowledge extraction process. 
Except where arrows merge, interaction of knowledge (ar. illustrated in Section C.2) occurs 
within the boxes, e.g., Ns with other Ns, The arrows show, rather, how a body of 
knowledge forms by development or elaboration from other knowledge (e.g., box 4 to box 
5), or how such developments merge in a largely additive way to form a body of 

knowledge (6, 7, and 8 into 9). 
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Figure C.3  The model of knowledge acquisition: Bodies of knowledge 

12   15^7 IS X*^"'"™ ^S™ n0t eXpected to Present ™* difficulty, namely 
so'far    Bov«  1 5 I '^^ m0re difficu,t Prob,ems ^«n what has been so ved 
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process of   ormu it,on and construction that the intelligence is aaded which results in part 
n the   p an   p0rt(0n of b()X ^ tM portJon w|ijch dirßcts the opera ors in 

Ihn problem space.   The r,poc,,ficat,on of box 13 requires a process of concept-format on 

" ovo I"       In TKe "* 0f
f.
PrGdr,eS ^ ^ —gs which were taken as   ivenn the' 

X'   ed    I('.   T   ! Cref,,0lM0   thC? 0lemen,S in b0X 6 is P0s^y ^^comp'lex than is 
nd u.led    IMs conceivable thai  programming techniques are not simply a collection o 

which on H        7'* a CaPabi,l,y in ,he f0rm 0f m0re eeneral knowledge and p o eciure 

its o^rJ111^^^ t0
i
f:igU

|
n!

(
a3 ^ 0nly remains ,0 '30mt out so^ samples for a few of 

Is parls.     he connection between boxes 12 and 6 is unused in the formation of mo* o 
he Qs.  and we have discussed above for Q15. Q24 and QaO some of U e prol lemaU 

aspects of th.n connection, and how they might be resolved.   The connection between    2 
and 1/} reflect,   he fart that a few of the predicates are oriented toward   LsrucTures 

hun.'in a' nl'   PS', ?'" eXamP'R ' the HASCPR,0R ^'^ which as   .nrioe, chunk  in  a  Studnt  problem  a  priority.   If a stack data structure were  available   thlp 

^«ribocl  by  ,he abs,racl mo^ in Seclion Cl     S   dn, dlid s      LKin^wr" T 

dplimi ° s   and   ooo "ato^  '     T'' 7^^ ^ inpUt String aS a serit?s of ^ with 

crorts:v^;-P-r:^'-^ :ib:iifSio:a:r t t:!Z 
word,   and ^'"stuS ^^S*? ^^ 

- .dentified; rudimentary pronoun referont^bstlt^lo^ IpLmf eqra.l^^r ^ 

The phrases above referring to left-to-right scan bring out once again (cf. Section 
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C.l) another feature of the requirements of problem space formation! the addition of plans. 
Plans take the place of exploratory (backtracking) search, so that their appearance in a 
solver's problem space is of importance. It remains a significant problematic aspect to 
determine how they're added. 

To summarize, the problem-solving involved in forming the problem space is of an 
ill-structured nature, requiring concept-formation and plan-formation processes that are 
poorly understood at present (but see the discussion below in Section C.9 of the work 
of Hayes and Simon, 1973). Because the problems in studying the problem space 
formation process in more precise terms appear formidable, we should look for supporting 
evidence, and in particular wo can question two aspects of the Studnt problem space: is it 
the correct problem space and can it bs arrived at by other means. Concerning the 
correctness, there are three viewpoints: the human problem-solving viewpoint, the AI 
program viewpoint, and the implementation viewpoint. 

The first view deals with whether there is support for the model from human 
p.roblem-solvinn studies. Paige and Simon (1966) considered exactly this question, and 
their conclusion was that humans' basic problem space is like STUDENT. They went on to 
consider informally a set of augmentations of the basic problem space, suggesting that 
STUDENT could accommodate at least some of those augmentations. The Paige and Simon 
paper did not consider the protocols relating to the basic problem space in sufficient detail 
to support or contradict the finer details of the STUDENT model, such as its system of 
operator precedences, but it is safe to assume that no gross differences were evident. 

The AI prop/am viewpoint considers the question of whether Studnt (or STUDENT) 
can be extended comfortably to the real task, namely problems chosen without care to 
simplifying the language.   My informal examination of a set of 33 problems from a college- 
level algebra text (Rosenbach et al, 1958) can be summarized as follows: none of them are 
directly solvable, five could be solved by easy extensions, 14 by harder extensions, and 
H  by  extensions  of  major  difficulty.   By easy extension. 1 mean  addition  of  simple 
idiomatic transformations.   By harrier extension, 1 mean adding specialized knowledge to 
solve problems in particular domains of discourse, such as problems dealing with coins, 
interest, and mixtures (chemical solutions and alloys), and adding more context dependence 
to certaiii idiomatic transformations and pronoun referent replacements,   By extensions of 
majpx difficulty, I refer to: problems requiring elaborate semantic models to create the set 
of equations, that is, whore some inference is required to derive necessary relations from 
given information (e.g., certain complex rate-distance problems, for which a diagram is an 
essential part of a human's solution); problems requiring elementary knowledge of points, 
linos, and curves; problems calling for symbolic solution as opposed to numeric; problems 
requiring solving a previous problem with different numeric values; and problems requiring 
operations on relations, such an reversing the role played by two variables.  This last class 
of extensions also has the property that a problem solver that Is an extension of Studnt 
would  spend  more  of its computing effort in the extension than in the  basic  Studnt 
mechanisms.   This Is not the case, I believe, for the first two classes of extensions.   This 
assertion can be supported by results obtained with respect to examining the age-problem 
heuristics as an extension of Studnt, within the present Studnt, which is discussed in more 
detail below in considering the extension as an addition of KSs (Section C.8).   The age- 
problem extension is of the harder extension category.   From this breakdown of how 
Studnt  might  be extendec, we can take some support for the present problem space 
formulation. 
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The m^minMm viewpoint concerns itself with the problem of implementing the 
Riven version of Studnt, which has been solved in (a! leant) two cases. If the model of 
formijli3fin5 the problem space, given the task environment, and then encoding thai 
problem space as a program, is approximately correct, then the problem solving involved is 
of n particularly high order, especially in comparison to the state of the art in AI But 
since il is likely thai the conceptual structures we find in the finished programs 
corrnspond to the problem space organization that aided in their implementation, we have ■' 
shit further support for the correctness of the present formulation. 

This last iopic ties in with the second aspect of the problem space formulation that 
we might question, namely whether the given problem space can bo arrived at by some 
othfLr mnüns. In particular, can il be arrived at by a simple specialization process on 
previously-learned natural language processing? Han simplifying the input domain and 
building up a problem-solving process from scratch added unnecessary complexity' Given 
the lack of ovidehce on this, in particular with respect to more capable AI programs we 
can only offer a few speculations, remaining within a human problem-solving viewpoint 
Perhaps humans, in solving this class of problem, do not rely on plans as much as on 
weaker sevudvlike methods. Thus the plan-formation aspect of the problem .pace 
ormalion process may not nec-d to be explained. It is necessary, in addition, to consider 

the role of teaching and imiiMion as aids in the process (and perhaps teachers and author-, 
of texts could benefit from the Al formulation). But certainly the concept-formation 
process is only pushed temporarily out of sight by saying that the problem space used is 
a spocmlizntion of some familiar capabilities. That is, the concept formation took place 
somewhere during the arising of these capabilities, although its occurrence over a longer 
period of time may make it, ultimately, morn easily explained. 

c-8'   Pu-hclu-'ioris on the knowledp.e analysis 

The knowledge analysis has shod light on the essential aspects of how knowledge is 
encoded  m  PS*,  and  thus  takes  a definite position on how PS programs  are  written 
augmented and refined.   A PS program starts out as (partial) encoding of knowledge stated 
m   erms of some problem space.  Ordinarily, I he program is then tested, and defects come 
to light as a result of interactions that were not considered in the original encoding    The 
new  interactions may be aeall with by forming new KSs which are then considered as 
additions, or they may correct oversights in processing that produced the original    For 
knowledge to be added, it must first be stated in terms that make contact with the problem 
space m which the program is formulated (or with an abstract model at the problem space 
eve).    Then there must be consideration of the ways the new piece of knowledge can 
inte.act   w.th    he   given   ones.    In  determining   those  interactions,  the   explicitness   of 
expression    allowmg   knowledge   content   to   be   easily   read   as   explained   above,   is 
instrumental,   Peplacement or modification of knowledge requires a similar consideration of 
interactions.   It is important to emphasize that in this formulation, program behavior can 
not  be  augmented by simply adding Ps, as is the case in some rule-oriented systems, 
because f-s here are encodings of more than one KS.   This is the case because of the 
conceplua  structuring provided by the problem space (model).  The circumstances allowing 
simple addition o   rules are those where the plans in the problem space are lacking, so 
that some method of heuristic search among possible behavior sequences is undertaken. 
I his allow?, the addition of knowledge in its pure form because at the higher level there is 
very weak structure, and no basis for determining any interactions. 
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The   analysis   has   demonstrated   the   directness   of  encoding   of   problem   space 
nowledRe. by v.rlue of the ratio of Ns to the other types of KSs.  With 154 Ns. 53 Qs  and 

11 Zs, ,1 ,5 appar.n   that the N« predominate, and that the control knowledge SpociHc   o 
PS.   s  qu.te  mm.mal.    These figures do not include the very low-level PS syntactical 
knowledge   or two reasons.   That Knowledge is fairly constant over the   nt le se   of P 

litlt a'tt^t nr^11' "T^ ^ " ^"^ beCOmeS aUt0ma,ic f0r ,he Prosramn^.requ ring 
cct   wiIh I luT8 *(7ro8',a,™i,;ß Pro^^   Not only is the encoding of knowledge 

1?. 7- k^dge required to bridge the gap between a high-level problem 
sp'dce descnpl.on and the actual language, but if is also the case that the Je o   each 

nLjf Q / T a 5; ZS'   l[ IS ar,Ser,ed here th*{ the above «"«'ysis indicates that little 
k thai th°W   . 8e;i0edS/n ^ COnSide,■eC, bey0nd ,hese 639 KSs-  The explanation for this 
^thal the structure of the problem space has satisfactorily co-ordinated its component 

Bocause,   with   this   framework  of   encoding,  it   has   been   possible   to   consider 

col    *   ^ ratha
t
r^r* ,,?Ve,G' i( is appr0priate t0 view *t « »^ begging of 

comp nhens.ve  model  of  knowledge acquisition.   It takes an explicit position  on  what 
knowledge ,s (at the natural language level, but not at a more formal leve     it propose 

rosulr of ass m,|at.on of knowledge, namely the Ps.   It is interesting to point out that other 
expenments have .ndicaled how P conditions can be stored as an EPAM-like'pe genb u 

Rych ner;97n6)    Thl     "' ^ "TJ*0* ^ M0^ 1975' Wate-"'  ^ ^ Kychcner,   1976).   The  present  formulation  also indicates  how processes  of  problem- 

on the S COnct" 0,'ma,r e,lter Mo k™^ ^^.   It takes a dear'pos ion 
Z   Lf\   r0 betr^ kn0Wing and unde^anding some piece of information, namely 

I at knowledge .s not understood fully until its interactions with other knowledge have 
been cons.dered according to the knowledge interaction process hypothesized here 

As a model of knowledge acquisition, this approach may contribute to the automation 

';,:^i"fot:tfrrtaa.,toid<i;iion o/know,ed6e ,o a ps progra- GO^ ^^ 
of J \L: T     alt0f,hor of ^pressing PS programs, namely natural language 

Vo>4m   e^ heloe ''   A^"1 l™^ ^ "»P^entation, would constitute a powerfu 
pr^ran mer s helper .   Along these lines, it can be noted that the division into Ns CK  and 

p oJa   mer'   Z T^ ^ ^ 0f SPeCifying pr0*r™™* techniques  fro0; 
P nd,^    ...d S ^ In Pr0gramS W0U,d rGSU,t irom variations  '"  the  set  of 
concept^   ba J ^    .r0eram In COnstructin8 *W™-   That is, the predicates form a 

SS ilract?ve.y      Pr0gramm,ng  SyStem  t0  WOrh  Wifh'  Which  ^   b^   be 

.„H J^ ^ ;iU,>f cti0!1s t'^t follow contain some tentative conclusions from this work 
ad attempt to structure its extension, its development, and its application to othe   a^e    ' 

«nH n0   f Se r'?iUltfi'   Tl,en we considor Stud"t as an understanding system 
JlLZPT SOme WfS thal a kn0W,edge encodine analysis can be used to measure 
vanous d.mens.ons of understanding. Finally, further research that is esseS o 
supporting this analysis will bo discussed. essential   to 

57 C.8 

i 

1 ■'"•■• 



■<•«- 

C.9 The Knowledge in Sludnt Sludnt 

> C.9.   Compnfir.ons with other approachns 

II is difficult at thin time to compare our results with other approaches to encoding 
KnowtedRe, because no other studies have taken a sufficiently similar approach. However, 
we can point out features of interest as viewed from this approach, and indicate further 
studies that might be undertaken to this end. The reader is cautioned that some topics are 
raised in a very cursory fashion, with the intention that these may deserve further 
consideration based on this initial exploratory examination. This subsection is primarily 
intended to «ketch how this work seems to relate to other approaches. 

A very interesting comparison can be made to another PS organization, Nowell's 
(197 "5) PSG. This comparison is based on thorough knowledge of that system, but not on a 
detailed implementation of some program in PSG. The commonality of PSs indicates that 
we should only have to look at the corresponding Zs. PSG is a PS interpreter in which Ps 
detect conditions in a linearly ordered Working Memory (STM), As a result of detecting 
conditions, specific actions are performed, consisting of adding, deleting, modifying and re- 
ordering the elements of STM. When more than one P condition is true at the time of 
recognition, that P is allowed to fire which uses STM elements closest to the front of STM. 
The detailed comparison is as follows (cf. the Z model given above, Section C.5): 

a. >der in RHS and order of examination of Ps: very similar to Psnlst, 
except order in the RHS is reversed; in PSG, the last (rightmost) RHS 
insertion is at the front of its STM. 

b. Re-assertion in Psnlst corresponds to data rehearsal (the NTC action) 
which brings elements to the front of STM. 

c. Matching and the problem of spurious P firings: it is possible to put 
elements in front of other elements, so that the others don't take 
part in matching, but PSG has no new-old distinction on STM 
elements; thus some (ad hoc) unknown memory structuring must be 
used to prevent spurious firings (e.g., renaming data elements, which 
retains the information but changes the set of sensitive conditions). 
Problem of contradictory actions: either non-existent because of the 
order of actions, with deletions getting done before insertions 
generally, or it must bo handled in the same way as in Psnlst, 

e.    The control of looping is the same for both systems. 

Tliis comparison of PSG and Psnlst does not deal with all of their differences, because it is 
limited to the control mechanisms only, and because the control mechanisms that have to 
bo considered are limited by the domain determined by Studnt. Our conclusion is that PS 
control issues are essentially the same in both systems, increasing our confidence that our 
assertions about PSs have some general validity. 

With respect to more conventional languages, a couple of points can be made as 
motivation for more detailed studies. The step size of PSs compares quite favorably to a 
small recursive LISP function. That is, a P and a recursive lambda expression have similar 
size, expressive power and isolation in terms of knowledge content. LISP, however, 
generally suffers from the "subroutine interaction problem", since knowledge interactions 
are not carried through to the extent allowed by PSs. The size of programming unit is 
much smaller than an ALGOL block structure, where the assumptions at some point In a 
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program dopend on a lexically very large extent, with each inner nested block inheriting 
knowledge assumptions from its outer containing blocks. If we were to attach assertions 
at various points in an Algol program comjsponding to KSs that are assumed at those 
point?, then places thai art; nested in several block levels would have all the relevant local 
assumptions plus those of all the containing levels. For a P, the KSs that hold are 
determined locally. Thus a PS program has knowledge distributed more or less uniformly 
over its part* where an Algol program shows wide variations in density of knowledge. 
Proving corrnctness of a conventional program is done by attaching assertions to a 
flowcbarl and then following the flowchart sequentially, verifying assertions at a point in 
the rontexi of accumulated asserllons from the flowchart traversal, whereas for a PS, 
verification can be (it is claimed, to be supported by further research) much more 
localised, with no need to deal with control flow. The knowledge encoding approach poses 
the question of proving correctness of programs as the process of determining the 
following features: the knowledge content; whether the knowledge is correctly encoded, 
i.e., whether all relevant interactions have been explored; and whether the knowledge is 
corrtjc.t with respect to the given task environment. 

If we are to compare PSs to Planner-like languages (see Bobrow and Raphael, 1973) 
it is essential to point out that at the Z level, these languages have a pattern-goal- 
oriented implicit search, which may have large ramifications on how the other knowledge 
levels are formulated. A morn general question to be answered is how the encoding of 
knowledge as Planner theorems is different from encoding it as Ps, An attempt at making 
a sy«tem flexible in terms of augmentation was done by Winograd (1972), and the result 
(unpublished) was thai to add certain kinds of knowledge, some other knowledge of the 
internal workings of the program war, necessary. In other words, more than'just an iM-like 
statement, with pure problem space content, was necessary. Charniak's (1972) 
systematization of a body of knowledge relating to children's stories would have to be re- 
formulated from a problem space viewpoint, in order to make comparisons. This is made 
more difficult because there is a lack of explicit statement as to exactly what that body of 
knowledge consisted of. A good deal of discussion by Charniak was based on the body of 
knowledge without getting down to a strict separation of the knowledge from various 
interesting issues related to it. 

A recent study by Hayes and Simon (1973) investigates the process of extracting 
problem-space-related knowledge from the instructions for a problem-solving experiment 
This involves studying protocols of human behavior, and attempting to model the processes 
as a computer program. The program assumes a particular form for the problem space- 
the GPS (see Newell and Simon, 1963) form of heuristic search with means-ends analysis 
The program thus addresses the area dealing with boxes 1 and 2 in Figure C.3; its output 
is ? set of task environment "statements" thai have a form suitable for input to a GPS-like 
problem solver. Although the work covers only a small portion of knowledge acquisition as 
outlined above and makes strong assumptions about tne desired form of the problem 
space, it serves as a useful base point for further work along the lines of the acquisition 
model and especially for the problem space formation process. 

Finally, we compare the present approach to Sussman's (1973) model of skill 
acquisition. The model (H.icker) deals with the knowledge used in constructing problem- 
solving procedures in a toy blocks world. There are several categories of Hacker FACTs 
(its version of KSs): one deals with details of the toy blocks world, giving attributes of 
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prn-dofined bloc.Ks opcratorr., for instance preconditions for the PUSH oporatori a second 
i« progrsniminn techniques, which deal with the particular model of problem-solving being 
u«f>d; two others doal with Hackers "critics' gallery," a body of knowledge about bugs in 
proceduros! the fifth is a program library, with procedures that have been used for 
previous problemri; and the sixth, a "notebook" with comments on programs in the library. 
Facnd with a problem, Hacker uses Ihe appropriate bodies of knowledge to build a first 
approximation to a procedure to solve the problem, By executing that procedue in a 
"carnful" mode, bugs in the procedure are uncovered, the critics1 gallery proposes a 
solution, and another attempt is made to execute the procedure. An example of how this 
works I reals the problem of writing a procedure to build a tower of blocks. An initial 
procedure might do fine until it tries to pick up a block with another block on top of it. At 
that point, the critics' gallery might propose inserting a lino of code before the pick-up 
operation, to ensure thai no block is on lop of the block to be picked up. 

Sussman did not gather together his FACTs and comment on them as a group, but by 
my count, there are 12 blocks-world FACTs, 1.6 programming techniques, and 8 critics- 
gallery FACTs, FACTs relevant to a particular procedure are not all combined at once as 
envisioned in the present knowledge encoding process, but it is necessary to put together 
a first approyimation to a procedure and then execute it to see what happens. Thus, it is 
not Ihe case that knowledge can be extracted from Hacker's procedures by an analog of 
our knowledge extraction process. To find out in detail the properties of a library 
procedure thai was constructed previously, in order to modify or generalize it for a now 
problem, it has to be executed and its behavior monitored. Also, if the result of careful 
execution is new knowledge, thai knowledge is not incorporated into the procedures for 
generating programs, so that it would be used appropriately for future problems, but 
rather it becomes a new sntry in the crilics' gallery, and can only be used lo patch up 
bugs in carefully-executed procedures. In principle, there seems to be nothing to prevent 
the crilics' gallery from growing to very unmanageable and inefficient proportions, 
especially with the possibility of critics' being formed lo correct other critics' actions. 

Sussman's Hacker approach lakes a definite and more or less traditional stand on 
the issue of modularity of knowledge, whereas the proposal here represents a different 
approach. Hacker's KSs are kepi in pure form as FACTs and grouped conceptually into 
modules thai are claimed to be substitutible or interchangeable for modules dealing with 
other problem domains. The Studnt approach (ideally, given that the present model ran bo 
implemr-nted) is that individual KSs are not kept in pure form but only in the encoded form 
The encoded form, however, is sufficiently explicit that the statements can be recovered 
at least enough to compute further interactions. Modularity is still maintained at the 
problem space level. Thus the PS trades explicitness of representation for Individual 
statement modularity. Just how the PS approach as proposed here would be worked out 
ill detail is still an open question, and will be discussed below in connection with problems 
for further research. 

CIO.   Understanding and intellii7.eiice in Studnt 

In order to approach issues related to understanding, intelligence, generality, and 
similar topics, we adopt the understanding dimensions approach of Moore and Newell 
(1973).  Moore and Newell define understanding by saying that a system understands some 
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In keeping with the statement at the beginning of Section C.7, I would identify 
direclionaliiy with intelligence. This accords with the view expressed by Newell and Simon 
(1972, chapter 3, pp. 88-89) that the intelligence of a problem-solver is related to the 
difliculiy of a problem for that solver, as evidenced by its search behavior. That is, the 
more directed the search is, implying examination of fewer irrelevant alternatives, the 
morn intelligont the solver. Studnt's intelligence cannot be measured by examining its 
search behavior, because the only sense in which it does search is thai it constantly 
progresses toward completion by scanning, chunking, and building expressions. Wo can, 
however, examine qualitatively the knowledge that directs the constant progress, and 
comment on how il might be possihlc to formulate its limitations by studying the space of 
problem spaces. Studnt's intelligence is erbodied in the plans it uses. These plans are 
inflexible, prescribing specific actions in specific orders. According to the model or 
knowledge acquisition presented above, thin intelligence is acquired during the problem 
space formation process, and if the intelligence is limited, it is due to limitations in the 
problem space.- As Nttweil and Simon point put, if the problem space were richer, allowing 
the direciion of processing to be based on more appropriate discriminations (as required 
by the task environment), a problem solver (Studnt) would have greater potential 
intelligence. A more exact understanding of the space of problem spaces for solvers of 
Studnt-like problems might allow Studnt's intelligence to be measured relative to other 
programs. Such a measure might be based on an analysis of knowledge in the form of 
plans contained in such problem solvers, especially if thp body of knowledge formed by 
talung the union of all such sets of plan knowledge is a coherent whole. 

On efficiency, the main point we can make is that since knowledge is encoded 
proceclurally as Ps, wiih only the temporary state in Working Memory, the interpretation 
sub-iiisue has little impact.«' The interpretation sub-issue is that if many levels of 
interpretation of knowledge are required, the factors of extra computing time required at 
each level multiply (cf. the difference in running a program compiled, mterpretively, or on 
a simulated computer). In parlirular, while Studnt is solving a problem, it is not the case 
that il must search to find the implications of some piece of knowledge or to decide how 
two items of information must interact. This apparent efficiency is at the cost, perhaps, of 
an expensive knowledge encoding procedure; this cost will only be known after further 
research. 

In the general category of error, the knowledge analysis leads to the consideration 
of how to assign blame to particular KSs for some faulty behavior. This approach says 
that the error is not localised in particular Ps but rather is due to faulty (incorrect) KSs or 
to failure to consider interactions between KSs; thus an error may be due to the contents 
of a set of Ps, In diagnosing and correcting an error, it is clear that the processes of 
knowledge extraction and knowledge encoding are essential, We can speculate that not 
only will the contributing KSs have to be known, but that some relative reliability measure 
on KSs might be useful (reliability perhaps determined by successful use on past 
problems), in deciding on corrective action. For the present Studnt, there is a computation 
of the contribution of particular KSs to the total behavior. The listing of the K5s, 
Appendix F, gives the Ps in which each KS is used, and the actual TFTSTs in which each KS 
is applied by virtue of some P, which incorporates it, firing during the TEST,   For instance, 

0   Wc  .will   ignore   whether   Ps   themselves   are   interpreted   or   compiled,   given   the 
understanding-system level of this discussion. 
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needs more exact specification. It might be fruitful to investigate the question of how to 
Generate the predicates, which would involve trying to characterise predicate meLZs „ 
a general way. as well as the question of how to refine this concept structure to f the 
needs of the spec.f.c implementation. This aspect would involve, in advanced form I e 
exam.nal.on of the Ps' structure to determine which subsequences of condiNon would be 
more suitably expressed as sinj-le predicates, perhaps making decisions as to whether 
some predicalo could be computed once instead of being recomputed on demand or vice 
versa F.nally. the question of whether Qs need to be kept as a body of statements Reimer 
expha or „npiicit, depending on the solution of the duality problem) or w ether th'^ 
m.ght be some method of generating techniques from more abstract s atements. by some 
k,nd of problem-solving process with knowledge of functional aspects of progran/ming 

carefulK'* ^HZ^™ ^ ^ ^^ t0 f0rm the PS needS t0 SPecified much ™™ carefully,    Part cularly   important  is   to  break  them  down  in  such   a  way   that   their 
associations and inter-relations with each other are clearer.   The knowledge about PsnM 
syntax at    he  lowest level, which wasn't considered here, would probably be enco ed 

enui i' m th0 ^"bUi,d 18 Pr0<:e$J;eS-   The Pr0CeSS 0f W^S ^ KsS of the'Q and Z type 
requies recognition of conceptual structures that are not well understood at present   For 
nstance, there would be a general set of criteria for recognising a situabn wheVe 

knowledge about looping techniques can be applied (some of these situatior re expHcit 
m the Qs at present, but the statement of a general set of them, and how they re appUed 
remam as  open problems).   How the N« interact raises the most  intere ting qu^'o^' 

S tVo^N,f or'1 ti: apr rh *,ha zr*informa, s,age 0f th0 ^ T "-^ tor   the   N«   (or   the   problem   space   that   it   represents)   seems   to   provide   a   rich 
nerconncc «ng   structure  for  the  basic  ob)ects  that   are  described  by'the   Nr.     This 
sucture allow, seme Kinds of interactions and development to take place, and prohibits 
others.   For instance, the model makes a clear distinction between chunks   hrepresen 
anl hmet.c expressions and chunks that represent the find-variable F^L fic t oTfor 
prob em, processing done, on arithmetic expressions is by this distinction deter, S 
unnecessary on FVs,   Since this Kind of dependence of interactions on the contTS model 
problem space) structure was not central to the analysis of Studnt V^ay be that i 

thrfdll0 ^^ ,T1
rtan, effeCtS 0nly 0n m0rc co^^'ask domains  btiU bl th the dependence will become evident as the analysis is automated. 

formulation1^ ZZtiT*  ^ -r^ ^^ SUPPOrhng th8  idea' ^^  '"  »he formulation of   he knowledge acquisition model, that knowledge can be compartmentalized 
m various models. One interesting problem is to make ex^icit the modeTo Türe S 
environment nowledge (box 1 in Figure C.3). and similarly anothr is to produce a PIP 

ormuaion of the problem-solving methods. The use of models to reple he loose 
abstract descnpl.ons provided for the Qs and Zs (Section C5) is an imoortant Lir tn 
pursue The Q model must include functional goals like flexibüify nd ef iency IS a e 
evident in some of the Qs. but which are at present isolated and'unrationaS 

The higher-level components of the model of knowledge acquisition, dealinr with the 
ormuation of the particular problem space given the nature of   hrtUk environment 
ntroduce a very interesting set of research problems.   As detailed above, there may be a 
s^mf cant amount of problem-solving and concept-formation in this process   TWslvolves 

nd thatTh. o reC?niti0n ^ arithmetiC 0perat0r5 form bou"dari's '<"• Port on  of tex ; and  that  the operators can be processed by techniques used for phrase-structured 
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grammar.; Given some- weak-mclhod formulation of the problem space, such as some way 
of u.mg hcninshc search, the addition of the problem space plans used above constitutes 
an interesting learning problem, 

The relationship of PSs to the overall knowledge acquisition model need, to be 
emp.r.c«! y determined. That is, a convincing case needs to be made that PSs can 
adequately represent the wide variety of procedures and data that have historically been 
used ,n AI programs. For instance, can PSs be used lo represent semantic networks, and 
inferences o the type that have been achieved by using backtracking search' On a more 
genera level. ,1 would be useful lo characterise the vanetie. of knowledge, and how 
knov.tedge in encoded and manipulated, for the full range of past AI systems, It may turn 
out ,o be I he case i|1a| the class of programs whoso knowledge fits into the present 
framework ., limited Whether this in the case might be determined by analv "n" o he 
PS using the present methodology. A particular area of current interest is the problem 
of i.npresenting uncertainty of knowledge sources (Shortliffe, 197/?) and of learnin. and 
generating from real environments (Decker, 1973). At one level of description -'more 
genera ly applicable Ps are ones with more general condition elements, but the proce     of 

The   present   analysis   has   tried   lo  elucidate  as   many   aspects   of   the  knowledre 
encod.ng process as possible, without becoming committed to an amount of further work 

ndudes detail or the entire Studnt program supports the basic conceptual structure of 
ie model, and allow, certain important conclusions to be drawn about how know X ^ 

encoded in PSs. 1 is suggested that this level of detail is appropriate for the othe 
sides of knowledge encoding outlined above. Further detailed research to the 
effectiveness o. the model for use in an automated knowledge system is best pö poned 
until   morn   basic  question,   with  regard  to  the  use of  P^s   as   a ao^oneü 
investigated (see Rychener, 1576), 

language  have  been 

<  • 
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D.  Summary of Conclusions 

Our conclusions from this study can be separated into those from the implementation 
itself and those from the knowledge analysis. Studnt adequately solves 27 tests that were 
done oriBinally by STUDENT. Interesting features of program control as achieved by the 
PS are: the use of explicit data as control signals; the use of data elements to imitate a 
recursive (hierarchies!) parsing of the inputs, and to build the tree-strucrured output 
exprnssions; the use of Psnlst's :SMPX to sequence and coordinate processing; and the use 
of Psnlst's multiple-firing capability in processing sets of items. The internal Working 
Memory representation of Psnlst embodies a choice for generality as opposed to the 
conciseness and ease of manipulation of a special-purpose string representation. The 
Working Memory is at least an order of magnitude larger than other known PS 
architectures can handle efficiently. The time efficiency of Studnt is quire reasonable for 
an interpreted language, and is less than an order of magnitude slower than a human on 
the sane task. Studnt differs from STUDENT in the gross organisation of the processing, 
doing a single left-to-right scan over (he input to achieve what STUDENT did with several 
sets of rules applied in sequence, each of which made multiple scans of the input seeking 
various patterns. The two implementations use roughly the same number of rules, with 
Studnfs rules having more complex conditions and actions due to the data representation. 

The primary aim of the knowledge analysis is to examine in detail the Knowledge in 
Studnt and how it is encoded in the Ps.   The knowledge is expressed as  218 natural- 
language statements of three broad categories, with the concept of problem space forming 
the organizational structure of Ihe category comprising the majority of the statements" 
Each of the three classes of KS is described by an abstractly stated model, for which 
individual KSs are instantiations of detail.   The S13 example illustrates the nature of the 
interactions of many knowledge statements in forming one of a set of related Ps    The 
mapping between Ps  and KSs is  many-many, due to the number of actions  performed 
conveniently by a single P and due to the convenience of expressing KSs economically 
This economy is in the sense of being usable for interaction in a variety of ways   thus 
gaming more contribution to the total Studnt program per KS.   Data on the distribution of 
Kb* over the full set of Studnt Ps give further support for the size of knowledge unit 
chosen and for the many-many nature of the mapping.   An average P is the result of 
combining   2.88  KSs   of   the  problem  space  type,  2.86   task-independent  programming 
techniques, and 0.65 statements dealing with PS control.   The mapping between problem 
space and Ps is fairly direct, given that of the 218 statements used, only about one fourth 
are  programming techniques, with 57. of the total dealing with PSs.   Thus the encoding 
process deals mostly with the addition of problem space knowledge.  A brief look at a case 
of augmentation within Studnt indicates that most new knowledge is of the problem apace 
category,   with   large   overlap   in  the  other  categories.    The   knowledge   analysis   was 
developed   entirely   from   the   explicitness   of   P  conditions   and   actions,   allowing   the 
knowledge to be read off in a systematic way. 

The form of the knowledge analysis led to the hypothesization of a more 
comprehensive model of knowledge acquisition, as might be realized using PSs -is a basis 
The major problem of the formation of problem spaces from less structured (ask 
environment knowledge can be formulated in this model. This involves advances in the 
state of the art in problem-solving and concept-formation.   Within the model, the process 
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ol programming in S'ln is seen ar, a knowledge-encoding process, where The explicirness of 
f^Sf; is uiicci to advantage in dobiiRsmr; and augmentation. The decomposilion of the 
Knowledge into problem space versus programming 'echniques is promising in terms of 
being able to build up a set of standard techniques which would effect the encoding of 
numerous problem spaces of diverse sons, amounting to substitubility of the various 
knowledge models, The utility of the -edel is based on being able to automate the 
knowledge-encoding process, which depends on being able ro process the natural language 
statements, determine the knowledge content of existing Ps, and carry out the interaction 
process. The model thus raises numerous questions for further ^search. Techniques 
being developed in protocol analysis and in aspects or human understanding, exemplified 
by the work of Hayes and Simon, may provide a basis for the natural language prccessinc 
involved. b 

Compnrir.on to other approaches, especially SussmaiVs Hacker model, brings out the 
position of PSs vis a vis modularity of knowledge. The models of the KSs are modular but 
the PS encoding is an explicit representation of the full extent of possible interactions 
among the statements. Thus the encoding is at the extreme position of a modularity 
dimension, with access to the knowledge in a modular way dopenden! on expiicitness. 

There are several benefits from positing a level or knowledge between its 
expression as knowledge about a lash environment and its expression as Ps KSs as 
exemplified here are closer to problem-'.pace-evel models than are Ps. There is 
significant problem solving, namely finding the interactions of KSs, in making the translation 
from KSs io Ps, There is also problem nolving, of a different sort, in forming the problem 
space from knowledge of the task environment and knowledge or methods. The separation 
of problem space knowledge from programming techniques and lower-level PS Knowledge 
is promising wdh respect to applying known techniques to new bodies of problem space 
knowledge, wilh a minimal need for re-shaping the problem space to fit the available 
techniques. 

Measures along the understanding-system dimensions of Moore and Newell are 
suggested by the knowledge analysis, A (very tentative; figure of •"- for Sturint's decree 
of assimilation is based on taking the successful encoding of a KS -to a P as a unit of 
assimilation. The kinds of problem Studnt could do, based on its present knowledge and on 
the knowledge required.to extend its performance to other classes of problems, gives an 
es ,mate of b;.5/ for Studies degree of accommodation (this is based on crude sampling 
but points out how the knowledge analysis approaches the question). The present 
approach suggests a way that depth of undersranding and error might be handled using 
Kos as um Is contributing to a particular solution, but at oresent nothing more precise can 
be said. The figures given above are not to be taken as precise measures, but rather as 
mdicalivf of the potential fruilfulness of the overall approach. 

We started out this study of STUDENT by asking questions related to its intelligence 
and understandmg, from the viewpoint of an analysis of AI programs. What has developed 
ir, an elaboration of the use of models and particularly of the concept of problem space 
Intelligence is seen as knowledge in a problem space, in the form of plans, that guides the 
appica ion of other knowledge as a solution is sought. The plans in Studnt have been 
explicitly pointed out, and a boiler understanding of Studnt's use of the match method has 
been reached.   What Studnt understands is made manifest in the 218 KSs, along with our 
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abstract characterisations of thnrn. Further work to verify and extend tho analysis will tell 
us how applicable it is. The details must be verified by deepening the formalization and 
by automation. The breadth of scope of tho model will be realised from studies at a level 
comparable to the present study, on a wide variety of AI programs. 
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Appendix A,   Short Summary of Psnlst Features 

A.l.   System architecture and production format of P;;nlst 

A produclion system (PS) is a set of conditional rules, productions (Ps), that 
represent changes to a symbolic model of a situation along with conditions under which 
those changer, are to be made. A production system architecture (PSA) provides: a 
Working Memory (WM), which contains symbol structures representing the dynamic state 
of the situation being modelled; a Production Memory (PM) which contains the Ps; a 
particular control mechanism known as the recognize-act cycle, by which Ps are 
repeatedly executed or fired - a P that is recognized to have its condition satisfied wiih 
respect to WM contents is fired by having its actions performed, whereupon the cycle is 
repeated using the new contents of WM (WM is updated by the actions of the P that is 
fired); and a set of conventions or ordering principles by which a single rule may be 
selected from the set of rules that are recognized to be satisfied by the contents of WM 
during any recognize-act cycle. 

The Psnlst (PS analyst) is a PSA, as follows. WM is an unordered set of data items 
called instances. Each instance is an ordered list of two or more elements^ where the first 
clemr-nt Is a mernbrir of a set of constant atoms called predicates, and where succeeding 
elemß-nts are either atoms or list structures - list structures however are opaque, their 
internal structure not being accessible to the recognition mechanism of the PSA. Instances 
are considered to bo grouped together in the WM according to their predicates. PM is an 
unordered set o.f Ps, each consisting of a left-hand-side or LH5 (the condition parr) and a 
right-hand-side or RMS (the action part). The form of LHSs and RHSs will be discussed 
below. The recognize-act cycle consists of a match of the LHS to WM, resulting in bindings 
for v<T"ii;bles contained in elements of the LHS. A firing then uses those bindings to create 
WM instances according to the elements of the RHS. Two features of the match are 
unusual. First, all possible matches are found, and a firing occurs immediately for each 
match. That is, within a single recognize-act cycle, many firings of the same product' n 
may occur, Second, a match must include at least one data instance that is new wdh 
respect to the P thai is matched, where new is defined as having entered WM after the 
previous firing of the P. The action part of a recognize-act cycle consists of adding or 
deleting WM instances, and of optionally making changes to PM using ADDPROD and other 
special operators explained below. 

The way Psnlst orders satisfied Ps to select one for firing (this is the fourth PSA 
component) is by ordering events that occur during the action part of the recognize-act 
cycle. This is clone by using a stack memory that records, for each WM change, the set of 
Ps that might become satisfied as a result of the change. The stack memory is called 
iSMPXi stack memory for production examinations. More recent WM changes are stacked 
on top of older ones, so that Ps satisfied by more recent changes are guaranteed to fire, if 
satisfied, before Ps using older changes. The order of recency of changes with a P firing 
are determined by the order of conjuncts within the P's RHS. This ordering principle 
leaves two selection orders unspecified; if more than one P using the same WM change is 
satisfied, one is arbilrarily chosen to fire and (he other is pushed down in :SMPX by the 
changes made by the selected Pj if a P fires more than once in a recognize-act cycle (more 
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than one match is found for tho P), the firings art} done in an arbitrary order With 
rospoct to thf» former arbitrary choice, if one P is to be selected before another one that 
uses the same WM change, the LIISs of the two Ps must explicitly be mutually exclusive 
i liat is, it is the user's responsibility to diotinguifjh between don't-care and necessarilv- 
ordored situations. Given the :SMPX mechanism for ordering P firings, the recopnbe-act 
cycle can be summarised as follows: a change occurs to WM, resulting in .-SMPX entries- 
slariinf! from the lop of tSMPX, Ps are matched until a P condition is found to be satisfied- 

and ^o oT ^ th0 SatiSfieCl P are eXeajted' rBSulUMg in stackinS UP new entrit?s in :SMPX,' 

Tho following is a Psnlst production that appears in a PS that models a hunsry 
monkey ma room with some bananas, as the monkey recognizes its hunger and tries to 
reach for the bananas. • 

H.l; '•HIJhJCJPY" :: HUMGPY(M) & ISMONKfiYfM) & ISBANANAS(B) & LOC(BXYH) 
«> GOTO(M,X,Y) Ä RCACHrOR(M,[3)) ' ' 

The name of the P is HI, its comment is "HUfCRY", and the remainder of the P gives the 
L 15 and the RH5, separated by ".>". The LHS is a conjunction of templates for WM 
elemen si each template is a predicate followed by a list of variables. When a match 
succeeds, each variable is bound to a specific token from the WM instance corresponding 

(HUt LRY MNK-1), (ISBAMAMAS BAIM-l), and (LOG BAN-1 1-1 J-3 K-2) are present o 
produce two new instances. (GOTO MNK-1 1-1 J-3) and (REACHFOR MNK-1 QAN-1) 
assum.np  say   hat the (HUNGRY MNK-1) instance is a new one.  M is bound to MNK-1. B to 

the ro^m   f   'L >?,   T"' !' * ^ ^ ^ ^^ ^^ for the b*™™* *" 
?FAn?  p      ,      a ? 0f:a,IOn al0ng the X coordi'1^ ™*> and so on.   The GOTO and 

RF.ACII OR mstances bocome instigators of further action, if Ps to model the corresponding 
real actions exist and if other conditions in the model are appropriate 

A.2.   Features of Psnlst grograrnj 

intPron Htinn o   M. m ^1IG1 ? * ^^ 0f ,he Mlisp langUage' or rather a sP^ial 
ll In      PMlt    A;Ppc;eXPI'n$Ji,0n&. (See MliRP' by D-   C- Smith' a Sta'lford A' ^b report, 
Min  PyP? ^       .   COn!ISlS 0f 0ne 0r m0rC m0dul(;s' each of wllich iG represented as 

dnclt ^ i|COnJilMinö 0   .a BEm '" Em bl0ck-   Each module consists  of optional 
declarat ons   followed by a list of labelled Ps.   A P is simply a disjunction of an optiona 
comment stnng and two conjunctions, the first conjunction being the LHS. the second th 

i^terna^'byltllr ^  '^ ^  tranSla,e  th0Se COnVenti0nS  int0  the  format  "*** 

Psnlst prosrallr1^ PrGSßn,S  n0Ve, ^"^ ^^  ^ *" encountered  ^ wading 

7, 

A.2 

- the Mlisp comment character; text between ^'s is ignored. 
- used to quote Lisp S -expressions 
- string constant delimiter (for instance, Psnlst comments) 
- a semicolon is used after a P name and to separate Ps 
- this symbol separates LHSs of Ps from RHSs 
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& 

<> 

- used to separate Psnlst comment string from associated LHS 
(is DEFjNPd to be OR) 

- Mlisp character-quote character; must be used for characters 
that have special Mlisp meanings; For instance, V?-l 
is an identifier, not "V minus 1". 

-AND 
- Mlisp syntax for (LIST... ), the Lisp list-building function 
- Mlisp syntax for Lisp APPEND function, for joining two lists 

Summary of notation for Ps: 
name j "comment" :: LHS => RHS i 

The following comments explain other special features of Psnlst programs, but only 
to the extent necessary for easier reading of the programs. Examples of those features 
are to be found by the reader In specific PSs. 

Macros: certain things that look like predicates are really macros, expanding into a 
sequence of predicates with arguments; these are usually expanded at load time, 
by user-defined Lisp programs. 

NOT specifies "absence of" when it precedes LHS conjuncts; it denotes deletion when it 
precedes RHS conjuncts; in LHSs it may also precede a nested conjunction, 
NOT( ... ), in which case the conjunction is matched as if it wore an LHS, and if it 
succeeds the LHS match fails; those negated conjunctions may bo nested, that is, 
they may contain nested conjunctions (see also EXISTS, below). 

NEGATE is a built-in macro that specifies which of the LHS conjuncts are to be negated in 
the RHS, by number, or by using ALL; if negative integers follow ALL as an 
argument, it means "ALL but" the instances specified by the negative integers; 
for instance, NEGATEO) would stand for NOT IS3ANANAS(B). in the above 
example. 

SATISFIES, SATISFIES?, SATISFIES3 are special predicates for testing values of variables 
during the match, using Lisp predicates; the numbers 2 and 3 are the number of 
variiable arguments (SATISFIES takes one), 

VKQCx.y) in equivalent to SATISFlES2{x,y)x EQ y), ie equality. 
VNI.:Q(x,y) is equivalent to 5ATiSFIES2(v,y,x NEQ y), ie, inequality. 
Conjuncts in RHSs may use arbitrary expressions as arguments, to be EVAL'd  as  Lisp 

expressions during  the P firing process.   (Mlisp includes Algol-like arithmetic 
expressions.) 

NONrLUENT(p) declares  p  to  bo  a  non-fluent, that is, an insertion  of  an  instance  of 
predicate p into the Working Memory does not cause any Ps to be matched for 
possible firings- keyed to that insertion.   In other words, no entry is made to 
:SMPX for that change. 

REOUlRE<a,b,c,...) declares that a,b,c,... are required modules of the PS whose main module 
contains the declaration. 

PSMACR0(fl,f2,...) declares files to be read to define user macros. 
DCMIWl,f2,...) declares files to be read as command (CMD) files. 
EXISTS In an RHS causes creation of new objects whose names are extetisions of the 

arguments of the EXISTS; those objects are then used in the remainder of the 
RHS to form instances. 

EXISTS in an LHS must bo in a nested expression of the form NOT(... ); its function then is 
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to locally clpclare ils arguments as variables, causing them to be initialized to NIL 
for tht» match thai follows, within the (..,). 

DELAYKXPNDCx) whore x is some macro call: this specifies that the macro is not to be 
expanded when the P is inserted, but during the actual firing of the P: this :s 
only used when the predicates of the RHS depend on values not known until run 
time; it can not appoar in Ihs's. 

ADDPROD(prod1pr.c,comnt,lhslir.t.rhr.list): primitive for adding a P (named prod) with 
comment comnt; Ihsiist and rhslist are lists representing new LHS and RMS- the 
prec-argument: is either a P name, indicating that prod is to be placed after it or 
is taken to be the name of a new module of which prod is the first P; ADDPROD 
causes assertion of (ADDPRODP prod) 

R'PPROD(a:erÄoÄreplace commen,, '^and RHs of prod a5 iridicatedi 

prphuc<Pr0d;l,r;li'?: replaCe LHS 0f prod '1G inclica,edi ^serts REPLHSRprod). 
P(:PRHSu)rod,rh<;|ist): replace RHS; asserts RCPRHSRprod). 
REPCOMNT(prod,comnt); replace comment string; asserts RFPCOMNTP(prod) 

A,3.   Feati.ir(?<; of the trace output 

TOP LEVa ASSERT - the initial starling assertion, typed by user. 
■ ■■ a R fund 

number following ! - the firing wan the numbor'th 
P-name followed by '-' then number - the numbor'th firing of the P 
siting   - the comment string associated with the P 

USING ... - instances from the Working Memory used in matching the LHS 

* ' metc " af!S,Bnm(?nt lhal Wf,S mad0 for ,h(? makh: ™* was assigned the value yyy, 

INSERTING ...   - the insertions and deletions made by the RHS 

' :5M"X ^::L:J7&'" :SM"x a,,er 'iri"8i numbor K '^oi ^ °°* 
/IKY     „„.an,,   h,l ,-, non-fast-fa,! exammation is being done; fast-fail is a quick chock on 

*+ - appears for a warning for an irtstance insertion 
*-• - appears for a warning for an instance deletion 

If  the RHS  included ADDPROD, REPPROD, REPCOMNT, REPLHS, or REPRHS   a  me.saee k 
printed before the INSERTING lino. '      mes-,aBe ,G 

PSBREAK comment AT     - a break in execution; user interactions consist of commands in 
s.   I e system responds w,th output dependent on the command, or with "ok"; 

(OK) is typed by the user to resume execution. 

The  above  appear  on  a  full  :DVFRB05^ or  :TVFRB0S  - 4 trace; the  followine  arn 
modifications for lesser traces: Tonowmg  arc 

i 
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Studnt Shorl Summary of Psnlst Features A.3 

the P-firinj; message is all on one line 
most of the CXAMINING message clinappears; only the P name remains; if /TRY occurred, 

only the / appears (in case of verbosity 1, not even P names appear) 
most of the WARNING mrrssage disappears - only the »'s remain 
the USING and INSERTING lines disappear 
the messages from ADDPROD el al drop out 
break messages, commands, and possibly their outputs disappear 

■ 

After execution, typically a DUMP occurs ( delimited by "DUMP"), followed by the output of 
PERFEVAU 

Run time for I he present RUN invocation 
A small table of figurösj 

EXAM is the number of examinations of Ps 
TRY is the number of non-fast-fall (/TRY) examinations 
FIRE in the number of P firings 
WMACT is database (Working Memory) actions: insertions + deletions 
E/F, E/T, T/f: give ratios of the first three 
the line following the numbers gives an average time figure for each of the 

relevant numbers in the preceding line (divides total run time by each 
of the numbers) 

Detail on Working Memory changes; "NEW OBJECTS" are those created by EXISTS 
Maximum length attained by :SMPX 
CORE gives current available LISP corn, plus amount used in current run 
:ACTS - a list of the major actions in the current core-image 
TRACE - a list of Ps that fired, in the order that they fired 
FIRED x OUT OF ...   - gives number of distinct Ps that fired 
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X(M IfSUMC) •■ Umi'RO!l(P,(M/il/r )S IH'IU  AS MD AS AW WftS 

WIIF.N MAVr WAS AS AID AS ANN IS WV ''. 

I f  MAPV  I S /l VI AIS OH) '. 1K1W Pl I) IS ANN ") ); 

fNO: 

rxp» sut>;jt)ii)fi!tN    isu/.u'cc-iu'j'AO: 

XV; TfCitVIP) .■ IWUl'OOHfP (lilt SUM fl   fl»- PEOIMI lfPO> A OICln»:-l[ AND 
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isfop    nw. 

■   UP  ■ • .. 

mcrvmi «i mwm n n* rHigun« IN MIICI«N« MKM • uo«. 
•is- , cnP'.ire of n..5s OP,-. tgtuKT    trtMirv « anM OPI 
(•t(pt 'nuMf . 'Humr   DNMW r» um m E-CIPT 
■M|l«tf*. 

liSIO IC" H\ 
15 'OP     n| RJ Pi r< PS t'B 09 M'n Mjn us., nss. 

II» mamm tern laut nw m IHI annosi IMCMMK CWM IN 
HPns [»  I'dHll'.t fpSMION IN "»  PPOHUM 

iiSID-roP Ml. 
I? FOP     P||. PIS 

in ppinoiNTF KM SCONS n MM fpon UFI in PIMM %%mm «1 TIC 
uri (NO OF m rHN . cone w ie iw PK.WI CJO. PFCOPOINC. IF? 
IFFUIOSI orairPf««:! ,» ,iC HIUFCST manwi  IN mr MM nt 
NOHM;. IF» NCW MttMN M doi roiNl HMVIW, n FH'fr(0»NC(  HII»ICP 
KM Wt rvfvinus M-xiMuri. 

IISIO ie» rti. 

IS 'OP     S."" S.'S Iffl 5«.. Pin Pir, p,-n p.-^ pff p- 
P4S PSH PCS cm 

IF NO nopo MUM .. ppfcfoiva i« ram IN * mm 
[.»INI . 

IISIO FOP .ll.L. 
IS 'OP      P7S 

K9 0"9 03" P35 P4n 

II   IS 1) IWlFlBlf 

NOI 

NO;- 

NBI 

NP4 

NDS 

M» 

NOH 

HOH 

MMtl 

NO») 

NOK 

NDI3 

•'■tus' ..N\I *IIUIIHN* ..»•( rn'ipn'fips m ii..ss r»'- 
IISID'CK' iisn usi.- Ksm itfri? n«ita irstrr kiin usrs 
tt-IV      II)  01. 

I'I'?.
1
!' '!--">"'r ■ '««m«** «• I»" Mi niMM« UMIMl. 

LISIO fC»' Mil   mil   |(;,T|   ||}1| icij, 
'S 'CW      fv, ir [>■} [,]!  Mr... Mf,;. Mf.', M;V 
■SMMfO*       ••.■   .   -MIW..,-   ,   .r|p.  .  .„,,„. llW .„]IKl^. m 

ri(.'fp.iir"s oi (i,,',', nc, 

uHBiiv USH. Hsu. usi/ irsu ustir. mm „M),, K>l|7 T(5,IH 

ifsi.-o irr.i:i KSI,-,- KSI.-J twn iffi« irsi.-s 
FS rw    ma (HI DH, m ■ (1MI r„r, 

•••• tm -"'p- si.An re*. MVictWlt. o<'(p..i(»-s CPT .«m wfiiinr 

► I IM     Ofi m •. 
•i^s-   .   ■(■.(rs-      -iKvf- „w •ufipic,. .*, ,TnBS 

usdi-'n«. iisM nsm iftm tfstn; nwn 
1!. 'Of     o; i n-4 or.' ov. 

•«Mr     •niu-    -'MiiifP' <w -unif .*, inptn^ 
USiri fcif  u^ir,    FSI'-I usn.i irsii). 
IS 'CIP      Ml  DM -i«:. ew) os.l (171 ..pi 

WOf'cip""'^!^   ,f',*"1"* "   " t'rt""i ""*"«•  ••p«,>t" 
> 5- f OP      OSS. 

KM ^ir"^ rP™* " " «^ ""^ ,Tnn,fn 
IS  'OP       0S7. 

•pforu-    •(('.• . .,.*'ns- , IMMW . •mm* ■ •vm* ■ •mies- 
F^W.^«; ',?'rs* ■ ■,'f,w,v ■ ''^ "" •"t,l",,?' f*' *»«< £ul     ?''m ■ '"*"' ■ •"*■"' • '**** ■ 'me ■ -sr.*- , 

usio-FOP Ksir. im? irsiH wtt nsns TISUB usnn usun «tM 
K sir,*. 

' :> for    Doi OM n«.', nf,7 M D.'I O/: O.M MI 07- 079 O.-S 

USlO-'t»'  1(511,-, 
»i 'OP      Of.'S M,'|5. 
•m»v    •,my . -up,,,,. lM) .HnH. 
USIO-FOP ... i , 
F s 'OP      HH)  DOI Of«, Oflv. 
t (•«Pino is II nniMiifM. 
ir-io-rtip «11.1 
»5-rop    mi. 
IW.S  liiv.1  .*■(   WP„)(rr, (I.   r,lt¥r, (,.;. ppfp,,,^ c»  niW pp, 

0Prp..in«5 (F (,,« (,,„. .^p^. „p^^ (,PSnNit ww>|||i 

POS..f'.s /T   PPOWINS.  PIM»«.«.  »NMMI.  «K«'0S I«) «(IMIItPS 
s»«niin 1« ciifN niriiw.*. incs mwiiw. ((«is« IMIMCS. 

«*11 

IfC 

MIS 

NHS 

»9 

<. CHIF#  MIKI -IS' M HHUFSl PP{C(0(NCt   HMO IS mi.uo f.S  If   THT   -IS- 
i»(i na oerPMiop -(011.11 •. 

OSIO'OP •ill.. 
IS'OP      mi. 

.1 r»W  ■  11« fCH'M .s-i i.'-i 5 r • ..5 (MM' I 1 ■ „s- s.4 v-: s 51 

Mil »•! .iNO IK "Pf KW WMi. (in«r( mr s 5 »M RQtNIt or 
SIPINC.S.  ..NO kMPf   Tlif FICST «Pfl is Tiif  HIIKtl t,''(C(0INC(   (LEMtNI 
0»   nt mi* ■  1P..NSF0PMS  10 0 Nfli IMM   [If   lii(  ((iPM 

<%•: • IK NwiP o»- s 3 s 1 u-i • in m Nimp nc «ss ^.4 u-n 
Hsio-Fop Ksm Ksiro, 
.S  '(IP       M.-(. 

« mw o« iif roPM -si i.-i • ms MHW«- rt>l ■ ..s- st u-r s-si UVKPT 
.'i <.ND v-r si.ivi FCP na ITPAS. .»«PI m s-s .« stcfuvis OF 
SiPlNCS.  F*(0(MP(  Vl   is lir MKMSI (''■(((OFNTI   (UFifNI  Of  Tit 
TKINI , IPHNSFOPMS in n mm c(i.»# OF TI» rem 

•   11«   «Ml* OF"  5-3 51   V-1   •   IS   1(f   1UmP.  (IF-   SS  |M   V-?l 
HSIDFOP ■   ■   • 'r 

'? 'OP     'IJo 

«1 "fpfl imrti .Ms T.*fN p.*r IN n TP.INSFOPFVIII(IN W KIITOP II«S irs 
rp(r(D(Nr(. 

usio 'OP usni KSKG rrsiro. 
1 S «OP     M.-n mo ns" HSR. 

«. I«P« (.IKH is it« Hin»csT-PPfc(mNC( an«« OF .. MM. «NO WHICH 

CMNNOI l.-t r.*l   IN ..N«  IPMNSFOPMftlKw,  lewi  us PPECIOFFKI,  f.NO 
m coNi.uNiNc. cm»* t»m ►«•■T »NOTIFP rptaotNci SDIN 

OSIO 'OP   1(ST4   1(ST|3. 
IS FOP      M4II. 

■ MM Of nc roPfi .si v N x s-:i . untn n« s'S M| nnm or 
SiriMC-S. («Pf  t  IS « SINCU HOPO.  UHFPt  ^ |S R 1Um9,  ftNO NHEPE  V 
is.. iifPB MB in MicHtst-pptcroiNa nimm 9 11« ov*. 
IP,*SK»mS TO 11 NTW MM Of Tlf »o»« 
t« Tir WI««HP (»• » s 1 u • is- <« s-n 

USI 0 FOP. 
»$ FOP      MSP 
INIIP      nso. 

" MM OF ii« roTM is »MM , »ect s is N SIPINC. HJMW. WPT X 
1R .1 SINCU MM. M«N N IS 0 WJFIWP, Mi («Pt M IS (i um MD  IS 
11» MMIt-PMOMWI dtMNl c» tic CiW# . MMMMM TO n ww 
MM » nc riM i* nt MMM M* 111«• trin 

ISIO (OP USTII   tfSHB. 
(S-'OP     MSS. 
iNir»    M(,O. 

< MW MM   T(k»T  |R tm PtSUT I    ft IPftNyOPtViUtN MIST UNOfPCO T(€ 
PPEffCHNCf  Sti'iN. 

HSIO-'CIP Trstn trstiB trsirp. 
(S-roP     M;n HJP (ISO MSS. 

« PHJP.1I. IICFUNT UVMVWfi TO «TIMIS- fOlOHtn Br Tit  SlNGIlf* (OPM 
Of Tit PUP« tUFtNT.  If  TM PlUP.lt  IS PMCIOIO tlf A NUMBfR. 

f. 



i i';ii»,r.o' u» mvwtaM nmtwwt SUrti» 

•«IM.  Mill   (»tlfl  t ti-.c-.Mi^''  in IMI(" MHin 
•IMIV   HIM    ('(HP:   in« >( I (*'"('     •'» •   ('WMf 

uiiDir«' »%ih ii.i' u'ui mn? nsn1.. mi» it^iiM «wni IHIJ* 
1F\1,V 

Ntiui   if ii M'c.'iniiC tnm m M Ht*9 i!i iTinmo m n» '.^lf|0l(, i . U*H 
?.HCII»II III   1'iiCli.) ntlliriK n»M III  (mMV •llit'.iV 

UilO'O' IIVI.-. 

IS-tV     NK" 
mil    I»  i'» in'ii'Mif«-' •(#' i'. i'i(ifitfi in .iw.iwiip. ii MKVM (ii>«40 in 

■IIMI',-      OUkmiM   M   ihW »N (l^'(C"t^l^, 

IC-,! nie«' Mil   II n   U'-H  USI3 USlfc IIMI'i ''>    :   Willi' TfV.'l  Itttn 
'r.;i.'... 

i:, ft»-    »if,i, M;'.. 

iNiir      i",. 
wir   WHIN II rmiNi   p. miN':.n»'Min Ht •■ '"isui (» i»i"l*  i "l''H »S PS 

mi,'« M i'i'iri niNu ir'Ni. ii is n VH inw . i« i vn ittifHiü 
!,!«:««0 in trmn n'. MimtiMe IN m tK»   "W >■ i*u ITIIHIHAI 
r.rnN  !.MIHil 1)  (l(   IKiM . 

UMP-tew '('■■HI  'ism. KSI.M 
i <;- r (V*      MM lfm iit.n ir.t, 

sni3   in-KN Kin MITV, IJI  i.iioin in H rn.Nt  -IIIIP II»  ini'lm  tMti  "»> WM 
(it  Wttfll i* l« INS |ti ii»  fii'iv« . UHTI ril(">'«i PintWI '"'S HW 
IK (■"iifn, 

irsm-'n»' '(«.M ii<-,i', '(<.'- usin iisin mtir MUKi '(SMi; 'fS'in 
M ;' in usi ■■• iisi -r, if si,-.-, 

i v '(»'      i'"1' M>rt iiso iiv. rniii I«.,- f I'. ( r r',n f.; f I'l 

■   •     KT 

»/ci     '•»■ nic^.i'.'. •!'  iMtinttO "i"     "r. nniifi iv . MW 'W ivifusfi) 
di* Hi  fii-iCMir»-', Miiwuir ri'i'iiirTii IW "iif»1;' . •vimIINI" 
nvi -n II- -. 

Uli (). f P".-  i (' ' i 
I S- f C»'       1 ,'  ( ',  I Ii 

IKII. 1 PI   '   •'  MM« 
•A.'"     n«»« s in .•| i»i '•••ir»'', 

r(iN>.i .iiw. 'ii  •i'.- 
l'tlC',.M ■,   f (iMnlklll.V 
"'KCi.'/I.'li   iv I« IM   1(<- ir.Ti   t'ltfSSKXS MM mAMW «A" 
•[ AM ' 

ir,i o f r«' >' i 
i:- '(*•    i: r■.. iH ( II r;-■ CM. 

I T:4     ciPfP'iUH". I >fti,i  •'.1i.i.<'|- .v> 'VAWff •*• (»•('■••id"'. '.TI*'||K'. HIDI 

•!'.• ,.f( (.,.'C'i(o (r.ii' nii'trn i INKI IISH n»»:. t>pifv.i(«ft <(*> "« 
tMW '. in'    iitri»1 w, 

iiy D 'r» i n Hsn 
is inc     ( if (  '. i<•■.. 

VT«      M fmiM   inni II nil.'»'•! II'I'THVII   IITI ri.i IIP niii Hi. l-l'f'l   'S.ii.*'! • •■NO 

■r.'.-ii"',fn'     K; :/i M VI>I< iw VM IHMV  urn m   IM IW C» H* 
iff I (IPINI   n«   (.*«  .i-, n» VKSIIM. p"•," 'WC*  ''♦ l"' l"!1'* 
II»   uni'o ni'Hrti,  in ii,   (K; (»   it« nr./'  H ri'i <.i v 11 •<. n« 

(ll'l f'"'!»'.   l"'   ('«f»    IH   PIMM   (l«INi   (llrM'li   If!   II'   PII.III   t»    II» 
miPii'i  riPI" M Ninr. nf («■(i'Mir»'. ('Vo Pipn i w c  n» PIIHI en»* 
..i  im  iii.ni iijn pi  in  («'iriu.« rniv 

iisin fn»1 i.i i 
i «. rr»1      Min r • i'. IB r IH r i- ( '- f.-'.. i-.- ry, It», 

NCh    I»»N ii ntM   r. -PI n. m; vtMtis <ii m '"imiv. pintu mtntiis n» 
(»•fPLiIT.' I»   mi   IT--.i» 11 >jr, | iri'isi,)!««. II||>I lit  lOVIHHNM   "t 
l|M I..,II   (i<   ii»  riiiwi   iiirrwin. II»  llfl Iff NW V   n» l''P(5SI0N 
..NP mni ii* i «PVic.Mrr« in  ii» PII;III >i.d( urmUR n» PIIHI 

nctr.Adi 
ISIIJ-fr»' mi . 
IS for      inn r." ('   (n (IM r;- f.-'., CW W t •■" '. ■'. f.tl. 

rtTIi      Ui»N  ■■f.ii.Pf ■•   |S n.J'Mp M| liI(,.«M.mriTti<l,i  (»iPiilfv |»   0 ruuM .   |l 
1'. II IIMMI i ■ inWHIM   iv'li'i.ir»' imnM   (ritvvo m n« IPPIKIN If   'm 
KiNimuiif,  (miM  in 'i« CIMII (» ii» •v.iinif. 

iftlDinp itsu i|-,,;(, 
i'.rf»'     I i'. i i". 

HCV      l»»>» *M|MfO'   I'   ii.<iin •> HMHfl I'PirifHM!  iriPi.if*' I»  fid»»».  11 
m n iiv.*i i   IWMtM    irii'..irip H«I«I («if.^p is IM ppPiliWllf  IH 

UWiHlNIW  IHM   m <i» in i !<   'i» IIMU*. 
uslo■•n^•. 
IS ff»'      ' .vi ts.. 

WH     ii« i ^ iff v. i (IN KI'CCINKP (ii M iwi»1! [iptMxiii* n',f^•lllnl• wrtws I*I 
»'ir..Nl>  IN  H»   l<fV|SM(iN (»   II« nWMR'O   'I»  IONIIIIHII«. tMW i 
ir  ii« I'IHIIIIII.MP ||up) (IHM.. ii ni.»»ii siomi iiri.nit u» iwi*! 
Mftiii*« («n («'(P.IMI IN urn rrmiMIT '« 4IW "» mo I'ppissinNS 
iti M »r.im IHPIPIMIINII r. 

LlSIO-fpP  If««. 
IS-ft»1      I I'.i I •■H. 
INK»        tl." IV- 

NT!!      « lIMif't I XfWVMi«. (»IP.IU»» in«, -f>pr IIS US VfPMI* HUM MS 
nPtP.iNn Mf nir. us ti« 'P'Si (»tPi#« t» •i'i,r »m MUM •.- vis M 
«rOND ClttP*» C»   -(»Pf 

USIO ((»' '(SH  l(SI."C. 
•S 10     (!!• tl ' IS" e\>:. 

Ntifi  wnfti II I»II*T priPflipp on*»  is siPufiiiro ippn iis UMMtMW CMIK* ■ 
II»   rONIiilMIMC. V\t*   »(OS i< P»^CIMW(   SrnN:   II«  IN.*I r»PPfSSIW 
si«io w IPWO ni '«.iniwr. n« VlMlu '*& SKIIND nftPixwo. 
riMMti MW II«N SPI.H « i» o niM.*'! pptPiiir»' (»rpfssiDN. 

ir-in IPP USM KSVG. 
is-fpp   nr. tl? r."" t:: tsn ts: 

wn   HN i>''PfS5im is II iPtr siPt«ii»'( o» n« 10"» '" t. ci i»«Pt • is TI« 
c«(Piir»'. (. is II« tPtc i>p«-tssic». nv m i(f i cutPiiM). PNO C IS 
II»   V*«   fpo  II«   PIPMI   CIPf P^ffl 

nsioin»' MI 
is IPP     rrn t.T. C"0 

NCir  MI i-pcissitw mm (rrpniPF •CXMC HT TI» K»' ifi.«i is m IOUMTION. 

IIMO ipp mi.. 
is IPP    «in r%< 

NCH   n* i>pprssim if»' ii« HU nciP.iNO (» n« («'(P.ITPP •(giw is 
SIMTIIINC. in iiMKM fi niiii»! nM4i rnNiniNiw. •wit' "«T ctrtp 

usio-ipp Ml.. 
is •(»'    tit rp« rus. 
|i(l|r       rvrt. 

NTIC,  UIIN N nuiv is SIIT. ii« ppfrimwi SCHN M H» NTH rmiws sutmo nr 
nr»« PN m ii'i pi'tp.iNP rm»» Pifpxt it« PIPH ptiPii»© cmwi «iso 
iioin PMM MM K   ICl^MfO pi  NMMM ffrirt  UN» PPtClM tt 
ttMMHK IS PPNl 

|f?IO (PP «ill . 
I t;  fr».       rRH, 

^K.   ( irri«|ni«:, 17 IIHIIM H fiil|l»l  -liiIS' ^n Pfff sum«.') NPl HI  NPTCO 
liMIl  i<I(P M«  l<rP(S5in«( 15 fWTfP.  SIMTI   11»  rmrilWNIS (»   Tl« 
1   PPfSSICN 'm (.PNlnlH fi •M»W  i»IIfii CMPS Ml   •• > PPtVlOllS 
i >n«MM 

USIO 'PP 
'S fPP 
INIIP     r: rs en 

wi:    .* CI-PIV-IPN IS fOPMfO nW RMIWM W f^t^P l'Ppr(5SINC PN SUflPfWTS 
Mil M is PtiPr.Nir^n us » IVIPIIWI cniw (»> WI»N IT IS C(X»,OSCO C» 
1 Nil 1 IIS iiwi i*r it«»** 10 m so icifno. 

IMP fpo mi . 
is frv   P.TI vn tn i?n 

»   ■  ■    NP 

NP|      .1 VI. IMM   IS ftlPMIO 0' PtMVIIW 11 P.'     (If   Tl«  010 (MIW   IHICH  IS  ITS 
'•,*'(NI en«*. 

nsio IPP mi 
IV Ipp     M:II MJP M« HS'I CP tRi1 fi f* H P' P0 PH. 

NP;:    .1 Nvii in«* Ci* ii»« smtiioi IWPCO PPICIPINM KMIIMII IIUI ONIV 
,,M(P  |t MMS WIN llVniO OT   PtNilfllM..   UK   (KM   (»   MMICH  It   WS  H 
PtlOl, 

usio-1pp fill 
IS lOP     (b'1 P« PB PO 

> »  ■    If.'       .   ■. 

M      "»K  MOt '*!  PtP'OP«fO IN U^N (•« ft >«H 1WI11MI  rill»   TO 
MUPIH« U«TI«P 11 PlffPS TO 1*1 l>PPISSU»l( «»ti«» ►»«*(.  OR 
IMIUP IT is n MfH UNI«« pppnu» iv*'ii«iu i H 1*1» MB sxeccos. 
11« WIPII««! PtrtPs TO n pptvious CM. 11N0 11« pii«PS wra WT BE 
Ml. 

USIO '(»' Ml • 
is top    P.TI is "I'J 'SP I»',» I'ln MM iw. 

Mr    n» * M'Si ci«r» in nr IM» ON « MTM I^II«II( MW is WCTICP 11 is 
'i« «if»« CK» fO" n IWI«P» prtPnipp iuppir.sinN: if so. II PtrtPS 
10 IIWT IM«I pPtPPTdP MfPISSIt»».  »iW IS »fll   HSU»   ft iwimjlt. 

nsio-fpp Ml 
1 '■ 'PP     IS >'in. 

INIIP     nrs. 
W.M    ti« SUIINO rMFn ON P MM MMMU MM is IM" IM MWA 'TMIS' IN UC 

nrnv 1 11 so. 11 PtriPS TO n» MOST PtriNt IMMSMMi WICM W»S 
WHO fis 11 ppssinii PtrippfNi fo« n MM IONIHIMIW. •TMIBV 

ISIO fPP Ml< 
iS-fOP     VS »IS "."P li.*l. 

W4      II«  IIIIPO MO  PN ft NFU IV»>|i»n(  rHM*   IS 1»»I»«P IT MATCHES PNT 0» 
II». IMMII ftPliiOl SIIN IN m PPOMfM. 

Hlt-fP Ml. 
ISfOP     ITP Kl ITJ '.'.*» V.S '.'."ü US5. 

NVS      II  i**' t»  Tl« PPri'ld'-; fS IN 1S*|I*IIS IS INOf« TO IMU.H PN l»*V.IIP 
'■.«■Ii«!.  II MIO ND1 W  IIMMI PCMINST Tl« MM mWHM t IHIM.. 

HMO IPP Ml. 
is rw   v;p v,ri VTI IV* vre. 

*.*   in "HUM is («■»up («ii ipp« urt TO Pimi. rowMPiw nc TUO CMWS 
UCfO fPP HPPO. 

USIO-tO« Ml.. 



lifelWt« WM—II»W l'«»«W» 

^.U'l"» 

w. 

w& 

KfJH 

tin o-'p'' mi • 
l| ft»1    ww ":,,••■ wv """ 

tm.iNt   in umiH P Muirnf. 

HMD-int' ».I i 

UM O-l C»- MI I 

.„,.  ^^m«Tir , .n,^..——■-•"-0 

(P(»i lie imifr r»MI   I'. '»"• 
Mltt-IOC  UV.'  H%U W«' MMMiMVr* 

ei  n ruiiN" 

w,n :,\z,;^"-  —s-.^-^-^un.o .«*. 

>«, iv      •■■'•,' . . __,  ,„ ,„  „o mm ■ rrr.'IKO "«" 

U'T.IO-"1*' H»»r<'' 
,t,  rp»'        ''''■ „  ,,,,c   »CM   (»   lit   NllKK^i*   IN  "* 

w,ir. •-;rN;'-7-:.'v::.r,iT. sn* - - 

USID-'P" "' I ■ 
it. fO»'      "P" ---  ,M  ,f   M  mt) IM>|l«in< •♦.L 

usio'c«' .m 
i<,.roc     '"•', ttUt 'i1'1 

NTl 

m: 

WB 

Nfl 

UMO-'C*1 nw »IM». 

UMtt-tV '" I 
isrof     I» II« I.****»»'1» 

USIO-IO»' «l 
,SfC»'       I 111 IM I* • f"^-   ,   „, lk.   ,„  ,,. (nw   Mi^lINi   .*IIP 

^^oi'u^/.rus/^v.« ^r «ill «W *** HSU-.-. 

^^r^u'^s^-rv UMM uv,:-nvn UVM nsnH T,s,r.. 

iwor'«   ISM;- 

i5 re    t"1 

INK»        !**■ 

T 31- -^ ^^ ^ ^ 
tiSIO-fOP. 

i^.io    r» I» i«M*» TO ♦W' 

, ^W „ M w ^OBIIM ir n H.5 Ni «•*« ••« M "^ ' •'cr ' 
OP Mriics oto*. 

MB»-rV HS'P WtW IWW- 

Tr.iNOOP"«'"* fPOflSS. 
iMo-'op nw wiw- 
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