NATURAL-LANGUAGE INTERFACE

FOR AN INSTRUCTABLE ROBOT

by

- Robert Eltoun Maas and Patrick Suppes

TECHNICAL REPORT NO. 306

‘November 15, 1983

PSYCHOLOGY AND EDUCATION SERIES

INSTITUTE FOR MATHEMATICAL STUDIES IN THE SOCYIAL SCIENCES

Stanford University

Stanford, California







(

Table of Contents

1. Grammar and Parsers

1.1 The Grammar

1.2 Preparser

1.3 Main Parser

1.4 Postparser

2. Semantics and Traanslation

2.1 Semantics of Atoms

2.2 Model Theory

2.3 Translation

3. Interpretation and Execution

3.1 Coercing Data

3.2 Locating References to Past Steps

4.  Learning and Imstruction

Reference
Footnotes
Appendix

Appendix

' Appendix

Appendix
Appendix

Appendix

Appendix

Appendix

Abpendix

s

1‘

2'

3-

4.

Training Steps for Addition and Subtraction

 The Parsing Grammar

.Parsing Demerit Classes

Translation Grammar

On Tramslating Idioms

Semantics of Operator-Language Atoms
Algorithms for Pérmuting TWo_Coluﬁns
Postparser Exception List

Datafiow Charts

Page

12
19
19
20
21
30
31
33
41
50
51
53
62
6
n

78

90

98
117

120







o

NATURAL-LANGUAGE INTERFACE FOR AN INSTRUCTABLE ROBOT1

Robert Elton Maas and Patrick Suppeé
Inétitute_for Mathematical Studies in the Social Sciences

Stanford University

The overall purpose of this article 1s to approach the problems

lof understanding the grammar and semantics of English by asking vhat is.
‘required to_implement a program of inmstruction for robots. The use of.
robots rather than ch%ldreu, for example, is to keeﬁ impértant problens
.from being hidden by_the verbal and perceﬁtual facility of children.
Childfen underétand too much that we cannot maké an explicit part of
theory. Robots, at least the kind we consider as prototypes, are

rather stupid and do not offer a helping hand to weak theories in the

way that children do. We alsc have put the emphasis on executing
pfocedures rather than the handling of declarative sentences in order to
focus on bringing the analysis and understanding of.language to the point
of executién- We recognize, of course, that one can test the understanding
of &eclarétive éentences:by asking for judgments of their truth vaLue, but
we are more concerned ﬁith procedures; partly because the kinds of.
responsaé required are more'complek.

We are especially interested in the problem of instruction. What

‘We mean by . instruction is.this- A robot, like a child at any given stage,
. must have available a certain set of primitive procédures-‘ A_cent;al
problem of instruction is to teach thg robot new complex proceﬁures By
formulating in English new procedures in terms of old ones. The very

first efforts must begin with some primitive procedures. To certain
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readers this may sound like automatic programming. Later we shall discuss

the ways in which it is different. In fact, the ideas for the instructable

robot came out of the extended experieance of one of the authors with the

teaching of elementary mathematics.

Our work relates in different ways to various earlier efforts to
develop speech-understanding systems, to provide a procedural semantics
for'perceptual words and phrases, o:.to write.programs that learp from
various forms of instruction. We say something about the first two ;opics
here and delay further remarks about programs that learn until Séction 4.

Winograd’s SHRDLU program (1972) is one of the best knéwn
speech~understanding systems. Its aim is to be ablé to.converse with a
person about manipulating objects in a simple world of toy blocks; The
system answers questions and accepts commands that ére to be éxecuted (in

simulation). It is designed to take account of current context, both in

the sense of recent past discourse and in the sense of the peréeptual

scene. Our system improves on SHRDLU most importantly in the interactive

facilities for teaching our "robot" new complex procedures. In other

respects our system is more restricted than SHRDLU because of our almost.

exc;usive emphasis on interactive instruccion.

The same general comparative remarks apply to such.receﬁﬁréfforts
as the Hearsay-I11 speech-understaﬁding system (Earman, HayESﬁRoth, Lesser
& Reddy, 1980). This system has as a goal the unaerstandiﬁg of spoken
language and thus embodies important'features.that we have not even
considered. - Apart from the handling of spoken language, the probiem; ,:
solving capacities of Hearsay~II much exceed ours. Our efforﬁs are closer

to the more sharply focused HARPY system {Lowerre & Reddy, 1980) for



understanding spoken speech, but even here the comparison is not a close
one. The only significant Qirtue of our system in comparison with these
two more powerfﬁl qﬁes is the one already emph#sized, is.e.; the capability
of interactive instruction to buiid new procedures;
The highly interactivé features of our system are closer to
central features of interactive theorem provers.fhan_to any of the three
- systems just discuséed. Several detailed.articles on such theorem provers
are ;o be found.in Suppes (19813)} Our interactive imstruction, like
intéractive construction of a proof, can be viewed as a dialogue or
cénversation between program (or robot) and person, but unlike the tﬁree
systems mentioned,; general problems of knowledge representation are
avoided. Complex proofs can be given or complex proceduresg can be
construcited, but the fraﬁework for either is sharply delineated. What
is critical is not knowledge representation but powerful methods of
cons;ruction. 0f course, neither the interacti#e theorem provers
mentioned nor our system described in this article are nearly as powerful
as we would like, but we do think tﬁat their current implemented
interactive features compare favorably with the éther'systems'discussed.
‘Another line of work pertinent to.our efforts, even though it
does ndt consist of developing a speech-understanding System, is the
" extensive work on procedural semanties of perception words, best
- exemplified in Miller and Johnson-Laird (1976)+  Their summary of coantrol
_instructions.éf cognitive.importance in human pefception overlaps with
our list of primitive atoms, although the earliér iist in Suppes (1972):

for our very restricted perceptual world is the actual initial source of

B
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our list. Miller and Johnson-Laird provide a great deal of invaluable
analysis and comment pertinen; te any speech—uﬁderstanding system Chat
aims to handle any significant part of the perceptual language of English.
Compared to the many issues they focus on, we have been able to consider
only a small number.

This article naturally diQides into four main parts; The first
section deals with the grammar and parser. As we shall diécuss later,
the parser itself_éctually consiSté of a preparser, a méin parsér, and a
postparser. The second section consists of semantics and trénslétion-
We translate pa;sed English into LISP operator language and then pfovide
a semantic interpretation for the new primitive atoms wé add to LISP.
Ihis is, therefore, not a pure‘LISP but an applied one. New primitive
atoms are given a particular semantics relevant to the particuiar
procedures being dealt with. Section 3 focuses on Ehé execution of
procedures and the interpreter- From the standpoint expressed above, we
are not content with an abstract or even a parti;lly abstract procedural

semantics but consider it important to give a full analysis of the

execution of procedures. Finally, Section 4 deals with instruction from

the standpoint of learning pnew procedures.
- The procedures we deal with in this article are all ones that

arise in teaching a child elémentary arithmetic; we emphasize that we

" include a perceptual componeant. Before saying more, it will be useful

"to give a very simple example of the parsed Emglish, the operator

language translation, and the execution of the operator language'

translation of one of our simplest English commands.



English:

" Look aﬁ the top number.

Parsed English:

(IMPERATIVE VPl+Advs look (PrepPh at (NP!+Adj$_number the top)))

Operator langu#ge translation: |

'(SEQUENCE.(LOOK TOP) (CHECK NUMBER))

Execution? '
Sequence«-.
(LOOK TOP}..

..I see 3’ at fow 1.(from the cop)_andicolumn ! (from the righc).
.(CHECK NUMBER) |

_fOk. |

oesend of :Sequence. .

The perceptual component of the procedures we consider is
admittediy highly schematized. The pe;cepual-plane is taken to be a
coordinate grid of uniﬁ squares, and the fecognition of a fianite
éiphabet of_symbols is assumed, with at mést one symbol occurfing in a
given unit square at any one iﬁstant. On ﬁhe other hand, the simplified
perceptual scheme hés enough éléments of realism, especiallyrin movement
arﬁund the grid in terms of current points of attention or gaze; that
it has been used for the detailed study of eye movements in doing
arithmetic éxercises {Suppes, then, Laddaga, Aniiker, & ?loyd, 1982;
'Suppes, Cohen, Laddaga, Anliker, & Floyd, in press).

| A.training sequence of gsteps leading to the'standard séhoﬁl
algorithms for addition #nd subtraction formed thé_test bed_of.initial

instruction for our robot program. The instructions were all in English




and derive from those given in Suppes (1980). To illustraée ideas, let us
_ restrict ourselves to the case of one~column additions fn principle, two
registers suffice in our scheme of analysis. There is é stimulus-
supported régister that holds an encoded representation of a printed
symbol to which the student—~-child or robot-—~ig perceptually attending.
In the preéent case the alphabet of éymbols coasists of the 10 digits and
the underline symbol. As a new symBol is artended to by a change in the
poiﬁt of visual focﬁs, a previously perceived symbol is lost frdm Henory
unless transferred to a second register which is non;stimulus—supported.
A typical iastruction for this transfer is ‘Remember this number’. In our
formulation the student is assumed already able to add'a one—éigit nuzber
to a given number, but this capacity could itself easily be built up f;dm
more elementary operations such as that of counting. The complete
sequence 6f.training steps and their opérator-language trénsla;ion is
- given in Appendix 1. The data flow of the overall system is shown in
Appendix é.
1. Grammar and Parsers
This section is divided into Four parts, first the grammar, then

" the preparser, next the main parser, and finally the postparser.

lc1 The Grammar

There is nothing very notable about the grammar we have written.
We had avéilable on the Institute’s computer system a program written by
Robert Smith some years ago, which will accept any context—free grammar
and parse utterances appropriately prepared in terms of the given. |
‘context—free grammar. The grammar we have written is strictly a parsing

grammar. It would not be adequate for output of English, because we have
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not in the present formulation provided explicit indication of subject and

- verb agreement, verb tenses, and other central features. We do not

pretend for a moment that this grammar is adequate to further develcpments.

but we have constructed it to have Something in é framework that was
already easily available to us. It needs to be refined considerably for
fqture extensions but it is good enough to exhibit the main featu;es of
concern in this first article om our apprbach to procedural_seméntiCSe A
typiéél‘ﬁop-level rﬁle would be.dne for conjﬁ;ction ofAseutenqes:_
Sl <- S0 Conj S1 | |
$2 <= S1, Conj S$2
Another rule that generates a complex sentence from.parts is the rule.
for then: |
“.S <~ 8 , then S
We also have the following rules to distinguish betrween declaratives,
imperatives, éud questions. The rules for each bf these are as follows:
S50 <~ D
SO <~ I
I <~ continue S until D
T <- continue S , until D
I <-VP
D <= NP VP

D <— Dadv NP

"Notice that the first two rules for imperatives introduce at the top level

familiar, but rather special, English constructions of importance in our

context. An example we used is “Continue doing everything from those

steps up through the most recent step, until you see a space’ .



Our fragment of grammar is rather standard, but we have also
introduced a number of specific details to handle the kinds of procedures
~we have encountered in dealing with our particular subject matter. The

full list of rules is to be found in Appendix 2.

1.2 .Preparser
Robert Smith’s parser, called ‘CREATE’, requires that input be in

a special form, one object to be_parseﬁ per line of inpqt, and all.in
lower_case- Some of ﬁur sentences are rather long (up to three lines}),
and we did not want to reformat our imput to have lineé of severél hundred -
characters. We also did not want to require users to tfpelonly in lower
case In very long lines and we did not want to convert our corpﬁs to this
special form in casé we later abandoned this parser. .Therefore; we wrote
a preparser, a program that converts tﬁe sentence format we useriﬁto fhe
‘format needed by CREATE. |

| We will not describe the preparser in greater detail because it
is a straightforward and relatively routine program.. We émphasizé,
however, it is a typical example of something that is essential to

actually have all parts of a language system running.

1.3 Main Parser

The main parser.program was written by Robert Smith, using SAIL,
a version of Algol 60. Various modifie& versions of it exist, CREATE
being the one we use for the robot. It has no detailed documentation,
‘but it uses a reasonably efficient algorithm for compiling a context-free
grammar into a set of tables that permit rapid determination of all

- parses of a given sentence, avoiding the laborious backtracking that would
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be needed by a brute-force algorithm that used the grammar directly

- without compiling it.

When the program is started, it first loads rhe grammar in from a
file (the syntak of .this grammar.file is given later) and complles it,'

checking for loops. A loop is where some symbol (token) is defined to

~ be exactly itself directly or indirectly. For example, ‘Sl <~ S1 P’ is
'legal because each time that production is used -an extra P must occur,

but ‘S <- S1° is not legal. Similarily, “Sl <- §2° and “S2 <=~ P S1° is

a legal combination, but “S1 <~ 52° apd °*S2 <= 81’ is not a iegal'
combination. ZError messages are issued if any illegal loops occur im
the grammar being compiled.

Once the grammar is compiled, the program awaits input of sentences,

i.e., strings of words to be parsed. The user must manually type the

sentence, .2all on one line, followed by a carriage return. The program .
then types out each parse of that sentence, one per line, i.e., each
followed by a carriage return. Input longer than the lipne Length of the

terminal will wrap around and seem to use more than one line, as will

" any parse that is longer than the terminal lime length. Reading input

from a file and writing output to a file will be discussed later.

The graﬁmar file consists of one ﬁroduction per line, each

~ production béing in three parts: (1} the symbol being decomposed,

(2) the decomposition, i.e., syntax, (3) the resultant output, i.e.,

semantiecs. The general form of a production is <symbol> <- <syntax> <tab>

M<gemantics>',

Here is a sample line from our current grammar:

VP <- VP Conj VP (325 313 33
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This defines one form of a Verb Phrase to be a smaller Verb Phrase
followed by a Conjunction followed by apother smaller Verb Phrase. For
example, if “look” is one Vérb Phrase, ‘see” is another, and ‘énd' is

a conjunction, then ‘look and see’ is parsed as a larger Verb Phrase.
butput consists of a three-element list consisting of first item #2

(the Conj) then item #1 (the first VP) and finally item #3 (the final VP).

Note that the three items in the list are the results of recursively

applying the semantics. For example, if the semantical representation

‘of “look” is ‘*LOOK’, that of “and’ is “SEQUENCE’, and that of “see’ is

“SEE”, then that of “look and see’ is “(SEQUENCE LOOK SEE)’.

It.is possible to give the program a command that will enable a.
trace of the syntax tree for each parse found. The token symbol for the
top level is given first. Then it is replaéed by one or more symbols
according to one of the productions. .Then one of those symbols.is
fepiaced by one or more symbols according to éuother rule. Each line
has one symbol deleted and one or more symbols insercted cdmpared to the
preceding line. On the bottoﬁ line, each symbol represents one word of
the original sentence. The trace is thus a top-down analysis of the
éentence- Unfortunately the program has no similar feature for showing

the semantics (output). Here is an example of the syntax-only trace:



Pams

*look at the top number PERIOD

58

C{4,1) SEN PERIOD

' (7,1) S PERIOD

(21,2) S2 PERIOD
(23,3) S1 PERIOD
(22,3) SO PERIOD

(24,3) I PERIOD

(15,3) VP PERIOD

~ (3,5) VPR PERIOD

(17,3) VPR Loc PERIOD

(17,1) VPL Loec PERIOD

(18,1) VPO Loc PERICD
{(12,7) IV Loc PERIOD
{30,3} look Loc PERIOD

(29,1) look Prep NP PERIOD

.(37,2) look at NP PERIOD
(1,10) Vléok at Art AdjP N PERIOD

_(39,1) look at the AdjP N PERIQD
(13,1) look at the Adj N PERIOD

(40,2) loock at the top N PERIOD

11

(16,4) 1look at the top number PERIOD

Prompt (*) and input

'Top*leveL symbol

Index of rule used‘(has only internal_
meaning) at 1eft margin, then new

Line with one symbol replaced...

Final line, should match input lipe.

For exampie, in the last line “number’ was pfoduced from N7 using

rule 16,4. Four lines up, “Art AdjP N’ was produced from ‘NP’ using
~rule 1,10. The rule numbers have mno general significance but the rést of

the trace shows how the sentence “look at the top number’ is parsed. The
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_‘PERIOD’ at the end signifies the ‘. at the.end of the sentence as
typed in normally. The “look” must be in lower case because this

parser is case-sensitive and to avoid problems we havé.adOPted the
convention that all words will be in lower case. Wé also chose go use
upper case for punctuation and upper or mixed case for nonterminal token
symbols in the grammar. Note that when typing directly_into the parser,
the sentence must be typed exactly iike that, with all lower case and
with “PERIOD’ instead of ‘.’ at the end. The preparser, among other
tasks, permits more normal type-in of sentences, converting them inte

this awkward format.2

l.4 Postparser

The output from CREATE is not suitable for our purposes. First
of all, CREATE often generates multiple parses, due to deficiencies in
our grammér. These are placed one after another, and only look-ahead
can detect when we have reached the end of the multiple parses and
started to read the next sentence in the file- Also, the output is not
.prettyprinted, so it is hard for us to see from the output it makes
which parses (if any) are good when debugging the grammar. Finally,
thefe are usually many obviously bad parses in additiom to the one
correct parse and a few almost-correct pérses. With our present
context-free parser and our present grammar that does not know about
éase, mode, and many otﬁer things, we needed to flush the obviocusly
bad parses before further processing the parsed sentences. We thus
daéided to write a postparser, which collects all multiple parses into

a data structure, rates them according to acceptability of the parse,
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removes those parses which are inferior to ofhers, generates a warning B
when no parse achieves a desired acceptability level, and prettyprints
the single accepted pérse or the list of parses not inferilor to any
other parse.

The general mechanism of rejecting inferior parses is by weighted

~demerits. Each proposed parse is recursively examined, looking for any

" pattern that indicates an obviously bad parse, and checking the type

(case or mode) of an overall expression against the types of its

parts. Each bad pattern or each type mismatch causes a demerit to be

assigned to the parse as a whole. Each type of demerit has a number

-associated with it, and these numbers for demerits are added to decide

how imferior the parse is to a "perfect"-parse. That is, a weighted sum
of demerits is used to.rate che,badneés of each parseQ Among the various
parses competing for the title of "best" parse for a given seﬁtence,
any parse inferior to another is eliminated, leaving one or more
parses, all with the least weighted demerit.

At present all demerits have a weight of one (éxcept for one class
that has zero weight), and every seatence iﬁ our origiﬂal corpus parses
with a demerit score of zero. When new sentences are added ﬁo implement

new robot algorithms, sometimes there is n% parse at all that has zero

total demerits. In that case, a parse with the smallest weight of

demerits is chosen. Definitions and examples of each class of demerit
are given later.

After eliminating all inferior parses for a given sentence, there

1is usually exactly one parse remaining, which is'thep flartened and

prettjprinted to the output file. This flattening involves bringing
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obviously parallel structure to the same level of expressidu {parenthesis},
such as all adjectives modifying a noun, all adverbs modifying é verb or
other worﬁ, and subject-verb-object of a transitive sentence. These
structures were not already flattened when they left the main paréer
because the grammar was written to minimize the number of rules by
'decomposing structure one step at a time instead of all at once. For
exémple, we did not pafse *now look two spots down’ by_a special rule

that allowed‘exactly one adverb phrase preceding a verb and two adverb
phrases following it (“two spots® is a single adverd phrase_hére, and
‘down’ is the other adverh), and “look two spots down” by a completely
different rule that allowed zero adverb phrases preceding and two

adverh phrases following a verb, and “look down” by yet a third unrelated
rule. Instead we built all parses of this type hy two_rules, one that
allowved a single adverb phrase preceding a vérb and gave back a verb, and
one that allowed a single adverb phrase following a verb and gave back a
verb. These two rules.suffice for an arbitrary oumber of adverb phrases
preceding or following a verb, but instead of getting a flatfened parse
like *(V+Advs look now (two spots) down)”® we get a tree-like structure
such as ‘(VPﬁAdv {VP+Adv (VP+Adv look now) (two spots)) down)’; If the
main parser had a Wéy to make dotted pairs—-technically the basic.elements
in a list in LISP-~, which could be strung together to make a list of
variable length, it would not be necessary for the main parser to produce
such inscrutable output. But dotted pairs are not supported in thé main
parser. The only way to get rid of thé mess of nested 3-element lists and
produce a single list of variable length is by some additional processing

after the maln parser. The postparser does this.
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Here is an example of a parse before and after flattening by the
postparser. We have manually reformatted (prettyprinted) the
S-expressions for maximum legibility. (A fully-parenthesized LISP

expression is called an S-expression.)

" Original English text:

Continue looking at the next spot down adding and remembering
vwntil a bar appears

Output of the correct parse from the parser (ignoring about fifteen

- other parses that also appear before demefiting)- Note that A B and

C’ parses as “(SEQUENCE A (and B C))“ instead df the more reasonable
but not possible in the main pafser *(SEQUENCE A B C)":
(IMPERATIVE (CONTINUE-UNTIL
| V(SEQUENCE {IMPERATIVE
{(VPR+Adv (VPR+Loc looking
(PrepPh at (NP+Adjs.spot the pext}))
down))
(and (IMPERATIVE {(Shortform adding))
{IMPERATIVE (Shortform remembering)}))
(Subj+Verh (NP+Adjs bar a) appears}))

Correcﬁ-pa;se afrer flattening, which includes changing the idiom ‘A B

~and C’ to have the desired parse, and bringing sub-expressions up to

the same level as single-arpgument parent expressions, as well as

flattening multiple adverbs:

(IMPERATIVE CONTINUE-UNTIL

(SEQUENCE (IMPERATIVE VP+Advs looking
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(PrepPh at (NP+Ad]s spot the next))
down) |
{IMPERATIVE Shortform adding)
{IMPERATIVE Shortform rememﬁering))

(Subj-+Verb (NP!+Adjs bar a) appears))

Here are ;he two classes of demerits most frequently used by the pdstparser,
with an gxample of each. The number after each class name is the count of
ﬁimes this demerit is applied in our whole_corpus of tralning steps.

These are in descending order, so the most important (troublesome)_caseé
are first. The exclamation marks all over the place are an artifact of
Utah Standard LISP, which treats hyphens and plus signs by default as

punctuation, requiring a prefix to make them be treated as letters instead.

MIXED!-MODE (292)
(IMPERATIVE CONTINUE!-UNTIL
{SEQUENCE (IMPERATIVE VP!+Advs looking dowmn)
{or (IMPERATIVE VP!+Advs iooking'(PrepPh fof (NP£+Adjs numbér a)))
(DECLARE Subjl+Verb |
{NP!+Adjs bar a)
(and (Shortform adding) (Shortform remembering)))))
(Subj!4+Verb you (TV!4NP see (NP!+Adjs bar a)))). |
" In the above example, an ‘or’ joins an imperative and:a declarative.
This is clearly wrong because conjunctioﬁs are supposed té join
phrases that are parallel in structure, such as two ilmperatives, or
tWwo declaratives. There are other obvious errors in the above parse,

L L4

such as a declarative sentence {(inside the ‘or” part) whose verb consists
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of present participles instead of present-tense forms, and the use of

‘or” instead of ‘and’ to terminate a.sequence, but our postparser

does not presently detect these errors.

CONTINUE!-IN!-DOUNTIL (77)

(DO!-UNTIL

(TV!4S continue
:(SEQUENCE _
- {IMPERATIVE VP!+Advsrlooking (PrepPh at (NP!+Adjs spot thernext}) down)
{IMPERATIVE Shortfarm adaing) |
{IM?ERATIVE Shortform remembering)))

{DECLARE Subj!+Verb (NP{+Adjs bar a) appears})

The problem here is that the grammar is redundant. Any sentence that

parses as (DO-UNTIL (TV4S continue e«.) «..) will also pérse another

better way in which ‘continue” and “until® are treated as a single

idiom. The robot 1s set up to understand this idiom rather than to
attempt to handle ‘continue’ inside an “until’ structure. The
grammar—production for “until’ by itself is set up to handle sentences

that do not contain the word “continue’ such as “Look down until you see

* a number”, but a context-free grammar can not easily exclude the use of

one production inside another.

The remainiﬁg demerit classes with accompanying examples.are
given in Appendix 3.

For practical work it is almost certain that certain exception

lists will need to be added, because it is not possible to make a
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"perfect" postparser that eliﬁinates 1007 of the bad parses for correct
reasons. We have done just that, creating a file of bad parses that our
prpgrém cannot presently eliminate by any normal means. In some cases
the bad parse is obviously wrong, sometimes in rather subtle ways, but
where there is mo simple mechanical rule for eliminating them. In a few
other céses there is a simple rule but modifying the daisy-chained
postparser code to try to include these cases was deémed too_diffieﬁlt
_tﬁ be worthwhile doing at this time, considering thatVWe plag ﬁo rewrite
the postpa?ser to be table-driven anyway. These latter willrbe included
'in a proper way when the postparser is rewritten ﬁo be table~driven.
Both these non-rule cases and these rule-but-not-programmed cases are
included in an explict exception list. When the parsed Eﬁglish exactly
matches any of these exception-list parses, it 1s assigned the_demeric
KNOWﬁ—REJECT-PAR. The complete exception list is in Appendix 8, but we

present here one example for illustration.

English: ‘Write out the answer in the next spot open.’
The bad parse is:
. (IMPERATIVE TVI4NP
| (TV!-IDIOM write out)
(NP!4+Adis answer the
(PrepPh in (NP!4Adjs spot the next open}))})
This parse Ilmplies that something is to be writtem out, but without a
-:iocation where to write it, and that the exiscing.thing is.the'answer
in the next open spot,.i.e., the answer is already in the next spot
open before writing it out to location unknown. The cofrect.pafse for

this sentence is:
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(IMPERATIVE VPIl+Advs
(TVI+NP (TV!-IDIOM write outj (ﬁP!+Adjs answer the))
(PrepPh in (NP!fAdjs sot the ne#t'openj))
This good parse ptdvides a place fbr the answer to be writﬁen, and the
object to be written out is merely the ansvef, which does not have to

be already in the next spot open.

2. Semantics and Translation

To get to semantics we translate from parsed English to operator

language. The semantics is then easily specified in terms of the standard

syntax of LISP. We first say something about semantics and then tura to

translatione.

2.1 Semantics of Atons

In our applied version of LISP, three kinds of ﬁrimitive atoms
occur. First, there are operators. Examples would be LOOK-AT and ADD.

Second, there are actors. In this case, aﬁ examplé is DEFAULT-NUMBER.

. Third, there are data- An example would be BOTTOM. Use is made of the

standard atom NIL but this never appears in any printout and is in one

“sense not a proper part of our operator language.

The semantics of operators follows one of three patterns. One

pattern is a standard recursive evaluation of EXPRs in LISP, whereby each

- of the arguments to a function is recursively evaluated before calling

the function, for example, the standard LISP function LESSP for numerical

less than. The second is treating the arguments of the operator as data

and passing them to special coercion routines before performing the main

operation. An example is the operator SUBTRACT in our robot operator
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language, which must have its arguments coerced to numbers by calling
COERCE-TO-NUMBER on each. Another exémple is the operator LOOK-DIRDIS
which passes its first argument to COERCE~DIRECTION~TO~DEL-COLROW and its
 second argument to COERCE-DISTANCE-TQ-NUMBER. The third pattern is a |
case analysis on the operator’s arguments and .in this instance nothing
‘else is called to'analyze the semantics. TFor example, the opefator
LOOK~AT checks the form of argument beforehand and them passes on a -
sub=expression toranother function.

The semantics of actors mainly consists of search and return of
.a datum. For example, the actor DEFAULT-SUM searches the memory

stack as a database and returns the datum found as is.

2.2 Model Theory

From a model-theoretic standpoint the semantics is based upon the
grid world of_our arithmetic examples, which contains a perceptual componeat
based upon a small fragment of mental functioms as, for example, the opéracqr
remembér and a very elementary fragment of arithmetiq used in teaching
the algo#ithms of addition and subtraction, for example, add 2 to 7. In
addition, there is a recursive evaluation similar to that of arithmetic of
Boolean expressions which constitutes the logical compoment of.the model-l
Finally, there is a control aspect. Do something whether a given expression
is true or false. The truth or falsity of the expression changes the
execution behavior.

In this discusson we hgve distinguished perceptual, mental,
a;ithmetical, and logical.terms, but in the semantics of the operator
language no explicit distinction occurs. The semantics of the

' primitive atoms is given in Appendix 6.
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2.3 Translation

.The translation table éonsists of a set of token namés, énd.for
each téken name a se@uential list of rules. Each rule coaéists of a
_template (also called the “syntax’) and a result (also called the
.‘semantics').. One of the token names 1ls TOP which corresponds to the
'-c09~level parsed sentence that comes out of the parser. Other tokenr
namnes correspoud to,sub-expressiéns, a matter discussed below..

The list.of fuies assoclated with TOP is applied at the top level
of the parsed sentence that is fed inteo the.trauslator.. Sometimes the
TOP rules may also be used for some sub—expression :ﬁat is really a
. sub—-sentence embedded in the over&ll sentence, for example, if the
- top~level sentence is a conditional (if ;.. then «.¢) or a loop (do -..
until -+.). Other token names correspond to sub—expressions that need
different rules, for example, prepositional phrases and nouns.

To translate a sentence, the overall expreésion is matched against
the list of rules associated with TOP, excepr only the tempiatés are used,
not the seﬁantics- The templates of the rules are searched sequentially
until one is found that matches. Typically some idiomatic form of English
sentence structure is mafched en masse, sort of a gestalt.recognizer for
idioms. The first template that matches determines the rule to.be usad;
All later ryules in the list, even 1f their templates also match, are ignored.

| Fach template has constant*étémic parts, constank-structure parts,
'énd variable parts. The constant pérts are the places where an exact
‘match must 6ccur to accept the template match. In the case of an ;tom,
exactly that atom must appear. In the cése of.a dotted pair (thg basic

unit for building lists), a dotted pair must appear, and then the two
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branches of the template are matched against the correéponding branches
of the actual éxpression. All constant parts must maﬁthlexactly for tne
template to be accepted. That ié; if at any.poiﬁt in the matching
process a constant—-atom in.the template corresponds to a dotted pair of
to thé wrong atom in the expression, or if a dotted pair in the template
cor£e5ponds to an atom in the expression, the match of the expression
against that template is immediately deemed a failure, and the matching
attempt moves on to the template of the next rule in the list. The only
 place where the corfesponding suerxpressions'in the template and the
expression may differ is where a variable occurs in the template. Here
anything may appear im the expression, atomic or dotted-pair-

Once the correct template is selected,.the variable parts are
used. Each variable part of the template has a diffefent name that
corresponds to one of the token names in the overall translation table.
The samé name also performs as a pseudo—variaﬁle, which is now boﬁnd to
_the éub-expression at the corresponding place in the overall expression
of parsed-English. (In LISP this is called “destructuring”, as in the

DESETQ and LET macros.) Here is an example:

Parsed.English: (IMPERATIVE VP+Advs look (PrepPh at (NP4+Adjs number the toé)))
Template: (IMPERATIVE VP+Advs look (PrepPh at [NOUN])}) |
Succéssful match —Iresultant binding: [NOUN] = (NP+Adjs number the top)

The constant . parts of the template are “IMPERATIVE®, “VP+Advs” ét
al, in addition to the dotted péirs that are ugsed in the iuternél
fepresentatioﬁ- The one variable part is [NOUN]. The template matches

‘the parsed English because ‘IMPERATIVE® et al all match the corresponding
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places in the parsed English. The spot marked by {NOUN] is igﬁored duriug
matching. Then after getting the successful match, the pseudo—v&riable
- ™ [NOUN] * qorﬁesponds to the parséd—Eﬂglish sub-expression ‘tNPfAdjs number
the top)”, so that binding is made. | |
 After the top level of template-matching and pseudo-variable-binding

ié.done, the translator 1s called recursively on each of the bindiogs.
.Inétead of ‘TOP’,.the name of the variable is used, fof example, SNOUN
in the above example. The same process is.kepeated as many levels deep
_as-there'are further éseudouvariable_bihdiﬁgs. The results (de#cribéd
below) are paséed up, and thg pseudo-variable is rebouﬁd to the final
result from translating *(NP+Adjs number the top)” éccording to the
rules associatéd ﬁith *NOUN’. In this example, the result will be:
‘New binding: [ﬁor_m] = (INTERSECT-CUES (OBJECT' NUMBER) (LOCATION TOF))
ﬁow the original fule is consulted again, except Iinstead of the témplate,
the résult fsemantics) part is used. With the above example,.iu.our
curreﬁt translation grammar,_the semantics happens to be:
Semantics = (LOOK-AT [NOUN])
The ‘néw binding”® of [NbUN] given-just above is now substituted into
the semantics, replacing the occurrence of [NOUN] given in the
éemantics. The result is:

(LOOK~AT (INTERSECT~CUES (OBJECT NUMBER) (LOCATION TOP)))

When a template has no pseudo-variable spots, then no.binding
occurs; no recursive call to the trapslator occurs, and no substiturion
in the semantics occurs. Instead, the semantics is returned as is, as.the
result of the parse. This is how the recursion “bottoms out”, avoiding

infinite recursion depth. In the above example, the [NOUN] happened to
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invoke such a variable-less rule, thus'the recufsion depth was'two,
one level for the TOP~level matching, and one level for the NOUﬁ—level
- matching.

When a template has more than one pseudo-variable spot, each of
them is in turm re;ursiveiy translatéd, each with the set of rules
.assoclated with the name of the pseudd-variable- When all are done,
‘each of the results is substitruted for the correspondingly-némed
pseudo—variable in the semantics, and ﬁhat result is returned. |

It is possible to enable a trace féature whereby all of Fhis
recursive translation is printed on ﬁhe terminal, with éach levei of
recuréion causing a level of indentation. (To make the tface easier to
‘read, the details of each recursion are iﬁdented a half~level. Currently
a level of indentation is four spaces and a half-level is two spaces.)
First, the token name (TOP at the outermost lével of recursion)'and.che
expression are printed. Then the matching syntax is found aﬁd printed.
Then variabies are bound aﬁd the Eindihg lisc is printeé as an'ASSOC
list, i.e., each element is one binding, wi;h the CAR of that'element.
being the variable name and the CDR being the sub-expression ﬁo wﬁich it
1is bound. Then the recursion occurs on each binding, showﬁ at dgeper
level(s) of indentation. Then the new bindings which came béck.from tﬁe
recurgion are printed as “Results’ in the same way the initiai bindings
are printed as ‘Bindings’. Then the result (semantics) part of the rule
is shown, and finally the result of substituting the"Resultsf into ;he
*Semantics” is shown preceded by ‘==". Below is one of thesé traces, for

the simple example shown above:
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TQP = (IMPERATIVE VP+Advs look (PrepPh at (NP+Adjs number the top’))
Syntax = (IMPERATIVE VP+Advs look (PrepPh at [NOUN))) |
Binaings = (tNOUN NP+Adjs number the top))

NOUN = (NPfAdjs number the top)}

| Syntax = (NP+Adjs number the top)
Semantics = (INTERSECT—CUES (OBJECT NUMBER) (LOCATION TOP})
== (INTERSECT-CUES (OBJECT NUMBER) (LOCATION TOP)) |

'.Reéults =.((NOUN INTERSECT-CUES (OBJECT.NUMBER) (LOCATION TO?)))
Semantics = (LOOK-AT [NOUN]) |

== (LOOK-AT (INTERSECT-CUES (OEJECT NUMBER) (LOCATION TOP}))

Here is a more complicated example wherg.more thén one

- pseudo-variable appears at.one level of recursion. .(Note_that some lines
are too long to be printed in dng piece. They are broken at the right
margin and continue on the next line. Any line that

starts at the very left margin, except the first, is a continuation of

the line above.).

English:
Add rhis number to the number you remembered.
Parsed-English:
(IMPERATIVE VP!4+Advs (IVI4NP add (¥NP!+Adjs number this))
(PrepPh to |
(N!4rclause (NP!4+Adjs number the)

{that you remembered THAT!&SLOT)})) = ..
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Translator running with trace on:
TOP = (IMPERATIVE VP+Advs (TVHNP add (NP+Adjs number this)) (PrepPh to

(N+rclause (WP+Adjs number the)} (that you remembered

THAT&SLOT) ¥))

Syntax = (IMPERATIVE VP+Advs (TVHNP add [BOUN1]) (PrepPh to [NOUN2]))
Bindings = ((NOUNl1 NP+Adjs number this) ' :
(NOUN2 N4rclause (NP+Adjs number the) (that you remembered

THAT&SLOT}))
NOUN1l = (NP+Adjs number this)

Syntax = [NOUN]

Bindings = {((NOUN NP+Adjs number this))

NOUN = (NP-+Adjs number this)

Syntax = (NP+Adjs number this)

Semantics = DEFAULT-NUMBER

== DEFAULT-NUMBER
Results = ((NOUN . DEFAULT-NUMBER))

Semantics = [NOUN]

== DEFAULT-NUMBER
NOUN2 = (N4+rclause (NP+Adjs number the} (that you remembered THAT&SLOT))

Syntax = [NOUN]
((NOUN N+4rclause (NP+Adjs number the) (that you

Bindings =
| remembered THAT&SLOT)))
ﬁOUN = {N+rclause (NP4Adjs number the) {that you rememberéd.
THAT&SLOT) ) '
Syntax = (N+rclause [NOUN] (that [MOVER] [VERB] THAT&SLOT))
Bindings = ((NOUN NP+Adjs number the)

(MOVER . you)

{VERB . remembered))
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NOUN = (NP+Adjs number the)
Syntax = (NPfAdjs number the)
- Semaﬁtics = DEFAULT~-NUMBER
== DEFAULT-NUMBER
" MOVER = you
Syntaﬁ = you
.Seﬁantics = ROBQOT
- == ROBOT
VERB = remembered
Syntax = remembered
Semantics = REMEMBER.
== REMEMBER
‘Results = ((NOUN . DEFAULT-NUMBER)
| (MOVER . ROBOT) |
(VERB . REMEMBER))
[Semantics omitted because iﬁ uses a feature not yet explained.]
== (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY-NUMBER)
'Resu_lts = ((NOUN SOMETHING-ACTED-UPON ROBOT REMEMBER ANY-NUMBER) ) -
Semantics = [NOUN]
== (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY;NUMBER)
Results = ((NOUN1 . DEFAULT-NUMBER)
{(NOUN2Z SOMETHING-ACTED-UPON R@BOT REMEMBER ANY-NUMBER))
Semantics = (ADD [NOUN1} [NOUN2])

== (ADD DEFAULT-NUMBER (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY%NUMBER))

There is one special case in the semantics. 1f an exclamation

-mark appears where an atom {(word) would ordinarily appear, the rest of
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that sub~expression is treated specially: call some function to performr
additioual'processing before feturning the translation. The next

element in the list, at the same level as the exclamation mark; is the
name of the function to be called. Ordinarily this is T2-REC which
invokes yet another recursive call to the translator besides the normal
recuréive binding and substitution. The remaining elements are arguments
to that function, which first get all Qariables substituted just like the
-ordinary semantics part of the rﬁle. Thus any such extra call_occurs
after the normal recursion which gives sub-results that afe the new
bindings for thé variables, and just after the argument sub-expression
result has been formgd by substituting the sub-results for the variables
in the argument sub—expression. But this extra call occurs before
passing. this sub-expression up to tﬁe next 1evei of building the

overall expression to returne.

When T2-REC is the function being called, there are exactly two
arguments, the first being the token name associated with the.desired
rules to use, and the second being the form to be rewtranslated in that
way (accordiﬁg tb fhose rules). In the above example, at the spot where
we omitted the semantics because they used a mechanism that had not yet
been explained, that is what happened. Here is that portion of the above
trace now:

Results = ((NOUN . DEFAULT-NUMBER)
{MOVER . ROBOT)
(VERB . REMEMBER))
Semantics = (SOMETHING-ACTED-UPON [MOVER] [VERB] (! T2-REC

 ANYIFY [NOUN]))
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ANYIFY = DEFAULTfNUMBER

Syntaﬁ = DEFAULT-NUMBER

Semantics = ANY~-NUMBER

- ANY-NUMBER
- {SOMETHING~ACTED-UPON ROBOT REMEMBER ANY-NUMBER) -
As shown by the above trace, the rESuLts_from'recursioﬁ-were:

NOUN = DEFAULT-~-NUMBER | |

MOVER = ROBOT

VERB = REMEMBER
The semantics called for building the trivial expressions ANYIFY which
is a constant and [NOUN] which becomes DEFAULT-NUMBER, then passing
these two aréuments to T2-REC. The call then occurs, which has the
effect of translating DEFAULT-NUMBER according to the ANYIFY rules.
The result is ANY-NUMBER. This expression is then passed up to the
ﬁain expression being built. This is a list of four elements, the
first being the constant SOMETHING-ACTED-UPON, the second and.third
the values of MOVER (i.e., ROBOT) and VERB (i.e., REMEMBER),-aﬁd the
fourth this expression passed dp (i.e., ANY-NUMBER).

Here is another example:. | _

'Semantics = ({1 T2-REC NQUN-TO-PREDICATE {NOUN]) DEFAULT-OBJECT)
Suppose that “NOUN’ was originally bound to some parsed-English
. sub-expression that returned “BAR”. When.running the semantics, first__
T2-REC is called With"NOUN—TO-PREDICATE’.as.firsﬁrargument and “BAR’
as second argument. The effect is as if the pseudo-variable |
‘NOUN—TO~PREDICATE' existed énd was bound to the sub-expression ‘BAR’,

except that here "BAR” comes not from the parsed-English but from the
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translation of something according to the *NOUN’ rules. Anyway, the
translator is called recursively, using the rules for ‘NOUN-TO-PREDICATE”,
with *BAR’ as input, and suppose the result is “BARP". Now “‘BARP’ is
substituted into tlie expression in place of the ‘(! T2-REC NOUN-TO-
. PREDICATE [NOUN])”, and the result is:
Result:.(BARP DEFAULTfOBJECT)
This result is then returned uﬁ to the next level. =

| The above examples were given merely to illustrate the
mechanics of the table-driven tramslator. To show how the translator
is used in practice teo translaﬁe idiomatic'English from parsed form to
operator language, three extended examples of translating idioms are

given in Appendix 5.

3. Ianterpretation and Execution
Because the.operator language is standard LISP with the
exception of the primitive atous, interpretation_has str;ct LISP sense
in our éystem. The CAR of an expression says what to do. On the other
hand, evaluation is ﬁot standard LISP. In LISP terminology gverything
we do is assumed to be an FEXPR (an F expression). -Evaluation does not
take pléce without looking at the CAR of an expression. The CAR of an
expression 1s ordinarily a fumction, and this fupction decides when and
how to interpret the arguments and thus when and how to do evaluation.
For example, in st#ndard LISP consider the expression
| (PLUS X 3) .
The standard LISP method is to recursively evaluate the arguménts firsﬁ.

For example, suppose the variagble “¥’ had been assigned earlier the value 8.
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Then the function_would be eﬁaluated to give the sum il. In contrast,
when PLUS is.tréatéd as an FEXPR the trace of a computation would look
_the_saﬁe but.thé function PLUS would be called.flrst- |
It is also true that, in general, execution is that of standard
LISP but this does not mean too much because each primitive FEXPR has
- its own execution. Of course, this is irrelevant for actors and verbs
which have no arguments. It:is also true that étatistically most verbs
?ith arguments actllike EXPRs which havé the standafd LISP recursive

evaluation of arguments.

3.1 Coercing Daﬁa
Sometimes the arguﬁent given to a function does not meet the
: ﬁeeds of that function. For example, an arithmeﬁic functioﬁ, needing
numbers as arguments, might be given characters or variables as arguments.
In a stroﬁgly—typed lapnguage such as.PASCAL it is hard to get around this
problém, but in an object-oriented language such aszLISP where every -
object carries its type.around with it at ruﬁtime and wﬁere functions
exist for checking the type of an object at runtime, it ié not too hard
to coerce data of the wrong type into datarof the right type at runtime.
When the robot is requested to do an arithmetic function such as
'addicion, COERCE-TO-NUMBER is called on its arguments to coavert ihem
to numberé if they are not already. COERCE-TO-NUMBER calls the fuﬁétiqn
MAY—CQERCE-NUMBER to do mosﬁ of its wﬁrk. MAY-COER&E-NUMBER either
converts the object to a number or returns a fallure indication.
If {t falls, COERCE—TO-NUMBER then generates an errof message, sets a.
- flag indicatiﬁg a nﬁmber was needed {(to be used by an error-fecovery

procedure not yet writtem), and aborts the current step.
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If the object is already a number, then of course it is kept as

-i8 and the coercion succeeds. The most common case where the object needs

~coercion to a number is when it is a character of text from the ipput

data matrix. For example, the.charac;er—object !5 must be converted into
the number 5. The only other case currently handled is when the text of
the command coﬁtains a number-word such as ‘two’ or “ten’. This |
is converted into the appropriate LISP numerical representation.'”
The'opposite sort of coercion_happens when the command ‘is to
outpﬁt scmething, for example, writing a character in the arithmetic-
example matrix. In this case only characters can be written, so whatever
the argument is must be converted to a character. The way it ﬁoes this
is to do an EXPLODEC and check to see if the length is 1. If not, that
object needs more than one character-to print,.and cannot. be coerced
into a single character. If the length is iﬁdeed 1, then that single
element, the single character in the print-name, is returned as the
result of COERCE-TO-CHARACTER. If the datum was already a character,
takiné the only element of thé EXPLODEC.gets back to that charactef againe.

When we want to move the point of attention somewhere, via the

LOOK command, or when we want to perform an input or output at some

location relative to our current location, various words having to de
with direction must at some point be converted into actual coordinates.
That is the job of COERCE-LOCAT-TO-COORDS. First it converts keywords
into coordinate offsets. HERE is (0 0), LEFTWARD is (1 0), DOWEWARD
is (0 1), UPWARD is (0 ~-l), etc. Then it adds these offsets to the
current cocordinates to get the new coordinates. These are later used

as the actual arguments to the wverb function such as LOOK.
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3.2 Locating References to Past Steps

A major facility of our English-understanding robotics approach

'is.the ability to create program loops without the artificial methods of

standard programming languages. For example, BASIC has every line
numbered for editing, and GOTOs can specify one of these line numbers.
FORTRAN has lines numbered only when they will be referenced, and they

do not have to be in numerical order. ALGOL and LISP have alphanumerical

= labels, again only when needed. But all of these methods are artificial

compared to the way students in school are taught algorithms for
arithmetic. Even explicit loop primitives used in structured lahguages
such as PASCAL are unmatural. Imagine the very first time-yoﬁ are guided
through.column.addition you are.told *0.Ke, mow here’sra loop that willr

be executed over and over until an exit condition is satisfied, and here

are the steps in the 100p «v¢ svo «ss” before any of the individual steps

has been performed even once.

‘We adopted the following approach, which is the closest ﬁe have
come to the natural method. First we take thé "student™ through the
individual steps in the loop one at a time,.with no reference to any of
the steps being."in a 1obp" and.uo mention of specially marking any of
the steps with a "label”. We require only that the_studeﬁt keep a list

of the steps in sequence, possibly translated from the description we

' give to his own internal notatlion. Then at the point when we have guided

the student through all the steps of the loop once and we are ready to

collect them into a "loop", we refer to the first step in the loop, not

by numerical order but by'cbntext- We can either tell the student all in

one command where the loop starts and ends (it always ends with the most

R
w
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recent step before the loop-making command) and what the exit é§ndition-
is, or we can separate the label-makiﬁg (context~ma;ching) part ffém the
loop-making part, as wé féund necessary due to deficiencies in the parser.
But in both cases we need a way to specify some past step based dn'context
{(syatactic) information. This is the job of NEWMAT, the new pattern-matcher
for past steps. (Previous versions did not work in difficult éases, sQ :
the routine had to be completely rewritten using a different apprqach-)
Before.discussing the internal workings of NEWMAT, let-us discuss
its external interface and how it is used. NEWMAT takes as argument a
list of cues into past steps. These maf be complete repeats of the stepé,
paraphrases, or very truncated skeietons of them. TFor example, if ﬁhe
original step was “look down at the next number’ the cue gi#en.tb"
NEWMAT may be ‘look.down at the next number® or “looking down at the
next number’ or “looking for the next number® or ‘looking ﬂowu' etc.
In all cases NEWMAT will find (or at least is suppbéed to find) the
correct step being referred to. Given a list of cues into past'steps,
it returns a list of numbers of those steps as currently listed in ;he
memory of the robot-student®s memory. Note that because earlief some
steps may have been collapsed into single steps,_these numbers do.not

necessarily correspond to the sequence of commands briginally given to

. the robot, and later if further collapsing is done these numbers will

become invalid. They must be used very socon, typically in the.gurrent
command or the next, to be valid.

-When everything is combined in a single command, it is in the form
*Continue oe« until ...° which invokes the function O-CONTINUE-UNTIL.

NEWMAT is called, and the numbers that come back from it are immediately
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used to fetch the corresponding steps from the memory. These steps are
formed into a loop which is executed in single-step mode with exit check

at the start and end and between steps as described below. Upon

- completion of the loop, any:just—preceding steps which.match.final steps

in the loop (after the exit condition) are rolled into the loop, causing .
those steps to disappear from the top level of memory and to appear at
the start instead of end of the loop.

- When the reference and the loop are separated, the reference is

invoked by ‘Refer back to when you ...’ while the loop itself is invoked

by “Continue doing everything from that step up to the most recent step,

until ««+’.  The “Refer back ...  calls NEWHAT which_returns‘a list of

. step numbers as above. But here all the numbers except the oldest are

thrown away, and the oldest is set as the value of a global variable,
which represents the label that would be preéent in an ALGOL program.
The ‘Refer back;..' step is not saved in memory for later reference
because it is not something that might later be repeated. This is the '
one exception (currently) to the rule that the student (robot) remembers
all past.steps executed. Then the “Continue doing.everything ses’
resolves the argument “that step’ by fetching ﬁhét saved nuﬁher {the
index, ise-, label, of the referred-to step), and resolves the argument
“the most recent step’ by fetching the number of the most recent step.

Tt then creates a list of all numbers between those two bounds, i.e., a

- Yist of indexes of all steps to be included in the loop. Finally ifydogs

the same thing as O0-CONTINUE-UNTIL, fetching all steps whose indexes.are

- in the list, making a loop, stepping thru it, and rolling preéeding steps

into it where possible.
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Thus NEWMAT converts cues into the indices of the actual steps to
be brough; into the ifoop, and those indices are‘ﬁsed to fecch the bast
steps to make the loop. Either qut the steps mentioned or all step#,
from the oidest mentioned to the most recent executed, are included,
depending on whéthe: the “countinue see until «++° or the separate-‘refer
back +..° and ;continue doing everything .-.° syntax was used. .
| Now we will describe the internal workings of the curreat vgrsions
of NEWMAT. It is given two itemé of information, its argument consisting
of cues to past steps, and the global variable listiné paét stéps:in
reverse chronological order. The first thing it does logically is to
convert each list into a list of lists of keywords. That is, each cue
and each past step is converted into a list of keywords, so that each .
list.pf cues or list of steps is converted into a list of lists of
keywords. In the case of the list of éues this is done en masse, via
MAPCAR, but in the case of the past steps this is done in a lazy ﬁay,
using a "lazy evaluator" to do only as much of MAPCAR as is needed iﬁ
actual'proceésing. We shall not go into the details of thé lazy MAPCAR
except to say that it creates a partial list of results with a blip at
the end indicating the rest has not yet been computed and pointing at
the place in the original list where not-yet-processed data.reside.
When CDR is attempted at the point where thé blip stands, one more
element is fetched from the original list, processed into keywords,
and patched into the result list, then the blip is advanced past that
new processed data and the pointer to the original data is_advanced
past'the data which have now been processed. The reason for this lazy

MAPCAR instead of simply calling MAPCAR to convert all past steps en
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masse is that often a loop refers only to two or three past steps, and
if there are thirty steps in all it is a gross waste of computing té_
process all thir;y stépS if_thé'pat;ern—matching algorithm is not even
going to look at more than two or three steps. |

Ignoring the compiication of the lazy MAPCAR, the patte?n matcher
is a simple recursive functioﬁ» First the cues are reversed so they are
in reQerse chrbuological order, the same as the past steps. The first N
(lLatest) cue is matched against-the first (latest) past.step; If the

match succeeds, then the next (earlier) cue is matched against both

_thé same and the next (earlier) past step. If either succeeds, recursion

continues until a mismatch occurs or the List of cues is exhausted. If

tfailure occurs at any level, a retry of any alternative pending at a
higher level is tried- ﬁIf a failure at the top level occufs (éither
directl} or by all lower-level alternatives faiiing'somehow), the pointer.
into the past steps is advanced and the whoie process is retried. The

effect of all this is that if a success occurs, it corresponds to the

_MOST RECENT sequence that matches, and because it immediately returns at

the top level, all older sequences that might.also match are éuppressed.
Thus NEWMAT finds the most recent CONTIGUOUS sequence of paét steps that
matches the cues given.

Only one detail of.NEWMAT remains to be defined: in the above
recursive algorithm, when considering whether the keywnrd.list from a

particular cue matches the keyword list from a particular past step, what

-is the criterion for a successful match? First of all, keywords are .

coerced into a standard form of paraphrasing. Thus “looking”, “looked”,

and “look” all come out the same. This makes it pbssible to f£ind a match
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when the original step was “Look at the next spot down’, while the cue

came from ‘Refer back to when you looked at the next spot down” or
“Continue looking down, adding and remembering'. ALl V35819n370f the
pattern matcher do-this coercion the same.. The original patterh
matcher scored a success whenever any geywurd in the cue, after ihis
coercion, matched any keyword in the step, after the same coercion.
This worked fine for the main loop of additiqn and also.for the little
loops in both addition and subtraction, but was too lenient (ﬁiLling

to find a match) for the main loop of subtfaction, finding a'false
match consisting of only the most recent six steps when actually.the
past 30 steps were supposed to be’included. We fixed it-by reﬁuiring a

particular percentage of keywords in the cus to match any keywords in

- the past step. Note that we could not do the converse, requiriang a

particular percentage of keywords in the péét‘step to match keywords
anywhere in the cue, because of the possibility that the past step is
a loop composed of several small steps and that the cue is réferring
to one of those small steps. We needed a successful match evén:in
cases when one of the steps referred to in the cue was merel}'ohé very |
small part of the large loop that was a past steps

We tried various thresholds, various required percentagés of
keywords to match, to see which values of the threshold got a faLée
match that masked the deeper correct match, which values skipped-éver
the false matches to reach the correct match, and which valueszékipped
past even the correct match to find no match at all. We found that -the
false match for subtraction matched half the keywords, thus we needed

a threshold greater than 0.5 to get past.it- The correct match matched



ORI NTE SNV IR N

V) et e

i

T ST =R D AR e AP

A ey 7 I AL AN Yo 188 1 F A P A,

o R A ke fe

TN

39

all the keywords, thus any threshold greater than 0.5 and less than

1.0 would be sacisfactory. But then we went back and checked the

‘threshold for the other loops, and found that the correct match for a

small lqop found only half the keywords in one of the cues, thus

requiring a threshold less than 0.5. This put us in a dilemma. The

. threshold had to be less than 0.5 for one match to work and greater than

0.5 for anothef match to worke. VIn both cases the English was quite
reasonable;, sc we decided not té force ;he_EnglisH to be modified to make
the pattern matching come out consistently. Our only easy_alternétive was
to "tune" the program, having a differént threshold in the two cases.

This can be a dangerous thing to do, because the program is so carefully

‘tuned on the test data it has been developed with that it cannot handle

other test data that is identical as far as human judgement is concerned

but for which the tuning is not right. We have tried as much as possible

_ to make our mechanisms general, to match parts of sentences in reasonable

ways rather than simply to hardwirg our program to understand exactly the
coﬁplete'senten;es we used as our training datca.

| Our solution was interaction with the user. The progrém has a
defauit threshold that ﬁorks in most cases, althdugh not, for examplg,

in the main loop of the subtraction algérithm. It uses that threshold

to find the march, and tells the user both the complete step that it
found and the number of steps from that step to the most recent step.
This gives the user enough information to decide whether that is the
right step or not. - If not, the user must supﬁly a new threshold to -try.
Again the program gives feedback and the user considers the result.

When the threshold results in finding the correct step and the user
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confirms it, the program proceeds with the rest of the processing as

_before. This method is not totally satisfactory since it requires the

‘user to understand the concept of threshold, an internal aspect of the

robot’s program, in addition to understanding the problem domain. Ferhaps
we should change this so the user merely says whether the step found

is correct, too far back or too recent. The robot would then use

. that information to pick a new threshold silently instead of asking .=

the user (teacher) to gilve it a2 new threshold.

'Fipnally, we describe the‘workings of the siﬁgle-étep mode for
loops mentioned above. Init}aily the exit condition is tentatively
located at all possible points in the program, at the start and ead

and also between each two adjacent steps. Then when executing the

- loop, if one of these coples of the exit condition is satisfied, the

user 1s asked if it is the correct cne. -If it is not, that copy is
deleted so that the user will not be_bdthered with the exact same query
during a later pass through the loop; If it is thé“co:rect one, all
others are deleted,'leaving just that one exit condition at the
correct location in the loop. If there is only one remaining copy of

the exit condition when the user answers "no" to the query, the

. remaining loop contains no exit coadition at all and thus can never

terminate. The single-step mode detects this error amd aborts
immediately, flagging the whole loop as invalid. When coples of the
exit condition are not satisfied, however, they are left as is, since

they may be satisfled during later passes threough the loop.
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4. Learning and Instruction

One of the most notable features of current work in computer

science and arcificial intelligence is the absence of a sustained

-effort to develop concepts and techniques of learning. A liberal

definition of "learaning" includes any change in behavior. Under this

 definition a computer "learns" when it is give a new program to execute.

In fact our work instructing a robot is very similar to programming

.in that we give the robot a sequence of commands which the robot

compiles into a more machine—oriented langﬁage and then executes or stores
for future éxecution. Our use of a reduced set of Englisﬂ is not even
ﬁnique. Recall that CbBOL was designed to be.like English,_and several
companies néw advertise programming languages that are claimed to be
fragments of English. But there are important differences between our
efforts té cfeate an "English languége programming language" and these
others. Whereas prior attempts have tried to make the English precise
in the éame way that programming langusges make theilr source langqage
precise, we allow ambiguities to exist in our English source laﬁguage.
During debugging, rather than requirigg the user to'go.back and modify
the English source to resolve ambiguities, we resolve_ambiguities during

a test run. Most of the resolution is obtained not by direct interactions

with the user but by intefactions with the test data. Thus 1f the program

has more than one interpretation, but only one interpretation makes sense

in conjunction with the test data, the robot can resolve the ambiguity

-without needing any help from the user—instructor. Even where not all but

one interpretation can be eliminated, the number of possible

interpretations can be greatly reduced, giving the user a small list of



42

interpretations to choose from. Furthermore, the'poésible interpretations
aré presented to the user as practical questions such aé *1s this the
right time and place to exit the loop” in the coﬁrse of working through
the test data, instéad of as in—ﬁacuo questions about.the structure of the
program. Thus the user is relieved of the burdenrof mentally simulating
the prbgram to figure out where the exit cdndition'needs to be, :hé robot
does the test run for him and asks fcf help at exactly the bpint in the

- test run when it is eésy for ﬁhe user fo see vhat néeds_doing and answer
.the'qnery correctlye. AlSé the robot is relieved of the burden of
anticipéting all possible proBlems before starting execution. Instead
the robot can plod ahead as if.the program were unambiguous,_and ask for
help only when it is already bumping into possible trouble. :We believe
this is amalagous to a teacher giving instruction to young.chil&ren, where
the child is incapable of anticipating all thertrouble he_will have in
learning a new algorithm, and the teachér is incapabie of knowing ahead
of time all the possible ambiguities in_thé student’s mind and giving:
unambiguous instruction from the start;

It is not our objective in this article to give an ﬁverall view
of types of learning or a classification of possible tasks. VWi;hout
attempting to give a less liberal definition of learning than tﬁe-one
~mentioned above, we restrict ourselves to the learning that is closely
associated with instruction. We have in mind tasks of the kind that
correspond to much instructionm that is given in school, especially to
young childreﬁ, for example, algorithms of elementary arithmetic and -
approaches to beginning reading. Many other perceptual and motor~§kill

tasks fall under this category of being explicitly instructable. We
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emphasize, of course, that much learning does not fall under this concebt
of instruction. It does represént, in our judgment, an area of great.
.importance and we are éoncerned here only with it. The.ceﬁtral feature
bf such Learning from instruction 1s, we believe,_the synthesis of
complex procedures from simpler cnes in accordance with thé instructions
glven, in English or some other natural languagea.

We now give a couple of coucrete exanples of new procedures_thac
wé synthesized from primitive prﬁcedures available. (We emphasize that
a limitation of the present system is chaﬁ_new procedures must be
“built uwp directly.from primitive procedures rather.than'calling other
complex procedures that have been previously built up-. 'The ﬁain reason
is that we do not yet have a mechanism for the procedures we build teo
take.arguments. They are effectively inline-code macros. rather than
parameferized subroutines.) . From a formal standpoint these examples are
trivial. They are meant to illustrate tﬁreé things: the use of English
fof fofmulating the new procedureé, the problems wé.encountered, and a
cbmparison of the English formulation of the new procedure to thé LISP
S—expreséion generated as the final product of the compilation of the
-_English. Note the compilation involves three parts, (1) the translatién
.of the English into operator language which initially contains some
‘ambiguities, (2) the interaction of that tramslation with the praoblen
domain, which resolves some of the ambiguities, and (3)_intera¢tion with
thé.user-(playing thg role of the teaﬁher) which resolves the remaining
_ ambiguities. This is different from traditionél programming of computers

where the source language must have no ambiguilties.



44

The first example'takés any addition problem in standard column

format and simply places in the answer the first row of:digits—-for
simplicity we assume that.the first row has as many digits as any.ochef
row in the exercise. The English that successfully coastructed the
algorithm was the following: | | |
Look aﬁ the top number.
Remember this number.
Look ome space down until you see & bar.
Look one space down.
Write the number you remembered.
Look at the top of the next column to the left.:._
‘Refer back to when you remembered the number aﬁd looked downe_
Continue doing everything from that step.up thru the mo#t rééent
step, until you see a space. )
The S-expression which is the final product of compilatioﬁ is
as follows: | :
((LOOK{-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
{LOOF {(REMEMBER DEFAULT!-NUMBER} o
{LOOP (LOOK!-DIRDIS DOWNWARD (DISTANCE 1))}
| (IF (BARP DEFAULT!-OBJECT) (DONE)))
(LOOK!~DIRDIS DOWNWARD (DISTANCE 1))
(WRITE!-QUT (SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))
(LOOK (INTERSECT!-LOCATION!~CUES TOP LEFTWARD)) R

{(IF (SPACEP DEFAULT!-OBJECT) (DONE}))})
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It is easy to estéblish the correspondence between the lines of
the S-expression and the English. The most important general.feature is
the use of the.‘continue'.ididﬁ to establish rhe loop. |

ThéIEnglish-is not as precise as the S-expression but.it_is more
readable and much gasier for.thé user tao unde;stand; The directions_giveﬁ
td the robot ﬁefé are more explicit than one would usé with é child but
.not enormously so. It would be easy to devise an experiment to give
jsomeching very similar to six- or sevenwyear—de children-: |

Because of the.length of the recofd of thé interaction by which
we constructed this simple algorithm successfuliy, we have not presented
iﬁ- We do give as an appendix the longer record of the second example.
However, there are one or two useful éomments about the kinds of
difficulties we encountered.with the current ve;sion of our program_in
constructing the algorithm given above. Firsc, we hadISQme difficulty
with the program’s accepting the English we first used for the third
line above. Our first try was “Look downward until werget a bar’.
Unfortunately the three words “downward®, ‘we’, and ‘get’ were ﬁot,in the
_ graﬁmar. The next attempt was “Lock down one:3page uﬁtil you see a bar”.
We got seﬁeral parses of this ipnstruction but no operator-language
traﬁslation. The &ifficulty was that the grammar treated “down’ occurriug
*before one space” as a preposition. In the parse of the sentence that
was translated inﬁo the proper operator language and given above, ‘down’

occurs after ‘one space’ and is classfied as an adverb.
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Permuting columns. This examble is more complicated but stiii‘

'ﬁuite simple. Given an addition exercise in standard format with ﬁwo
columns but with nét all numb;ré required to be two-~digit numbers, the
'algorithm pefmutes the columns. I; is undgrstood_;hat a zero is first
ﬁo be placed in the tens column of a one-digit number.

| The 23.English commands that led to sﬁcéessful construction of
 th1s algoritﬁm are ;he following:
Lock at the top number.
Look one spacé to the left.
.Look one space té the left.
Look one space to the righte.
If you see a'spacé w;ite Out a Zeroce
.Look here again-
Rémemﬁer this number.
Look one space to the lefte.
Write out the number you remembered.
Look one space to the right.
Look one space to the right.
Remember this number.
Look one space to the left.
Write out the number yoﬁ remembered.
Look oné space to the lgft.

Remember this number.
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Write out a space.

Look one space to the right.
" Look one space to the right.

Write out the numﬁer that you remembered.

Look one space down.

Look one space to the left.

Refer back to when you wrote a zero.

Continue doing everything from that step up thru the most recent step,

until you see a bar.

We feel that the readability of the prccedure described in Engiish
is very much better than that of ﬁhe genérated S—~expression: o
( (LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
(LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) :
(LOOK!—DiRDIS LEFTWARD (DISTANCE 1))
(LOOK!-DIRDIS.RIGHTWARD (DISTANCE 1))
(LOOP (IF (SPACEP DEFAULT!-OBJECT) (WRITE!-0UT 0))
| (LOOK DEFAULT!-LOCATION) (REMEMBER DEFAULT!-NUMBER)
_(LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) o _
(WRITE!-OUT (SOMETHING!~ACTED!-UPON ROBOT REMEMBER ANY!-NﬁMBER))
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))
(LOOK!~DIRDIS RIGHTWARD (DISTANCE 1)) | (REMEMBER DEFAULT!-NUMBER )

(LOOK!~-DIRDIS LEFTWARD (DISTANCE 1))
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(WRITE!-OUT (SOMETHING!~AGTED!-UPON ROBOT REMEMBER ANY!-NUMBER))

" (LOOK!-DIRDIS LEFTWARD (DISTANCE 1))  (REMEMBER DEFAULT!-NUMBER)
(WRITE!-OUT SPACE)  (LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))

.(WRITEI-OUT (SOMETHING{~ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))
(LOOK!-DIRDIS DOWNWARD (DISTANCE 1))

(LOOK!-DIRDIS LEFTWARD (DISTANCE 1))

(IF (BARP DEFAULT!-OBJECT) (DONE))}))

It is evident from this example that there are many obvious
improvements to be made in our system to provide a fle#ible environment
for interactive instruction. Some are at the level of language. For
example, it 1s desirable to extend locking to amy finite ﬁumber of
spaces, so that lines (2} and (3) could be replaced with the single commandr.
*Look twolspaces to the left’. A second feature coacerns access to memdryo
OQur "robot" can access only the top of the stack and the topmost SCaék-

" item satisfying some property such as being a number or a sum or a
difference, etc. Also the stack caunot be purged of items that are no
longer needed. This was no problem in handling the algorithms ef addition
"and subtraction, but is already a problem in the present example; There
are various devices in ordinary English for making multiple references to
memory-manéphoric reference being among the most prominent. We see no
problem in principle of matching the internal workings of oﬁr robot

program to these various devices.
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As we indicated already in the introduction it is not our present -

intention to extend our system so as to make it capable of general
knowledge representation. But as in the case of interactive theorem
provers, at this stage of development our aim is to handle efficiently

and easily the rather specialized facts and procedures of a given

restricted domain. Every major component of the system reported on in

this article can obviously be improved, and we hope to do so in the

future.
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Footnotes

1. .A shorter version of this téchnical report is being submitted
for publication. |

.2. When exéhanging data between the parser and.ﬁhe.rest of the
robot system, it us convenient to put the data in disk-files rather than
require that the usef type the data from one program back into the |
program that wants the data. A feature of CREATE redirecté all output
of parsed sentences to a disk file. There is no wraparound at.the.end"
of ‘1iﬁes on the tarminal',‘rather each parse is written onto one very.
.long line, with a new line only at the end of each pafse-' Auother.
feature of CREATE is that of accepting input of sentences from a disk file
inétead of from the terminal. Lines are read from the fiLe as if they
had come from the terminal, and ﬁhen end-of~file is reaéhed input is
" switched back to the terminal for more sentences or anotherrcommaﬁd to
invoke another special featuré- The effect of using both the above
commands is that input is read in from 6ne filé'and output is written
to another file. The only.communication via the terminal is the setup
barameters (what grammér fiié to compile, etc.) and the commandsrthat
switch'input and output to files. |

| The program CREATE is the only part of our robot scftware

system not written in Utah Standard LISP (USLISP). The preparser,
postparser,.translator, runtime environment; and overall control, are
all writteﬁ in USLISP. Unfortunately there is no interféce between USLISP
and another progranm iﬁ another language (such as CREATE) which permits

data to be ‘typed in” to the other program as if the user were doing
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it manually, or which in any other way allows data to be passed directly

between the USLISP system and the other program. (Our TENEX system

does have such a feature, called the “Pseudo Teletype” or “PTY’, but

USLISP has no function to make use of this feature.) The only facility
for letting USLISP talk to another program requires that the second

program {CREATE) run totally automacrically, getting ALL 1ts‘input from

-disk files, none from the terminal or from USLISP directly. This

faéility, called ZXEQ, also does not allow passing any oﬁtput from the
second program back to the USLISP program, but dogs pass all
ﬁerminal—directed output from the second program past the USLISP program
to the terminal above it, so at least the user can See any:
terminal—dirécted output the second program generates. .

We therefore uandertook to modify CREATE so that it could accept
its commands from a disk file. Unfortunately it cannot use a command |
from the terminal to tell.it whether to take commands from the

terminal or from the disk, because under ZXEQ there iIs no way to

get that initial command into it. The way we made it work is that it

looks on thg disk for the command file. If it is present, it goes into
from-disk mode, taking its commands from that file, and then exiting
when that file is empty. If the file is not present, it rumns in no;mal
terminal-command mode. Since there can be only one command file at oner
time, and that file dominates the program, preventing interactive use
from a terminal, only one person at a time can now use the ﬁrogram if
anyone is using it iﬁ commands-from-disk mode. That is, only one person
can use the.robot system at any one time because the user cannot

anticipate when the robot system will invoke the ZXEQ feature with CREATE.
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Appendix 1. Training Steps for Addition and Subtraction

We designed our robot primarily to be able to perform column addition
and column subtraction. The original training steps, developed in
-connection with other work, were modified slightly to provide the
English which was given to the robot for training. The two final
versions of the training steps are shown below, first addition then
subtraction. '

In each training step, we show the sequence of sentences that comprise
‘it. For each sentence we show first the original English, then the
operator language that results from it by parsing and translation, then
any subsequent transformations of that operator language and any prior .
operator-language sentences which are copied into the trial loop (in case
of ‘Continue ... until ...°). When the final LOOP construct is rotated
for optimization, we indicate the number of prior sentences that are
accordingly deleted. At the very end of each of the two training steps,
we show the final program that is created. It consists of each of the
-operator—language sentences in their final form, except those which were
deleted during LOOP optimization and those which were used for side
effect only (‘Refer back to when you e« ).

We also show the 1nit1al'ar1thmetic example that was used to
train the robot.

ADDITION (TRAINING STEP NUMBER 23)

Using example number 1.

=t

| 31

| 51

-1

+—t

Which training step? <NUMBER> [23]

~ Look at the top number.
(LOOK'—AT {INTERSECT!-CUES (OBJECT NUMBER ) (LOCAIION TOP)))

Add it to zero.
{ADD DEFAULT!-OBJECT 0)_-

Remember the sume.
(REMEMBER DEFAULT![-S5UM)

Look at the next spot down until you see a number or a bar.
{DO!-UNTIL (LOOK!-DIRDIS DOWNWARD 1)
(OR (NUMBERP DEFAULT!~OBJECT) (BARP DEFAULT{-0BJECT)))

Step=(LOOP (LOOK-DIRDIS DOWNWARD 1) (IF (OR (NUMBERP DEFAULT-OBJECT) ..)
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If it is a number then add it to the total so far and remember the sunm.
{(IF (NUMBERP DEFAULT!-0BJECT)
(SEQUENCE {(ADD DEFAULTT—OBJECT DEFAULT!-50) (REMEHBER DEFAULT'-SUH)))

Continue looking down looking for a number or a bar adding and remamberlng un
- til you see a bar. :

(CONTINUE!-UNTIL

(ROBOT!-DID (SEQUENCE (LOOK DOWN) (LOOK NUMBER BAR) (ADD) (REMEMBER) ))
(BaRP DEFAULT'-»OBJECT))

Past steps copied into the trial loop:
(LOOP (LOOK-DIRDIS DOWNWARD 1) (IF (OR (NUMBERP DE?AULT-OBJBCT} {BA..)
(IF (NUMBERP DEFAULT-OBJECT) (SEQUENCE {ADD DEFAULT-OBJECT DEFAGLT-..)

Step={LOOP (LOOP (LOOK-DIRDIS DOWNWARD 1) (IF (OR (NUMBERP DEFAULT-0B..)
That loop has been optimized by pulling the preceding 1 step into it and rocat
ing it accordingly.

Then look at the next spot down.
{LOOK{~DIRDIS DOWNWARD 1)

Write out the ones digit.
(WRITE!-QUT (ONES!-DIGIT!~OF DEFAULT!-NUMBER})

Remember the tens digit.
(REMEMBER (TENS!-DIGIT!-OF DEFAULT!-NUMBER))

Look at the top spot in the column to the left.
(LOOK (INTERSECT!-LOCATION!-CUES TOP LEFTWARD)}

Look at the next spot down until you see a number or a bar.
(DO‘—UNTIL (LOOK!-DIRDIS DOWNWARD 1)
(OR (NUMBERP DEFAULT!-OBJECT) (BARP DEFAULT!-O0BJECT)))

Step=(LOOP (LOOK-DIRDIS DOWNWARD 1) (IF {OR (NUMBERP DEFAULT—OBJECT)Vu.)

Refer back to when you added something to the total and looked down.
(REFER { ~-BACK!~TC (WHEN (ROBOT!-DID (SEQUENCE (ADD TOTAL) (LOOR DOWN)))})
{For side~effect only, doesn’t appear in the list of program steps.]

Continue doing everything from that step up thru the latest step, until

you see a bar.

{CONTINUE!~UNTIL :
(STEPS!-BETWEEN MARKED!-STEP LATEST!-STEP) (BARP DEFAULT!-0BJECT))

Steps copled into the trial loop:

(LOOP (IF (NUMBFRP DEFAULT-OBJECT) (SEQUENCE (ADD DEFAULT-0BJECT DE..)
(LOOX~-DIRDIS DOWNWARD 1)

(WRITE-OUT (ONES-DIGIT-OF DEFAULT-NUMBER))

(REMEMBER (TENS-DIGIT-OF DEFAULT-NUMBER))

(LOOK (INTERSECT-LOCATION-CUES TOP LEFTWARD))

(LOOP (LOOK~DIRDIS DOWNWARD 1) (IF (OR (NUMBERP DEFAULT-OBJECT) (BA..)
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: . Step=(LO0OP (IF (BARP DEFAULT-OBJECT) (DONE)) (LOOP (IF (NUMBERP DEFAU..)
( ' op exited normally]
- That loop has been optimized by pulling the preceding 6 steps inro it and rota
C1ng it accordingly. o _ .

Look at the next spot down.
{LOOK!-DIRDIS DOWNWARD 1)

; _ Write out the ones digit.
: _ {WRITE!--OUT (ONES!{-DIGIT!-OF DEFAULT!-NUMBER))

P Ignore the tens digit.
: (IGNORE (TENS!-DIGIT!-OF DEFAULT!-NUMBER))

"8ee the final view of the example?
L *Y

et
| 3]
! 5]
=1
l08]
+—+

See the S—expression representing the complete program?
*Y ' .

’ (- ' ((LOOK!~AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
- ' (ADD DEFAULT!{-OBJECT 0)
(REMEMBER DEFAULT!-SUM)
(LOOP (LOOK!-DIRDIS DOWNWARD 1)
(IF (OR (NUMBERP DEFAULT!-OBJECT) (BARP DEFAULT'-OBJECT)) (DONE)))
(LOOP (LOOP (IF (NUMBERP DEFAULT!-OBJECT)
: (SEQUENCE (ADD DEFAULT!-OBJECT DEFAULT!-SUM)
(REMEMBER DEFAULT!-SUM)))
(LOOP (LOOK!-DIRDIS DOWNWARD 1)
(IF (OR (NUMBERP DEFAULT!-OBJECT)
(BARP DEFAULT!-OBJECT))
(DORE} })
(IF (BARP DEFAULT!-OBJECT) (DONE)))
(LOOK1-DIRDIS DOWNWARD 1)
(WRITE!~-OUT (ONES!~DIGIT}-OF DEFAULT!~NUMBER))
(REMEMBER (TENS !|-DIGIT!~OF DEFAULT!-NUMBER))
(LOOK (INTERSECT!-LOCATION!-CUES TOP LEFTWARD))
(LOOP (LOOK!-DIRDIS DOWNWARD 1)
(IF (OR (NUMBERP DEFAULT!-OBJECT) (BARP DEFAULT'—OBJECT))
(DONE))) '
(IF (BARP DEFAULT!-OBJECT) (DONE)))
(LOOK!-DIRDIS DOWNWARD 1)  (WRITE!-OUT (ONES!-DIGIT!-OF DEFAULT!-NUMBER))
(IGNORE (TENS!-DIGIT!-OF DEFAULT!-NUMBER))) |
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SUBTRACTION (TRAINING STEP NUMBER 21)

Using example number 2.

et

| 32

| 81

=1

I

ot

Which training step? <NUMBER> ([21]

Look at the top number.
(LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))

Look at the uext spot down-
(LOOK!~DIRDIS DOWNWARD 1)

This should be a number.
(CHECK (NUMBERP DEFAULT!~-OBJECT))

Look at the next spot dowa.
(LOOK!-DIRDIS DOWNWARD 1)

This should be a bar. .
{CHECK (BARP DEFAULT!-0BJECT))

Look at the next spot down.
(LOOK!-DIRDIS DOWNWARD 1)

This should be a space.
{CHECK (SPACEP DEFAULT!-0BJEGT))

Write a zero here.
{(WRITE!-QUT Q)

Look at the bottom spot.
(LOGK BOTTOM)

Look one space to the left.
(LOOK!-DIRDIS LEFTWARD (DISTARCE 1})

Write a zero here.
(WRITE!-OUT 0)

Look one space to the right. :
{LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))

This should be a number.
{CHECK (NUMBERP DEFAULT!~-QOBRJECT))

. Remember ite.
(REMEMBER DEFAULT!-OBJECT)
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ook at the top number.
{LOOK!=AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))

Look at the next spot down.
(LOOK!-DIRDIS DOWNWARD 1)

If this is a space -then write a zero here.
(IF (SPACEP DEFAULT!-OBJECT) (WRITE{-OUT 0)}

Look here again.

-{LOOK DEFAULT!-LOCATION)

Add it to the number you rewmembered.
(ADD DEFAULT!-0BJECT (SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))

Remember the sumn.
(REMEMBER DEFAULT!-SUM)

Look at the next spot up.
(LOOK!-DIRDIS UPWARD 1)

This should be a number.
(CHECK (NUMBERP DEFAULT!~OBJECT))

If this number is less than the number you remembered, then look at the
bottom number, look one spot to the left, write a one here, and
look one spot to the right.-
(IF {LESSP DEFAULT!-NUMBER
(SOMETHING!-ACTED |-UPON ROBOT REMEHBER ANY!-NUMBER)) .
{SEQUENCE (LOOKR!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION BOTIOM)))
(LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) (WRITE!-0OUT 1)
{LOOK!~DIRDIS RIGHTWARD (DISTANCE 1))))

Look at the bottom spot.

(LOOK BOTTOM)

Look one spot to the left.
(LOOK!-DIRDIS LEFTWARD (DISTANCE 1))

Multiply this number by ten-
(MULTIPLY DEFAULT!-NUMBER 10)

- Remember this number.

(REMEMBER DEFAULT!-NUMBER )

‘Lock one spot to the right.

(LOOK!~-DIRDIS RIGHTWARD (DISTANCE l))

'Look at the top number.

(LOOK!~-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
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Add this number to the number you remembered-. :
(ADD DEFAULT!-NUMBER (SOMETHING!-ACTED!-UPON ROBOT REMEMEER ANY'—NUMBER))

Remember the sum.
(REMEMBER DEFAULT!-SUM)

Look at the next spot down.
(LOOK!--DIRDIS DOWNWARD 1)

Subtract this pumber from the number you remembered.
{SUBTRACT DEFAULT!-NUMBER
{SOMETHING!~-ACTED!~-UPON ROBOT REMEMBER ANY'-NUMBER))

Remember this number.

' (REMEMBER DEFAULT ! -NUMBER )

Look two spots downe.
(LOOK!-DIRDIS DOWNWARD (DISTANCE 2}))

Subtract this number from the number you remembered.
{SUBTRACT DEFAULT!-NUMBER

{SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))

Write cut this numbere.
{WRITE!-QUT DEFAULT!-NUMBER)

Look at the top spot in the column to the left,
(LOOK (INTERSECT'—LOCATION'—CUES TOP LEFTWARD))

Refer back to when you looked at the bottom spot, looked one space to th
e left, and wrote a zZero.
(REFER!-BACK!-TO
{WHEN (ROBOT!-DID
(SEQUENCE (LOOK SPOT BOTTOM) (LOOK LEFTWARD ONE) (WRITE!-OUT zzgo)))))
[Note, that step for side-effect only, not included in the final program.]

Continue doing everything from those steps up thru the most recent step,
until you see a space.

(CONTINUE!-UNTIL
(STEPS | -BETWEEN MARKED!-STEP LATESTI-STEP}  (SPACEP DEFAULT!-OBJECT))

List of past steps copied into trial loop:
(LOOK BOTTOM)
{LOOK~DIRDIS LEFTWARD {DISTANCE 1))
(WRITE-QUT 0)
(LOOK-DIRDIS RIGHTWARD (DISTANCE 1))
(CHECK (NUMBERP DEFAULT-0OBJECT))
{REMEMBER DEFAULT-OBJECT)
{LOOK-AT (INTERSECT-CUES (OBJECT NUMBER) (LOCATION TOP)))
(LOOK~DIRDIS DOWNWARD 1)
{IF (SPACEP DEFAULT-0BJECT) (WRITE-OUT 0))
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(LOOK DEFAULT-LOCATION)
(ADD DEFAULT-OBJECT (SOMETHING-ACTED-~UPON ROBOT REMEMBER ANY-NUMBERJ)
(REMEMBER DEFAULT~SUM)
(LOOK-DIRDIS UPWARD 1)
(CHECK (NUMBERP DEFAULT-OBJECT))

 (IF (LESSP DEFAULT-NUMBER (SOMETHING—ACTED~UPON ROBOT REMEMBER ANY-..)
(LOOK BOTTOM) o
(LOOK-DIRDIS LEFTWARD (DISTANCE 1))

' (MULTIPLY DEFAULT-NUMBER 10)
(REMEMBER DEFAULT~NUMBER)
(LOOK-DIRDIS RIGHTWARD (DISTANCE 1))
(LOOK-AT (INTERSECT-CUES (OBJECT NUMBER) (LOCATION TOP)))
(ADD DEFAULT-NUMBER (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY-NUMBER))
(REMEMBER DEFAULT-SUM)
(LOOK-DIRDIS DOWNWARD 1)

(SUBTRACT DEFAULT-NUMBER (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY-N..) .

(REMEMBER DEFAULT-NUMBER)
{LOOK-DIRDIS DOWNWARD (DISTANCE 2})
{(SUBTRACT DEFAULT-NUMBER (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY-N..)
(WRITE-OUT DEFAULT-NUMBER)
- (LOOK (INTERSECT--LOCATION~CUES TOP LEFTWARD))

Step=(LOOP (LOOK BOTTOM) (LOOK-DIRDIS LEFIWARD (BISTANCE 1)) (WRiTE-O..)

Look at the bottom spot.
(LOOK BOTTOM)

Write a space and look one space to the right, until you see a nonzero n
umber or you reach the rightmost column. :
{DO!-UNTIL (SEQUENCE (WRITE!-0OUT SPACE) (LOCK RIGHTWARD))

(OR (AND (NUMBERP DEFAULT!-OBJECT) (NOT (ZEROP DEFAULT'-OBJECT))}

(RIGHTMOSTP CURRENT!~LOCATION)})

Step=(LOOP (WRITE-OUT SPACE) (LOOK RIGHTWARD) (IF (OR (AND (NUMBERP D..)

See the final view of the example?
Y

et
| 32]
| 08|
|=—=1
I 24]
-t

- See the S—expression representing the complete program?

*N
Save the program to the disk?
*Y

[Saving as SAVED.PRG ...done]
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The file written just above, containing the complete final program,
is shown below:

((LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
(LOOK!~-DIRDIS DOWNWARD 1)
(CHECK (NUMBERP DEFAULT!-0BJECT)) (LOOK!-DIRDIS DOWNWARD 1)
(CHECK (BARP DEFAULT!-OBJECT)) (LOOK!-DIRDIS DOWNWARD 1)
{(CHECK (SPACEP DEFAULT!-OBJECT)) (WRITE!-0UT 0)  (LOOK BOTTOM)
(LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) (WRITE!-QOUT 0)
{LOOK!-DIRDIS RIGHTWARD (DISTANCE 1)) (CHECK (NUMBERP DEFAULT'-OBJECT))
(REMEMBER DEFAULT ! -OBJECT)
(LOOK!~-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
" (LOOK!-DIRDIS DOWNWARD 1)  (IF (SPACEP DEFAULT!-OBJECT) (WRITE'*OUT 0))
(LOOK DEFAULT { ~LOCATION)
(ADD DEFAULT!-OBJECT (SOMETHING'—ACTEDanPON ROBOT REMEMBER ANY'-NUMBER))
(REMEMBER DEFAULT!~SUM)  (LOOK!-DIRDIS UPWARD 1)
{CHECK (NUMBERP DEFAULT!-DBJECT))
(IF (LESSP DEFAULT!-NUMBER
' (SOMETHING!=-ACTED {-UPON ROBOT REMEMBER ANY!-NUMBER))
(SEQUENCE (LOOKi-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION BOTTOM)))
(LOOR1-DIRDIS LEFTWARD (DISTANCE 1)) (WRITE!-OUT 1)
, (LOOK!-DIRDIS RIGHTWARD. (DISTANCE 1)))) -
" (LOOK BOTTOM) (LOOK!-DIRDIS LEFTWARD (DISTANCE 1))
(MULTIPLY DEFAULT!-NUMBER 10) (REMEMBER DEFAULT!-NUMBER)
(LOOK!-DIRDIS RIGHTWARD {(DISTANCE 1))
(LOOK!=-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
(ADD DEFAULT!-NUMBER (SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))
(REMEMBER DEFAULT!-SUM)  (LOOK!-DIRDIS DOWNWARD 1)
(SUBTRACT DEFAULT { ~-NUMBER
(SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY'-NUMBER))
(REMEMBER DEFAULT ! -NUMBER) (LOOK!~-DIRDIS DOWNWARD (DISTANCE 2))
(SUBTRACT DEFAULT!-NUMBER '
(SOMETHING~ACTED | -UPON ROBOT REMEMBER ANY'—NUMBER))
(WRITE!-OUT DEFAULT!~NUMBER)
(LOOK (INTERSECT!-LOCATION!-CUES TOP LEFTWARD))
(LOOP (LOOK BOTTOM) (LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) (WRITE*~OUT 0)
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))
(CHECK (NUMBERP DEFAULT!~OBJECT)) (REMEMBER DEFAULTI—OBJECT)
(LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
(LOOK!-DIRDIS DOWNWARD 1)
(IF (SPACEP DEFAULT!-OBJECT) (WRITE!-OUT 0)) {LOOK DEFAULT!-LOCATION)
(ADD DEFAULT!-0BJECT
(SOMETHING | -ACTED | -UPON ROBOT REMEMBER ANY!-NUMBER))
(REMEMBER DEFAULT!-SUM)  (LOOK!-DIRDIS UPWARD 1)
(CHECK (NUMBERP DEFAULT!-OBJECT))
(IF (LESSP DEFAULT!-NUMBER
. (SOMETHING!-ACTED!~UPON ROBOT REMEMBER ANY'-NUMBER))
(SEQUENCE
(LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION BOTTOM)))
(LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) (WRITE!~0UT 1)
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1)}))) -
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(LOOK BOTTOM) (LOOK!-DIRDIS LEFTWARD (DISTANGCE 1))

(MULTIPLY DEFAULT!~-NUMBER 10) {REMEMBER DEFAULT !-NUMBER)

(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))

(LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOP)))
(ADD DEFAULT!-NUMBER
(SOMETHING!-ACTED!~-UPON ROBOT REMEMBER ANY'—NUMBER))

(REMEMBER DEFAULT!-SUM) (LOOKI1-DIRDIS DOWNWARD 1)
(SUBTRACT DEFAULT!-NUMBER

(SOMETHING!-~ACTED!-UPON ROBOT REMEMBER ANY'-NUMBER))
(REMEMBER DEFAULT!-NUMBER) {LOOK!|-DIRDIS DOWNWARD (DISTANGE 2}))
{SUBTRACT DEFAULT!~-NUMBER '

“(SOMETHING!~ACTED!--UPON ROBOT REMEMBER ANY'—NUMBER))
(WRITE!{-OUT DEFAULT!-NUMBER)
{(LOOK (INTERSECT!-LOCATION!-CUES TOP LEFTWARD))
{IF (SPACEP DEFAULT ! ~0BJECT) (DONE)))

{LOOK BOTTOM)

(LOOP

(WRITE{-OUT SPACE) (LOOK RIGHTWARD) :
(IF (OR . (AND (NUMBERP DEFAULT!-OBJECT) (NOT (ZEROP DEFAULT'-OBJECT)))
(RIGHTMOSTP CURRENT'-LOCATION))
(DORE)) ) )
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Appendix 2. The Par31ng Grammar

This is the grammar we wrote to be used by the SAIL-based parser CREATE
for parsing our English sentences. Each line is a separate production,
- of the form:
. <WHOLE> <- <PARTS> <TAB> <SEMANTICS>
where <WHOLE> is the token name for the syntactic class being defiped,
<PARTS> is a list of token names and text strings which can make up a
structure of that syntactlc c¢class, <TAB> is a tab character, and
<SEMANTICS> is a string containing an S-expression representing the
semantics to be generated. In the semantics, dotted pairs are not
allowed, only proper iists. A number preceded and followed by
semicolons represeants a pointer into the parts. Note that every part,
~ even constants, is numbered sequentially, thus in the production
VP <- VP , VP  Y“(SEQUENCE 3;1; ;3;)" -
the first VP to the right of the arrow is ;1;, the comma is ;2;, and
the final VP just before the tab is 333. The pointers in the semantics”
S—-expression get replaced by the results returned by the semantics
recursively. Thus the 31; gets replaced by whatever the first VP
returned, the 33; gets replaced by whatever the second VP returned,
then a list of three elements is constructed whose first element is
the atom "SEQUENCE" and whose other two elements are those lower-level
. VP results just described, and the resultant three-element list is
returned as the result for the <WHOLE> VP, which then replaces one of
the parts at the next level higher, etec.

NP <~ Art N Loc "(NP+Adjs 3;2; ;l; 333" ‘ :
NP <~ Art AdjP ¥ Loec "(NP+Adjs 333 ;1; (Split-Adj+loc 325 343))"

, <~ COMMA "GCOMMATOKEN"
VP <- VP VP "(SEQUENCE ;1; 32;)"
VP <~ VP , VP "(SEQUENCE 31; 3;33)"
VP <- VP Conj VP (323 si; 335"
VP <~ VP , Conj VP "(33; 31; 345"
SS <— SEN PERIOD algt
LAdv <- Adv weig"
CLAdy <— LOAdvy "(not-yet-used 31"
RAdv <— Adv Ll
RAdv <— ROAdvy  ";1;:"
SEN <- 8 Til"
SEN <- then S  "(ignore-then ;2;)"
Antec <- S B Fi
Antec <- not YFALSE-RESULT™
SEN <~ if Antec § U(IF ;25 33;)"
SEN <- if Antec , S "(IF 323 343)"
SEN <— if Antec then § Y (IF 32; 34;)"
SEN <~ if Antec , then S "(IF ;25 ;5;)"
SEN <~ 8 until § *(DO-UNTIL 313 33;)"
SEN <- S , until § " (DO-UNTIL 313 343)"

NP <~ NP RClL "(N+rclause $l; 32;)"
RCL <~ RCj DMO "(;1; ;23"
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RCL <- RCj DMS
RCL <- DMO
DMO <- NP TV

"L &= VP ML

XXXS <~ IV Loc
D <~ NP VP

VPO <~ TV NP
VPO <— TVed NP
VPO <- TV RAdv
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(sl 5257
"(that 313)" _
"(sl; ;2; THAT&SLOT)"

: DMO <~ NP TVed "(31; 32; THAT&SLOT)"

P DMS <- VP ~ "(THAT&SLOT ;1;)"

: VPO <- Cop AdjP "(Cop+AdiP ;1; ;2;)"

: AdJP <- Adj e

i AdjP <~ CompAdj CompConj NP "(Comparative (31; 32;) ;3;)"
k& VPO <- Cop Loc “(SpeclLoc ;1; ;2;)" .
5 VPO <~ continue "CONTINUE-SAME"

1 Adv <= Dadv "(Dadv= ;1;)"

b I <~ continue S until D "(CONTINUE-UNTIL 32; :4;)"

i Y <~ continue S , until D " (CONTINUE~UNTIL 32; ;53)"
'% Adv <~ Num Mea " (NumiMea ;l; 32;)" . ‘
i AdjP <~ Num Wals"

E N <~ Mea nelz"

§ N <~ Num welg™

3 NP <~ Num R T _

4 NP <- Art N "(NP+Ad]s 325 313)"

% NP <= N "51;"

& VP <~ VPR Mo

5 VPR <- VPL nep"

'% VPL <- VPO ";1;"

"(SATZ: IV= ;1; Loc= ;2;)%
"{Subj+Verb 31; 3;2;)"
"(TV4NP ;1; ;2;3)™
"(TVed+NP ;13 32;)"
"(TV4RAdv 31; ;23)"

S <- S , then S "(SEQUENCE ;1; ;4;)"

S1 <~ 80 Conj Sl "(32; 313 333"
i 82 <- 81 , Conj S2 "(335 sl; 343)"
! S1 <~ 80 §1  “(SEQUENCE ;1; ;2;)"
i 82 <= S1 ,°'82 "(SEQUENCE ;1; ;3;)"
g - 81 <- S0 Y P
7 82 <=~ 51 T
.§ S <~ 52 ";l;"
5 S0 <=8 , if 8 ™(BACKIF 3l; ;4;)"
3 S0 <~ D "(DECLARE ;1;)"
o S0 <~ I "(IMPERATIVE ;I;)"
E 50 <= Q "(not~yet-used QUERY ;1;)"
A XXXS <~ VP NP "(S <~ VP NP)"
L D <- Dadv VP *(Dadv+VP 31; ;2:)"
3 VPL <~ LAdv VPL "(VPL+Adv 32; ;13)"
£ VPR <- VPR RAdv "(VPR+Adv 3;1; ;2;3)"
H VPR <~ VPR Loc "(VPR-+Loc j;1; ;23)"
: VPO <- IV wejsn
E VPO <~ IVed ta1g"
5 XXXVP0O <~ IV RAdv "(VPO: IV= ;1; Adv= ;2;)"
¢ XZXVP <- IV Prep NP "(VP <~ IV Prep NP)"

VPO <~ Cgp NP "(Cop#WP ;1; :2;)"
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S0 <~ TV 8 CMTVES 313 325)"

Cop <- Aux Cop " (Aux+Cop ;1; ;23)" '

. Cop <- Aux Adv Cop "(AuxtAdviCop 31: 32; :3;)"
NP <__. PN ll;l;ll .
NP <- Pro S
NP <~ AdjP N Y (NP+Adjs 323 ;l;)"

‘NP <- Art AdjP N - "(NP+Adjs 33; ;13 ;23)"
NP <~ Dem N " (NP+Adjs 32; 313)" _ :
NP <~ Dem AdjP N " (NP+Adjs 33 ;1; 323"
NP <~ NP AdjP "(NP+Adjs ;1; ;2;3)"
NP <~ NP Poss HP "(NP+Pogs#NP 3l; 3:2; ;3;)"
NP <- Rprol 8  "(HP=Rprol48 ;1: ;2;)"
NP <- Rpro NP TVP " (NP=RelClause 3;2; 3;3; ;i;)"
TVP <~ TV meiz" '

TVP <~ TVed "i1;"

IVP <— TVP Loc " (TV+HAdv 315 32;)"
NP <- NP Conj NP "(32; 31; :3;)"
Adv <= Adv Adv "(AdvH+Adv j31; 323"

"RAdy <—- Adv RAdv "{Adv+Adv ;1; :2:)"
LAdv <~ Adv LAdv T(AdvtAdyv 31; 233"
AdjP <~ LAdy AdjP "(Adv+Ad) sl 323)"
Loc <= Prep NP "(PrepPh j;1; ;2;)"

IV <- TVing - "(Shortform ji;)™

TV <- TVing Wels®

‘TVing <- checking "515"

IV <~ refer nelg”

IV <- look "ils"

IV <- looking Ll
IVed <~ looked ";l1;"
IV <~ appears ";1;"

IV <- stop Welg™

IV <- move "alz"
TV <~ remember "3;I1:"

TVed <~ remembered wilg”
TVing <~ remembering sl
TV <= add welz"

IVed <- added M3;1;"
TVing <- adding ";1;"
TV <~ subtract ";1;"
TVing <~ subtracting walg®
TV <= multiply "j;1;"
TVing <~ multiplying A E A
TV <~ continue ";I;"

TV <- see Milg®
TV <~ forget 313"
TV <~ ignore il
IV <~ do el
TV <~ reach S F
TVing <- doing ";1;"
TV <~ write el

EVed <~ wrote ;13"




65

TVing <- writing malz"
TV <~ write out "(TV-IDIOM ;1; ;2;)"
TV <- write down "(TV-IDIOM ;1; ;2;)"

TVing <- writing out =~ "(TV-IDIOM ;I; ;2;)"
XXXAdv <~ then ";1;"
- ROAdv <— down ";1;"

Prep <~ down Mels"

Adv <~ back el

Adv <~ up els"

Ady <~ now wael™

Adv <~ only il

Adv <~ again "yl

Adv <- so wepgH

‘Ady <~ far wapw

Adv <~ most Helg®

Dadv <~ there ";1;"

Dadv <~ here Walg®

Art <- the Ml

Art <= a ) II;l;ll

Adj <- blank 31"

Adj <~ top il;l;n

Adj <~ bottom ";1:"
. Adj <~ rightmost S
Adj <~ noazero "3;1;" '
Adj <= next MLl

Adj <- first Wepgt
Adj <- recent ";1;"
Adj <~ latest ~ "3l;"

Adj <~ open el
Adj <~ ones Talzm
. N o ones Il;l;ll
Adj <~ units als"
Adj <~ singles ";1;"
Adj <~ tens Hel"

Adj <~ previous ;13"
Adj <- second “;1;"
Adj <~ third fels™
Adj <~ another "j;1;"
CompAdj <~ less ";1;"

CompAdj <~ smaller nel"
CompAdj <~ larger e
CompAdj <- greater "el"
CompAdj <~ more ";1;"
Num <~ zero wels"
Num <- one mals"
Num <~ two Y
Hum <- ten el
XXXPrep <- out ";1;"
Prep <~ at il
Prep <~ to RSl

Prep <~ in Welg®
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Prep <- before ";I;"

Adv <~ as before "(ADV-IDIOM ;1; 32;)7
Prep <~ from "l : .
Prep <—- by Palg™

Prep <- of el

Prep <— for il

Prep <- up thru "UPTHRUY

Cop <- is el

Cop <~ are mal"

Co§ <- be ";1;“

Cop <- was Tl

Cop <- were el

Aux <~ will Tils"

" Aux <- should ";I1;"
Mea <~ spot Til"
Mea <- spots il
Mea <~ space Ml
Mea <~ spaces ";1;"

PN <~ everything 31"
N <~ pumber i F
N <= numbers el
N <~ digit Wepsgh
N <- digits i A
N <~ step Hegs®

N <~ steps malg"
N <~ answer b A
N <= left . welg™
N < right malg"
N <- sum 13"
N <~ total tal;"
N <- bar "il"
IXXN <~ gpace ";1;"
N <~ column il
N <~ columns -
N <~ top Ml
Pro <- something Re1s®
Pro <- it melg"”
Pro <-— you eys®
Pro <— they el
Dem <- this el
Den <~ that weig®
Pem <- there el
Poss <- of fal™
Conj <~ and - ™;I;"
Conj <- or LFY L
RCj <~ that "al®
RCj <~ which 1™
Rpro <- what il

Rprol <- where ";1;"
Rprol <= when "j;1;"

Pro <- this el
Dem <- those Waeps®
Dem <~ these = ";1;"

‘CompConj <~ than Melg"
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Appendix 3. Parsing Demerit Classes

This appendix gives the remaining demerit classes not included in the
text of Section l.4.

IMP!-SEQ (136)
{IMPERATIVE CONTINUE!-UNTIL
{IMPERATIVE SEQUENCE
(VP!4+Advs looking (PrepPh at (NP'+Adjs spot the next)) down)
{Shortform adding)
(Shortform remembering))
" (Subj!+Verb (NP!4+Adjs bar a) appears))

Again the grammar is redundant. Any sentence that parses with one
imperative distributed over several verbs (literally ‘you do this do
that and do the other thing”) will also parse as one compound sentence
composed of individual imperatives (literally “you deo this, you do that,
and you do the other thing”). Our robot can handle only the latter, so

the former is rejected by the postparser.

IMP]~AND (94)
(IMPERATIVE CONTINUE!-UNTIL
(SEQUENCE
(IMPERATIVE VP!4+Advs looking (PrepPh at (NP!+Adjs spot the next)) down)
(IMPERATIVE and
{Shortform adding)
{Shortform remembering)))
(Subj'+¥erb (NP!+Adjs bar a) appears))

This is exactly the same as IMP-SEQ except the connective is “and”

‘instead of “SEQUENCE". Typically this really means a sequence of two

items in sequence rather than more than two, but the parser can not
distinguish between ‘and” used to make a sequence and ‘and’ used to
form a Boolean expression, so this case is treated separately from
*SEQUENCE” im all cases.

TVed!+NP (25)
{(IMPERATIVE SEQUENCE
(VP l+Advs refer back
(PrepPh to
(NPi=Rprol!+8 when
(DECLARE Subjl!+Verb you
{VP!+Advs looked (PrepPh at (N¥P!+Adjs spot the bottom))}})))
(VP!+tAdvs looked (Num!-Hlea one space) (PrepPh to (NP!+Adjs left the)))
(TVed!4+NP wrote (NP!4+Adjs zero a)}) '

This demerit class may be comsidered redundant since in our corpus it
never occurs in isolation. Here it appears in conjunction with

IMP-5EQ. The gist of this demerit is that the past tense of a verb
“looked” is used as an imperative, l.e., “Looked one space to the left.’
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SEQ!-IN!-AND (38)
(IMPERATIVE VP!+Advs refer back
(PrepPh to
(NPi=Rprol!+S when
(DECLARE Subjl!+Verb you
(and (SEQUENCE
(VP {+Advs looked (PrepPh at (NP!4+Adjs spot the bottom)))
(VP l+Advs looked
(Num!+Mea one space)
(PrepPh to (NP!+Adjs left the))))
(TVed!-NP wrote (NP!+Adjs zero a))})))))

This is simply a case of incorrect association when parsing the idiom
*A B and C’. The correct parse, at least the one accepted by the

‘postparser ‘and robot, is ‘A (B and C)’ instead of ‘(A B) and C’. The

correct parse gets_flactened to a simple sequence, i.e., A B C.

IMPDEC (19)
(DO !-UNTIL
(and (IMPERATIVE TV!4NP write (NP!4+Adjs space a)) .
(IMPERATIVE VPI+Advs look
(Num!-+Mea one space)
(PrepPh to (NPl+Adjs right the))))
(SEQUENCE
(DECLARE Subjl4Verb you (TVI4NP see (or (NP!+Adjs number a uonzero) you)))
(IMPERATIVE TVI4NP reach (NP'+Ad33 column the rightmost})))

This is a special case of MIXED!-MODE whlch predated the geueral case and
has not yet been purged from our programe.

IMPER | -BAD | -TENSE (14)

(IMPERATIVE VP {+Advs
(Cop!4NP (Aux!+Adv!+Cop will only be) (NP!4+Adjs dlglt one))
(Dadvi=" there))

This is similar to TVed+NP, except here the future tense instead of a
present participle is being used in an imperative. The correct parse
is to have the demonstrative adverb ‘there” as the subject of the
sentence, in the “there is’ idiom but in future tense, instead of as
an adverb modifying an imperative. :

IMPERATIVE-IN~ANTECEDENT (11)

All the instances of this demerit io our corpus occur in conjunction with
geveral other demerits; thus we have no good examples to illustrate it.

It is self-explanatory, an imperative in the antecedent of an “If ... then
ases’ sentence. Imperatives can be in consequents, while only
declaratives are supposed to be in antecedents.
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WORSE!I-GROUPING (11)
(IF
(DECLARE Subj!+Verb it (Cop!HNP is- (NPI+Adjs number a)})
{SEQUENCE
(IMPERATIVE VP!+Advs
(TVI4NP add it)
{PrepPh to (NPi+Adjs total the))
(Advl+Adv so far))
(IMPERATIVE VPi+Adyvs look (Num!-Mea two spotrs) down)}))

Here “two spots down’ is treated as two separate adverbs “two spots”’
and ‘down’ modifying the verb “look”. The correct parse is to have
‘two spots® modifying the adverb ‘down” using the Adv+Adv production.

(1F

(DECLARE Subji+Verb it {(Cop!+NP is (NP{+Adjs number al)))
(SEQUENCE

(IMPERATIVE VP!+Advs

(TVI4NP add it)

(PrepPh to (NP!4Adjs total the))
80

far)
(IMPERATIVE VP!+Advs look (Adv!4+Adv (Num!+Mea two spots) down))}))

Here the adverbs “so” and “far’ are treated as separately modifying
the verb ‘add”. The correct parse has ‘“so’ modifying “far’ using the

AdvH+Adv production.

DECL!-VERB!-SEQ2 (9)
(DO I ~-UNTIL
(and (IMPERATIVE TV!4NFP write (NP!+Adjs space a))
{IMPERATIVE VP!4Advs look (Num!-4Mea one space)
{PrepPh to (NP!+Adjs right the))}))
(DECLARE Subj!4+Verb you
(SEQUENCE (TVI4NP see (or (NP!4Adjs number a nonzero) you))
(TV!4NP reach (NP!4Adjs column the rightmost})})))

The thing that is really wrong with this parse is that ‘you’ is being
treated as part of a compound object underneath the ‘or‘ instead of
being brought up to the level of the declarative. The correct parse
for that part of the sentence is ' ‘

" (or (DECLARE Subj!4Verb you (TVI4NP see «+.))

(DECLARE Subjl!+Verb you (TIVI4NP reach ««.)})

But another more subtle error is that a connective is needed whenever

a compound verb is used in a declarative. That is, you say “If you see a

~ nonzero digit or reach the rightmost column, then ves’e If the ‘or” is

left out, the sentence becomes ponsense “If you see a nonzero digit reach
the rightmost column, then ...”, in fact it may even parse as a digit
reaching a column instead of you reaching a column. It turmns out this
subtle error is easiler for the postparser to check for, so that is what
it does here. It demerits any declarative with the object of its
transitive verb being an implicit sequence (no conjunction).
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TVI4S1-IN! ~-CONTINUEUNTIL (6)
{IMPERATIVE CONTINUE!-UNTIL
(TVi+S remembering
(and (IMPERATIVE VP !4+Advs
looking
(PrepPh at (NP!4+Adjs spot the next))
down)
(IMPERATIVE Shortform adding)))
(Subj!+Verb (NP!+Adjs bar a) appears))

The production TV4S allows a transitive verb to take a sentence as its
object, such as ‘continue looking down and adding”, with the provisec

- that the parser thinks present participles are valid verbs of imperative
" sentences. We demerit the use of this construction when we are already
inside a “Continue «.. until ....’ idiom. -

CONTINUE!-SAME (41)
- (DO}~-UNTIL
(SEQUENCE (IMPERATIVE CONTINUE!-SAME)
{IMPERATIVE VP!+Advs looking
(PrepPh at (NP!+Adjs spot the next)) down)
(IMPERATIVE Shortform adding)
(IMPERATIVE Shortform remembering))
(DECLARE Subj!+Verb (NPi+Adjs bar a) appears})

Any sentence that parses with the CONTINUE~UNTIL idiom (continue x y
and z until w) will also parse in this strange way where the single
word “continue’ is one of the things to be repeated (c x y and z until
w)+. Perhaps the production that allows ‘continue’ by itself to be a
sentence should be f£lushed. .



71

Appendix 4. Translation Grammar

Here are the specs for the table—-driven tramslator. The general form
of each production is: : '

<MODE> <INPUT> <OQUTPUT> '
where <MODE> is the syntactic class the translator is looking for
(unlike the parser, -the translator always knows what class it is
looking for, and thus does not have to de any backtracking), <INPUT> is
the structure it is looking for, and <OUTPUT> Is the structure it will
generate in that case. Imnside each <INPUT> specification, a name
inside square brackets means that anything at all may appear there but

" will be assumed to be of that syntactic class, while a name appearing

normally (not in brackets) means exactly that atom must appear im the
<INPUT>. Inside each <OUTPUT> specification, a name inside square
brackets means to replace it with the result returned from recursive
evaluation of the sub-structure from the <INPUT> that matched ir,
while a name appearing normally (not in brackets) means exactly that
atom will appear in the output.

All structure (parenthesis, spaces and dots) are taken literally as
structure to decompose (in the <INPUT> part) or build (in the <OUTPUT>
- part). Thus: :

FOO {Subj+Verb [BAZ] walk . [GAR]}) (WALKER {[GAR] [BAZ])
means that any expression with CAR equal to “Subj+Verb and CADDR equal
to ‘walk’ will be matched, that it will be decomposed with BAZ bound to
the CADR and GAR bound to the CADDDR, that BAZ and GAR will be further
processad according to their individual specs (recursively inside this
processing for FOO) with the corresponding variables being rebound to
their results, and finally a new structure will be built with “*WALKER”
as the CAR and the results of the GAR and BAZ processing for the CADR -
_and CADDR respectively.

Sometimes a part of the resultant expression must be computed by
something more complicated than simple pattern-matching, followed by
strxucture decomposition, followed by structure building. 1In such cases .
we use a special notation below to indicate applying a special
translate-~time function to some argument that came from the structure
‘decomposition. Whenever the CAR of an expression in the
structure~building part of the spec 1s exacrly !! (this is a single
_exclamation mark inside LISP, except it must be quoted, hence it
appears doubled in the input file), either at the toplevel or down any
combination of CAR and CDR paths, the CADR from that point is the name
of a function (rather than an atom to be literally put in output) and
the remaining elements of that list are the arguments to it. Each
argument 1Is recurslvely evaluated in the way defined here {rather than
by EVAL). Here is an example:

EXITC (Subj+Verb this {CopHiP is [NOUN]))
' ((!! T2-REC NOUN-TO-PREDICATE [NOUN]) DEFAULT-OBJECT)
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_When the program is looking for an [(EXITC] and it sees anything of the
form {Subj+Verb this (Cop+NP is *)), it binds NOUN to the CADDR of
the CADDR of the expression, then calls the function T2-REC with
first argument the atom NOUN-TO-PREDICATE and second argument the

value of NOUN, then returns the expression (res DEFAULT-OBJECT) where
res is the result of that evaluation. .

Note that this is a strict precedence grammar. Within any group of
productions according to a particular <MODE>, earlier productions take
precedence over any later productions. Only the first matching <INPUT>
is acted upon, and its corre5ponding <OUTPUT> used to generate output.

" The first line below is a header line identifying the three fields of
each rule. Then follow the individual rules.

WANT SEE (pattern to match&decompose) TRANSLATE-TO (semantics)
CONDITL [CONDIT] [CONDIT]

CONDIT2 [CONDIT] [CONDIT]

CONDIT (DECLARE . {EXITG}) - {EXITC]

CONDIT (or [CONDITL] [CONDIT2]) _ (OR [CONDITL] [CONDIT2])

EXITC  (Subj+Verb this (CoptNP is [NOUN]))
- ({11 T2-REC NOUNwTﬂnPREDICATE {NOUN] ) DEFAULT-OBJT:’.CT)
EXITC {(Subj+Verb [NOUN] appears)
. ~ ((!! T2-REC NOUN-TO~-PREDICATE [NOUN]) DEFAULT-—OBJECT}
EXITC  (Subj+Verb it (Cop+NP is [NOUN]))
_ ({11! T2-REC NOUN-TQ-PREDICATE [NOUN]) DEFAULT-OBJECT)
EXITC (Subj’+Verb gou (TVHNP reach [NOUN]))
' ' ({!! T2-REC NOUN~TO-PREDICATE [NOUN]) DEFAULT-OBJECT)
EXITC (Subj+Verb you (TVHP see (or [NOUN1] [NOUN2)))) :
(OR (!! T2~REC SEENOUN~TO-CONDIT [NOUNI])
: (i1 T2-REC SEENOUN—TO—CONDIT [NOUNZ]))
EXITC (Subj+Verb you (TVNP see [NOUN])) :
(!} T2-REC SEENOUN-TO-CONDIT [NOUN])
EXITC - (Subj+Verb [NOUN1] (Cop+AdjP is Comparative [COMP] {[NOUN2]})
({!! T2-REC COMP-TO-PREDICATE [COMP]) [NOUN1] [NOUN2])
EXITC (Subj+Verb [NOUN1l] (VP+Advs appears (PrepPh [TIMEREL] [NOUN2])))
((}! T2-REC TIMEREL-TO-PREDICATE [TIMEREL]) [NOUNL] [NOUN2})

- SEENOUN-TO-CONDIT {INTERSECT~OBJECT-CUES [ASIS1] [ASIS2])
{AND (!{ T2-REC SEENOUN~-TO~CONDIT [ASISIl})
{!1 T2-REC SEENOUN~TO-CONDIT [ASISZ]))

SEENOUN-TO-CONDIT (NOT [ASIS])

(NOT (!! T2-REC SEENOUN-TO-CONDIT [ASIS1))
SEENOUN-TQ-CONDILIT [ASTIS]

{((1! T2-REC NOUN-TO-PREDICATE. {ASIS)) DEFAULT-OBJECT)
ADV (Dadv= here} DUNZELL
ADV now DUNZELL
ADV again DUNZELL

. ADV {Adv+Adv so far) DUNZELL



73

MOVER.  you ROBOT

coMP (less than) LESSP
DISTANCE {(Num+Mea one spot)'
-DISTANCE {(NumtMea one space)
DISTANCE (Num+Mea two spots)
ADJ previous

ADJ rightmost

NOUN1. [NOUN] [NOUN]
NOUN2  [NOUN] [NOUN]

NOUN it
- NOUN ten
NOUN zZero

NOUN (NP+Adjs bar a)
ROUN (NP+Adjs space a)
NOUN (NP+Adjs zero a)
NOUN (NP+Adjs one a)
NOUN (NP+Adjs oumber a)

KOUN (NP+Adjs sum the)
NOUN {(NP+Adjs total the)
NOUN {NP+Adjs number the)}
NOUN {(NP+Adjs number this)
NOUN {NP+Adjs answer the)
NOUN.  (NP+Adjs spot this)
NOUN (NP+Adjs top the)

NOUN (NP+Adjs number a nonzero)

(DISTANCE 1)

 (DISTANCE 1)

(DISTANCE 2)

NOT-LAST
RIGHETMOST

DEFAULT-OBJECT

10

0

BAR

SPAGE

0

1

NUMBER

DEFAULT~SUM

DEFAULT -S UM

" DEFAULT-NUMBER

DEFAULT-NUMBER
DEFAULT~-NUMBER

"DEFAULT~LOCATION

TOP

(INTERSECT-OBJECT-CUES NUMBER (NOT 0))

NOUN (NP+Adjs number the first)
NOUN (NP+Adjs number the top)

OLDEST-NUMBER

(INTERSECT-CUES (OB.JECT NUMBER) - (LOCATION TOP))
NOUN (¥P+Adjs number the bottom) . .
(INTERSECT-CUES (ORJECT NUMBER) (LOCATION BOTTOM))

NOUN (NP+Adjs digit the tens) (TENS-DIGIT-OF DEFAULT-NUMBER)
NOUN (NP+Adjs diglt the ones) " (ONES-DIGIT-OF DEFAULT-NUMBER)
- NOUN  (NP+Adjs digit the singles) (ONES-DIGIT-~OF DEFAULT-NUMBER)
'NOUN (NP+Adjs diglt one) , - (NUMBER-OF-DIGITS 1)

NOUN {NP+Adjs column the [ADJ])" [ADJ]

- ROUN {(N+reclause [NOUN] (thét [MOVER] [VERB] THAT&SLOT))
{SOMETHING~-ACTED-UPON [MOVER} [VERE]
' (!! T2-REC AWYIFY {NOUN]))
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NOUN {(NP=RalClause [MOVER] [VERB] what)

{SOMETHING-ACTED~UPON [MOVER] [VERB] ANY*OBJECT)
NOUN {NP+Poss+NP [NOUNL1] of [NOUN2])

((1! T2-REC NOUN-TO-FUNCTION [NOUN1}) [NOUN2])

NOUNSET (NP+Adjs numbers these two) (DEFAULT-OBJECT-CUES 2 NUMBER)
STEPREF1 [STEPREF] [STEPREF]

STEPREF2 [STEPREF] [STEPREF)

STEPREF (NP-Adjs step the latest) LATEST~STEP

STEPREF (NP+Adjs step that) MARKED-STEP

STEPREF (NP+Adjs step the (Adv+Adj most recent)) - LATEST-STEP -
STEPREF (NP+Adjs steps those) = MARKED~STEP

OSTEPS (IMPERATIVE
VP+Advs (TVHNP doing everything)
{(PrepPh from [STEPREF1])
_ (PrepPh UPTHRU [STEPREF2])) (STEPS-BETWEEN {STE?REFI] [STEPREF2]) -
OSTEPS (SEQUENCE . [ASIS])
' {ROBOT-DID (SEQUENCE . (!! CLAUSES-TO-KEYS [ASIS]}))

DECL~TL (Subj+Verb this (CopHiP (Aux+Cop will be) [NOUN]))
((i1! T2-REC NOUN-TO~PREDICATE [NOUN]) DEFAULT-OBJECT)
DECL-TL (Subj+Verb this (Cop+NP (Aux+Cop should be) [NOUN]))
: ((!{ T2-REC NOUN-TO-PREDICATE [NOUN]) DEFAULT-OBJECT)
DECL-TL (Dadv4VP there (CopiNP (Aux+Adv+Cop will only be) _ j
{(NP+Adjs digic [NUMBER])))
(LEQ (NUMBER-OF-DIGITS DEFAULT-NUMBER) [NUMBER])
DECL~TL- (Dadv+VP there (CopNP (AuxtAdviCop will only be) [NOUN]))
((!! T2-REC NOUN-TO-PREDICATE [NOUN])} DEFAULT~OBJECT)

_NUMBEB one 1
TOP {DECLARE . [DECL-TL]) _ (CHECK [DECL~TL]).
‘TOP {ignore-then . [TOP]) [TOP]
TOP {IF [CONDIT] [TOPl) ' (IF (1! T2-REC UNCHECK {CONDIT]}) [TOFP])
TOP (SEQUERCE . [LIST-TOP]) {(SEQUENCE . [LIST~TOP])
TOP - {and .+ [LIST-TOP}) (SEQUENCE . [LIST~TOP]})
TOP (DO-UNTIL [TOP] [CONDIT]}) (DO-UNTIL [TOP]} [CONDIT})
TOP (IMPERATIVE CONTINUE-UNTIE [DSTEPS] [EXITC])
(CONTINUE~-UNTTIE [OSTEPS] [EXITC]})

TOP {IMPERATIVE TV4NP write [NOUN]) !

' {(WRITE-QUT [NOUN]) i
TOP (IMPERATIVE VP4Advs (TVHNP write [NOUN]) [ADV])

(!! T2-REC MAY-ACTION-AT-LOCATIOHN
((WRITE-OUT [NOUN]) ([ADV]))
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EV-HIP (TV-IDIOM write out)
[NOUN])
(WRITE-OUT [NOUN])

VP+Advs

 (TV4NP (TV~-IDIOM write out) [NOUN])

.+ (PrepPh in [WRITEIN])).

(IMPERATIVE

(1! T2-REC MAY-ACTION-AT-LOCATION
((WRITE-OUT {NOUN]) [WRITEIN]))
VP+Advs
(TV4NP (TV-IDIOM write out) [NOUN]) .

" (PrepPh to [WRITETO]))

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

{IMPERATIVE

(1! T2-REC MAY-ACTION-AT-LOCATION
( (WRITE-OUT [NOUN]) [WRITETO]))
VP+Advs
(TVHNP (TV-IDIOM write out) [NOUN] )
[ADV])
{1 PROGN ('l T2-REC VERIFY—DUNZELL [ADV])
(WRITE-OUT [NOUN]))

VP+Advys look (PrepPh at (NP+Adjs spot the [WHATSPOT])))

- (LOOK [WHATSPEOT])
VP+Advs look (PrepPh at [NOUN]))

(LOOK-AT [NOUNT)
VP+Advs look”
(Adv+Adv [DISTANCE] [DIRECTION]))

(LOOK-DTRDIS [DIRECTION] [DISTANGE])
VP+Advs look
(PrepPh at (NP+Adjs spot the next))
[DIRECTION])
(LOOK-DIRDIS [DIRECTION] 1)

VP+Advs look '
{PrepPh at [NOUN])
[DIRECTION])

'(SEQUENCE (LOOK [DIRECTION])
{CHECK ({!! T2-REC NOUN~-TO-FREDICATE [NOUN])

TOP

TOP

WHATSPOT
WHATSPOT

(IMPERATIVE

DEFAULT-OBJECT)))
VP+Advs look
[DISTANCE]
(PrepPh to (NP+Adjs [SIMPLEDIR]} the)))

{LOOK~DIRDIS {[STMPLEDIR] [DISTANCE])

(IMPERATIVE

VP+Advs look

[DIRECTION]

(PrepPh at (NP+Adjs spot the next)))
(LOOKPDIRDIS [DIRECTION] l)

"~ bottom BOTTOM
{(Split-Adj+tLoc top
{PrepPh in (NP+Adis column the

(PrepPh to (NP+Adjs leftr the)))))
(INTERSECT*LOCATION“CUES TOP LEFIWARD)
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TOP (IMPERATIVE VP+Advs look

[(DIRECTION]

(PrepPh at [NOUN]))

{SEQUENCE {(LOOK [PIRECTION])
(CHECK ((!! T2-REC NOUN—TO—PREDICATE [NOUN] )
DEFAULT-OBJECT))) -

TOP {IMPERATIVE - VP+Advs look

[LOCATION] [ADV])

(1! PROGN (!! T2-REC VERIFY-DUNZELL [ADV])
(LOOK ([LOCATION]1))

TOP (IMPERATIVE VP+Advs (TVHNP add [NOUNL])
(PrepPh to [NOUN2]))
(ADD [NOUN!] [NOUN2])
TOP (IMPERATIVE VP+Advs (TVHNP add [NOUNSET])
: [ADV])
(t! PROGN (!! T2-REC VERIFY—DUNZELL [ADV])
(ADD~-SET [NOUNSET]))
TOP (IMPERATIVE VP+Advs (TV+NP add [NOUN1])
{PrepPh to [NOUN2])
[ADV])
(!! PROGN (1! T2-REC VERIFY-DUNZELL [ADV] )
(ADD [NOUN1] ([NOUNZ21)) =
TOP (IMPERATIVE VP+Advs (TV4NP subtract [NOUN1]) (PrepPh from [NOUN2]))

(SUBTRACT [NOUN1] [NOUNZ])
TOP (IMPERATIVE VP+Advs (TVHNP multiply [NOUN1]) (PrepPh by [ROTUN2]))
(MULTIPLY [NOUNI] [NOUN2])
TOP (IMPERATIVE TV4NP remember [NOUN})
(REMEMBER [NOUN})
TOP (IMPERATIVE TV4NP ignore [NOUN])
(IGNORE [NOUN])
TOP (IMPERATIVE TV4NP forget [NOUN])
(FORGET [NOUN])
TOP {IMPERATIVE VPHAdvs refer back (PrepPh to {BACKTO]))
' (REFER-BACK-TO [BACKTO])
VERB (TV+Adv remembered (Pre@Ph from INOUN])} (REMEMBER-FROM [NOUN])
VERB remembered REMEMBER .
TIMEREL before ' BEFORE
DIRECTION . (NP+Adjs [SIMPLEDIR] the) [STMPLEDIR]
DIRECTION [SIMPLEDIR] [SIMELEDIR]
SIMPLEDIR left LEFIWARD
SIMPLEDIR right RIGHTWARD
SIMPLEDIR down DOWNWARD
SIMPLEDIR up UPWARD

ADJ (Split-Adj+Loc next (PrepPh to [DIRECTION])) [DIRECTION]
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LOCATION (Dadv= here) DEFAULT~LOCATION
WRITEIN (NP+Adjs spot the next open) DOWNWARD
WRITETO (NP+Poss+NP [DIRECTION} of [NOUN])
(INTERSECT-CUES (LOCATION [DIRECTION]) {(OBJECT [NOUN]))
WRITETO [DIRECTION]- [DIRECTION]

BACKIO (NP=Rprol+S when [BACKWHEN]) (WHEN [BACKWHEN])

" BACKWHEN (DECLARE Subj+Verb you [WHENYOU]) - (ROBOT-DID [WHENYOU])
WHENYOU (SEQUENCE . [STEPSREF]) |
- ~ (SEQUENCE . (!! CLAUSES-TO~KEYS [STEPSREF]))
WHENYOU (and . [STEPSREF])
(SEQUENCE . (!! CLAUSES-TO-KEYS [STEPSREF]))
WHENYOU [STEPIREF] (}! CLAUSE-TO-KEYS [STEPIREF))
STEPSREF [ASIS] [ASIS]
. STEPIREF (ASIS] : [ASTS]
NOUN-TO-PREDICATE NUMBER NUMBERP
NOUN-TO—-PREDICATE BAR BARP
NOUN~TO~PREDICATE SPACE ~ SPACEP
NOUN-TO~PREDICATE ZERO | ZEROP
NOUN~TO-PREDICATE 0 - ZEROP
NOUN-TO~PREDICATE RIGHTMOST RIGHTMOSTP
VERTFY-DUNZELL DUNZELL ' DUNZELL
NOUN-TO-FUNCTION - TOP TOP—OF
NOUN~-TO~FUNCTION (ONES—DIGIT-OF DEFAULT-NUMBER) ONES—DIGIT—OF
. TIMEREL-TO-PREDICATE  BEFORE BEFOREP
ANYIFY " DEFAULT-NUMBER ANY-NUMBER
COMP~TO~PREDICATE LESSP LESSP
MAY-ACTION-AT-LOCATION ([ASIS] DUNZELL) [ASTS]
MAY~ACTION-AT-LOCATION [ASTS]  (ACTION-AT-LOCATION . [ASIS])
UNCHECK (CHECK [ASIS]) [ASIS]
UNCHECK [ASIS] [ASIS]

ASIS1 [ASIS] [ASBIS]
ASIS2 [ASTIS] [ASIS]

ASIS ~- Whatever is here, feed.diregtly to the function aé_is.




78
Appendix 5. On Translating Idioms

Below are three mini-documents describing various aspects of using
the table-driven translator to pick apart idiomatic parsed English and
determine the true meaning (semantics}, then to formulate this in
"operator language. Whereas the descriptions of the table-driven
translator given earlier give information about the internal workings
of the translator and the way it interprets the table of production
rules it uses, thus describing the device {translator) itself, here we
describe the practicé of using the translator, how to make use of that
device for handling 1d10mat1c English. : .

Here is an example of an English sentence,'followed by its parse:

Continue doing everything from that step up through the latest step,
until you see a bar.

(IMPERATIVE CONTINUE-UNTIL
' (IMPERATIVE VP+4Advs .
{TVHNP doing everything)
(PrepPh from (NP+Adjs step that)) :
(PrepPh UPTHRU (NP+Adjs step the latest)))
(Subj+Verb you (TV4NP see (NP+Adjs bar a))))

The correct way to transiate this is first to recognize the topnlevel
structure

(IMPERATIVE CONTINUE-UNTIL <1> <2>)

as the framework for a CONTINUE-UNTIL looﬁ, then to recognize thatx
substructure <1> has the form

(IMPERATIVE VP+Advs (TVHNP doing <3>) (PrepPh from <4>) (PrepPh UPTHRU -<5>))

which is something like an idiomatic English expression. Inside that,
<3> is atomic while <4> and <5> are analyzed for semantic content

as nouns or noun phrases (referred to hereafter in this appendix
simply as nouns, which is also followlng the usage of the translation
grammar, given in Appendix 4). Also <2> is be recognized as '

(Subj+Verb you (TVANP see <6>))

which is another idiomatic expression in this problem domain. Inside
" it,. <6> is again analyzed for semantic content as a noun, except it is
then converted into a predicate, i.e., what the robot "sees" is tested
for bar-ness. That is, the English idiom “you see a bar”’ is converted
to the form “the beheld/default object has the property of being a
bar®, thence to the form “default-object satisfies bar-property”,
which in operator language becomes “(BARP DEFAULT-OBJECT) . 1In
operator language “that step’ always becomes ‘MARKED-STEP”, i.e., the
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step that was marked by the preceding command to the robot {‘Refer
back to when you ++."). The rest of translation to operator language
is obvious, i.e., about what one would expect. Putting all the pieces
together, the above sentence translates to: - :

(CONTINUE-UNTIL
(STEPS-BETWEEN MARKED~STEP LATEST-STEP)
(BARP DEFAULT-OBJECT))

Here are some more examples of how translation occurs on idioms in a
“top-down fashion. The parsed-English noun phrase

(N-+trclause (NP+Adjs number the) {(thkat you remémbered THAT&SLOT) )
contains one major concept

(N+rclause <1> (that <2> <3> THAT&SLOT))

" i.e., the something that somebody did some action to earlier, containing

three minor concepts within it, the identities of the something, and
the somebody and the name of the action performed. This noun phrase

(NP+Poss+NP (NP+Adjs digit the singles) of (NP+Adjs answer the))

. contaipns one major concept

- (NP4PossHNP (NP+Adjs digit the singles) of <1>)

which is essentially a function SINGLES-DIGIT-0F, with one minor conéept

~within it, the argument to that function. Actually the'translator

handles this as a general case, i.e.

{NP+PossHNP <1> of <2>)

where <1> is a noun that refers to some part of the reference of

another noun <2>, as ‘top of ««+.° or ‘inside of ...° etc. After
translating <1> and <2> separately qua nouns, X1> is converted into
a function which is then applied to <2>, thus “top of Everest’ would
become *(TOP-OF EVEREST)” :

Here are all the relevant productions for translating the above two
sentence fragments, not just at the top level as described above but
all the way down to the atomic names of things. Notice how in the
productions below each level recognizes exactly -one level of idiom or
sentence structures.

- NOUN (NP+Poss+NP [NOUN1] of [NOUNZ})

{({!! T2-REC NOUN-TO--FUNCTION [NOUN1]) [NOUNZ])

This is the top-level productlon, which recognlzes the “eve Of aus”
fragment, treats the two parts as NOUN! and ROUNZ, i.e., both as NOUNs,
then converts NOUN]l to a function, then returns a structure whereby
that function is applied to NOUN2Z at runtime. :
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NOUNL  [NOUN] [NOUN]
NOUN2 [NOUN] [NOUN] .
These two productions merely identify NOUN1 and NOUNZ as NOUNs.
NOUR (NP+Adjs digit the singles) (ONES-DIGIT-OF DEFAULT-NUMBER)

This production recognizes the first noun gestalt. If this appeared

. normally, that is if the user asked the robot just for “the singles

digit®, it would be assumed to mean “the singles digit of the default
number”’, hence the complicated semantics.

-_NOUN (NP+Adjs answer the) : DEFAULT-NUMBER

This production recognizes the second noun. In our problem domain, the
answer 1ls always a number, and the program cannot tell the difference
between any arbitrary number and the correct number to be the answer,
so when we ask for ‘the answer” it just gives us the default number

and assumes that is the correct answer.

NOUN~TO-FUNCTLON (ONES-DIGIT-OF DEFAULT-NUMBER) ONES~DIGIT-OF

This is the production for converting the first noun, the one specifying
a part in a generic way, into a function, which will return that part of
whatever argument is given to it at runtime.

Before showing the proddctianS'used-b& the second example, here is a
complete indented trace of how the above productions are used im
translatlug the first example.

NOUN = . (NP+PossHIP (NP+Adjs digit the. SLngles) of (NP+Adjs answer che))
Syntax = (NP+Poss+NP [NOUNL] of [NOUN21)
Bindings = ({(NOUNI NP+Adjs digit the singles)
{NOUN2 NP+Adjs answer the))
NOUN1 = (NP+Adjs digit the singles)
Syntax = [NOUN]
Bindings = ((NOUN NP+Adjs digit the singles))
NOUN = (NP+Adjs digit the singles)
Syntax = (NP+Adjs digit the singles)
Semantics = {(ONES-DIGIT-0F DEFAULT—NUMBER)
= (ONES-DIGIT~OF DEFAULT-NUMBER)
Results = {(NOUN ONES-DIGIT-OF DEFAULT—NUMBER))
Semantlcs = {NOUN]
= (ONES-DIGIT-OF DEFAULT—NUMBER)
NOUNZ = (NP+Adjs answer the)
Syntax = [NOUN]
Bindings = ((NOUN NP+Adjs answer the))
NOUN = (NP+Adjs answer the)
Syntax = (NP+Adjs answer the)
Semantics = DEFAULT-NUMBER
= DEFAULT-NUMBER
Results = {(NOUN . DEFAULT—NUMBER))
Semantics = [NOUN]
= DEFAULT-NUMBER
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Results = ({NOUNl ONES-DIGIT-OF DEFAULT-NUMBER) (NOUN2 . DEFAULT-NUMBER))
Semantics = ((! T2~-REC NOUN-TO-FUNCTION [NOUN1]) [NOUN2]) -
NOUN~TQO~FUNCTION = (ONES-DIGIT-OF DEFAULT-NUMBER)
Syntax = (ONES-DIGIT-OF DEFAULT-NUMBER)
Semantics = ONES-DIGIT-OF
= ONES-DIGIT~OF
== (ONES-DIGIT~OF DEFAULT-NUMBER)

" Now heére are the productions used for translating the second example:

NOUN (N+rclause [NOUN] (that [MOVER] [VERB] THAT&SLOT))
(SOMETHINGeACTED—U?ON [MOVER] [VERB]
(!! T2-REC ANYIFY [NOUN]))

This is the top-level productlon, recognizing the major idiom as
described above. :

NOUN  (NP4Adjs mumber the)  DEFAULT-NUMBER

This production is obvious.. |

MOVER  you . - ROBOT

When speaking to.the rocbot, ‘you’ always refers to tﬁe robot.

VERB remembered | \ | ' REMEMBER

Verbs are normalized into infinitive case when translating.

ANYIFY , : DEFAULT-NUMBER ANY-NUMBER

This productioﬁ converts a noun to generic form, thus a NUMBER kind of

thing is converted to the generic form ANY-NUMBER.. At runtime, the
program looks for any number consistent with the rest of the search

request, in this case the robot remembering something.

Now here is the indented trace for this example:

" NOUN = (N+trclause (NP+Adjs number the) (that you remembered THAT&SLOT))

Syntax = (N4rclause [NOUN] (cthat [MOVER] [VERB] THAT&SLOT})
Bindings = ((NOUN NP+Adjs number the)
(MOVER . you)

{VERB . remembered))
NOUN = (NP+Adjs number the)
Syntax = (NP+Adjs number the)
Semantics = DEFAULT-NUMBER
== DEFAULT-NUMBER
MOVER = you
Syntax = you
Semantics = ROBOT
= ROBOT
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VERB = remembered
Syntax = remembered
Semantics = REMEMBER
== REMEMBER
Results = ((NOUN . DEFAULT-NUMBER) (MOVER . ROBOT) {(VERB . REMEMBER}) .
Semantics = (SOMETHING-ACTED-UPON [MOVER] [VERB] (* T2-REC ANYIFY [NOUN]))
ANYIFY = DEFAULT-NUMBER '
Syntax = DEFAULT~NUMBER
Semantics = ANY-NUMBER
= ANY-NUMBER
ma (SOMETHING—ACTED-UPON ROBOT REMEMBER ANY-NUMBER)

The following example illustrates the way idioms are recognized

in a gestalt manner even though the words and structural keys in

the parsed-English version of the idiom may be scattered around at
different levels of structure and with nonconstant sub-expressions
scattered between the recognized (constant) parts. We show first the
original English sentence, then the parsed-English data structure.
Then we shoWw the complete prettyprinted (indented) trace of execution
of the translator when given this data structure. Comments in square
brackets are inserted to explain what is happening and to emphasize
the places where major idiomatic recognitien is occurring. Uses of the
extra pass through the translator are also noted in square brackets.

*If this number is less than the number you remambefed, then look
at the bottom number, look one spot to the left, write a one here,
and look one spot to the right.”

(IF (DECLARE Subj!+4Verb (NP!-+Adjs number this)
(Cop!+AdjP is Comparative (less than)
(Nl4rclause (NP!+Adjs number the)
{that you remembered THAT!&SLOT))))_
(SEQUENCE
(IMPERATIVE VPl+Advs look (PrepPh at (NP!+Adjs number the bottom)))
(IMPERATIVE VPi+Advs look (Num!+Mea one spot)
(PrepPh to (NP!+Adijs left the)))
(IMPERATIVE VP!4Advs (TVI4NP write (NP!+Adjs one a)) (Dadv'— here))
(IMPERATIVE VP!4+Advs look (Num!-Mea one spot)
(PrepPh to (NP!4+Adjs right the)))))

TOP = (IF (DECLARE Subj+Verb (NP+Adjs number this) (CoptAdjP is Comparative
(less than) (N+4rclause (NP+Adjs number the) (that you remembered
THAT&SLOT)))) (SEQUENCE (IMPERATIVE VP+Advs look (PrepPh at
{NP+Adjs number the bottom))) (IMPERATIVE VP+Advs look (NumtMea one
spot) (PrepPh to (NP+Adjs left the))) (IMPERATIVE VP+Advs (TVHNP -
write (NP+Adjs ome a)) (Dadv= here)) (IMPERATIVE VP+Advs look
(NumtMea one spot) (PrepPh to (NP+Adjs right the)))))

Syntax = (IF [CONDIT] ([TOP])

[At the top level, the structure (IF % %) always represents a
conditional expression, which is always trapnslated in the same way.]
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Bindings = ((CONDIT DECLARE Subj+Verb (NP+Adjs number this)} (Cop+AdjP is
o Comparative (less than) (Ntrclause (NP4Adjs number the)
(that you remembered THAT&SLOT})))
(TOP SEQUENCE (IMPERATIVE VP+Advs look (PrepPh at (NP+Adis
nuwber the bottom))) (IMPERATIVE VP+Advs look (NumiMea one
spot) (PrepPh to (WP+Adjs left the))) (IMPERATIVE VP+Advys
(TVHP write (NP4+Adjs one a)) (Dadv= here)) (IMPERATIVE
VP+Advs look (NumiMea one spot) (PrepPh to (NP+Adjs right
the))))) ' '
. CONDIT = {(DECLARE Subj+Verb (NP+Adjis number this) (Cop+AdjP is
L Comparative (less than) (N+rclause (NP+Adjs number the) -
(that you remembered THAT&SLOT)))) o
Syntax = (DECLARE . [EXITC]) -

{fDeclaratives are the standard thing to expect at this point. Here
only the DECLARE part is recognized. The various idioms are seen next.]

Bindings = ((EXITC Subj+Verd (NP+Adjs number this) (Cop+AdjP is
Comparative (less than) (N+rclause (NP+Adjs number the)
(that you remembered THAT&SLOT)})))

EXITC = (Subj+Verb (NP+Adjs number this) (Cop+AdjP is Comparative
(less than) {(N+4rclause (NP4Adjs number the) (that you
remembered THAT&SLOT)))) '

Syntax = (Subj+Verb [NOUN1} (CoptAdjP is Comparative [COMP] . [NOUN2]))

[Here a rather large amount of structure, 4 atoms in a 3~level struccure
are recognized. Note that although this prints as two levels of
parenthesis, the Cop+AdjP and the Comparative parts are at two levels
logically. But since CoptAdjp always takes exactly two arguments, a
dotted pair instead of a list is used, causing the Comparative part to .

. be a tail rather than an element. 1In any case, this whole structure is

~recognized as the idiom for comparing two gquantities (NOUNs) using some
comparator. Here the comparator is “less than” which appears as a
two~element List in the parse here.]
Bindings = ((NOUN! NP4+Adjs number this)

{COMP less than)

(NOUN2 N+rclause (NP+Adjs number the) (that you

remembered THAT&SLOT)))

NOUNI = (NP+Adjs number this)

[NOUN1 and NOUN2 are used instead of just NOUN to avoid ambiguity in
the semantics (output). Each merely passes the task to NOUN, and
thus uses the same part of the tramnslation table.]

Syntax = [NOUN] :
Bindings = {(NOUN NP+Adis number this})
NOUN = (NP+Adjs number this)
Syntax = (NP+Adjs number this)

[The pair “‘this number’ is one of our common noun phrases, for which we’
have a canned interpretation as whatever number we are currently
concerned with. We call this the DEFAULT-NUMBER.]




84

Semantics = DEFAULT-NUMBER
= DEFAULT-NUMBER
Results = ((NOUN . DEFAULT—NUMBER))
Semantics = [NOUN]
== DEFAULT-NUMBER
COMP = (less than)
Syntax = (less than)

" [The comparative *

less than’ is coaverted to the standard LISP function
*LESSP’ here.

The interpreter we use calls O-LESSP which is a bit more
powerful than the normal LESSP in LISP, but we used the standard name

for metaphoric value, i.e. because the meaning is analagous.]

Semantics = LESSP

== LESSP : -
NOUNZ = (N+rclause (NP+Adjs number the) (that you remembered
THAT&SLOT))
Syntax = [NOUN]
Bindings = ((NOUN N+rclause (NP+Adjs number the) {that you
" remembered THAT&SLOT)))
NOUN =

(N+rclavse (NPHAdjs number the) (that you remembered
THAT&SLOT) )

Syntax = (N4rclause. [NOUN] (that [MOVER] [VERB] THAI&SLOT))

[Here we recognize another complicated idiom,

“the somethlng that -
somebody did some action upon”s

We pick the expression apart to
identify the object being acted upon, the actor (mover), and the
action (verb) ]

Bindings = ((NOUN NP+Adjs number the)
(MOVER . you)

(VERB . remembered})
ROUN = (NP+Adjs number the)

Syntax = (NP+Adjs number the)

{This translates the same as above, but gets changed later by calling
the translator recursively a second time.]

Semantics = DEFAULT-NUMBER
== DEFAULT-NUMRBER
MOVER = you

Syntax = you

[When talking.to the robot, ‘you’ always refers to ROBOT.]

Semantics = ROBOT
== ROBOT

VERB = remembered
Syntax = remembered

[(Past tense is converted to infinitive so it will match the step it is
referring to.]
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Semantics = REMEMBER
_ == REMEMBER
Results = ((NOUN . DEFAULT-NUMBER)
' {MOVER .+ ROBOT)
{VERB . REMEMBER))
Semantics = (SOMETHING-ACTED-UPON {MOVER] [VERB] ('
T2-REC ANYIFY {NOUN]))

[Here is where we call T2-REC another time, to perform the ANYIFY
action on the object acted upon. Thus when we say ‘the number acted
upon’ it gets converted to essentially *° any number acted upon » thus
,DEFAULT—NUMBER gets converted to ANY-NUMBER.].

ANYIFY DEFAULT-NUMBER
Syntax = DEFAULT -NUMBER -
Semantics = ANY-NUMBER
== ANY-NUMBER .
== (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY-NUMBER)
Results = {(NOUN SOMETHING=-ACTED-UPON ROBOT REMEMBER
ANY-NUMBER))
Semantics = [NOUN]
= {(SOMETHING-ACTED-UPON ROBOT REMEMBER ANY—NUMBER)
ReSults = ((NOUNl . DEFAULT-NUMEER)
{CoMP . LESSP) T
(NOUN2 SOMETHING-ACTED~UPON ROBOT REMEMBER ANYhNUMBER))
Semantics = ({! T2-REC COMP-TO-PREDICATE [COMP]) [NOUNI] [NOUNZ])

[Here we call T2-REC again on the comparative, although in this case
it is redundant since LESSP is correct already.]

COMP-TO-PREDICATE = LESSP
Syntax = LESSP
Semantics = LESSP
= LESSP :
== (LESSP DEFAULT-NUMBER (SOMETHING-ACTED—UPON ROBOT REMEMBER
"ANY-NUMBER))
Results = ((EXITC LESSP DEFAULT-NUMBER (SOMETHING—ACTEDuUPON ROBOT
) REMEMBER ANY—NUMBER)))
Semantics = [EXITC]

[Note how the semantics are put together. The comparative converted to
a verb function is put first in the verb position, then the two
objects being compared are listed in the correct order. In most cases
the verb is a constant of the production being used, but here the

verb comes from the actual data as a variable; thus different verbs

may be generated here even though the production at this level is the
same. ]

(LESSP DEFAULT-NUMBER (SOMETHING-ACTED—UPON ROBOT REMFEMBER
ANY~-NUMBER )}

TOP = (SEQUENCE (IMPERATIVE VP4Advs look (PrepPh at (NP+Adjs number the
bottom))) (IMPERATIVE VP+Advs look (NumiMea one spot) (PrepPh
to (NP+Adjs left the))) (IMPERATIVE VP+Advs (TVANP write
(NP+Adjs one a)) (Dadv= here)) (IMPERATIVE VP+Advs look

(Num+Mea one spot) (PrepPh to (NP+Adjs right the))))
Syntax = (SEQUENCE . [LIST—TOP])
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[Here a speclal rule is used, one that is built inte the program.

LIST-TOP is a list of TOPs. The program maps down the elements of the
LIST-TOP performing TOP on each of them, then puts the results back

into a list. 1In the future we may modify the translator to have this aspect
table~driven too, i.e., include somewhere in the table a list of

LIST-x keywords and the corresponding x keywords, or else assume

anything starting with LIST- is of this type.]

Bindlngs = ((LIST~TOP (IMPERATIVE VP+Advs look (PrepPh at (NP+Adjs
number the bottom))) (IMPERATIVE VP4Advs look (NumiMea
one spot) (PrepPh to (NP+Adjs left the))) (IMPERATIVE
VP+Adyvs (TV4NP write (NP+Adjs one a)) (Dadv= here)).
(IMPERATIVE VP+Advs look (NumitMea one spot) (PrepPh to
(NP+Adjs right the))))) '

LIST-TOP = ((IMPERATIVE VP+Advs look (PrepPh at (NP+Adjs number the
bottom))) .
(IMPERATIVE VP+Advs look (NumiMea one spot) (PrepPh to
(NP+Adjs lefr the))) :
{(IMPERATIVE VP+Advs (TVHNP write (NP+Adjs one a})
{Dadv= here))
{IMPERATIVE. VP+#Advs look (Num+Mea one. spot) (PrepPh to
(NP4+Adjs right the))})

{Here is where the LIST-TOP magic list of TOPs starts.]

TOP = (IMPERATIVE VP+Advs look (PrepPh at (NP+Adjs number the
bottom)))
Syntax = (IMPERATIVE VP+Advs look {(PrepPh at [NOUN}})
Bindings = ({NOUN NP+Adjs number thé bottom))
NOUN = (NP+Adjs number the bottom)
Syntax = (NP+Adjs number rhe bottom)

[Here is another common form for which we have canned the correct answer.]

Semantics = (INTERSECT-CUES (OBJECT NUMBER) {LOCATION BOTTOM})

= (INTERSECT-CUES (OBJECT NUMBER) (LOCATION BOTTOM))
Results = ((NOUN INTERSECT-CUES (OBJECT NUMBER) (LOCATION BOTTOM)))
Semantics = (LOOK-AT [NOUN])
== (L,OOK~-AT (INTERSECT-~CUES (OBJECT NIMBER) (LOCATION BOTTOM)))

TOP = (IMPERATIVE VP+Advs look (NumiMea one spot) (PrepPh to
(NP+Adjs left the)))
Syntax = (IMPERATIVE VP+Advs look [DISTANCE] (PrepPh to .
(NP+Adjs [SIMPLEDIR] the)))

[Here is another complicated idiom, where the translator recognizes 7
atenms in a 3-level list all at once. The idea is “look some distance
to some direction (from where you are currently looking)®. It
translates to a simple two—argument function LOOK-DIRDIS, thereby

collapsing 7 atoms in a messy structure into 1 atom which is a verb
taking two arguments.]

Bindings = ({DISTANCE NumtMea one spot) (SIMPLEDIR . lefc))
DISTANCE = (NumtMea one spot)
Syntax = (NumtMea one spot)
Semantics = (DISTANCE 1)
== {DISTANCE 1)
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SIMPLEDIR = left
Syntax = left
Semantics = LEFTWARD
== LEFTWARD ‘ '
Results = ((DISTANCE DISTANCE 1) (SIMPLEDIR . LEFTWARD))
" Semantics = (LOOK-DIRDIS [SIMPLEDIR] [DISTANCE])
== (LOOK-DIRDIS LEFTWARD (DISTANCE 1))

TOP == {IMPERATIVE VP4+Advs (TVHNP write (NP+Adjs one a)) (Dadv= here})
Syntax = (IMPERATIVE VP+Adys (TVHNP write [NOUN]) [ADV])
Bindings = ((NOUN NP+Adjs one a) (ADV Dadv= here))

NOUN = (NP+Adjs one a)
Syntax = (NP+Adjs one a)
Semantics = 1 .
== ]

ADV = (Dady= here)

Syntax = (Dadv= here)

{The word “here’ has no semantic content here, since ‘here’ is the default.
_Normally ACTION-AT-LOCATION would move the cursor to the desired
location, do the action, and then move it back. But if the location is
"here", no motion there and back is needed, and the operation
" collapses to a simple action whereby the usual verb is called
directly. ‘DUNZELL® means “a part that serves no useful fumction’,
from a Startrek episode. We translate all useless items to this atom
so that later it is easy to check for useless items by simply
comparing to ths atom, which can be done by two production rules, ome
that matches this atom and ome that catches everything else.]

Semantics = DUNZELL
== DUNZELL

Results = ((NOUN . 1) (ADV . DUNZELL))

[Here we have the results, the datum to be written out is the number 1
and the location is DUNZELL. Below we recognize the DUNZELL and - -
- generate code for WRITE-QUT without the ACTION-AT-LOCATION around it.]

Semantics = (! T2-REC MAY-ACTION-AT-LOCATION ((WRITE-QUT
[NOUN}) [ADV]))
MAY-ACTION-AT-LOCATION = ((WRITE-OUT 1) DUNZELL)
Syntax = ([ASIS} DUNZELL)

[Here we have recognized the DUNZELL atom.]

Bindings = ((ASIS WRITE-OUT 1))
ASIS = (WRITE-OUT 1)

h = (WRITE-OUT 1) :

Results = ((ASIS WRITE-OUT 1))

[And here we generate the raw action without the ACTION~AT-LOCATION
around ite]
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Semantics = [ABIS]
= (WRITE~OUT 1)
(WRITE—OUT 1)
TOP = (IMPERATIVE VP+4+Advs look (Numiiea one spot) {(PrepPh to
(NP+Adjs right the)))
Syntax = (IMPERATIVE VP4#Advs look [DISTANCE] (PrepPh to
' " (NP+Adjs [SIMPLEDIR] the)))

[Here again we reccgnize‘this 7-atom idiom all at once.}

Bindings = ((DISTANCE NumtMea one spot) (SIMPLEDIR « right))
DISTANCE = (NumiMea one sport)
Syntax = (Numilea one spot)
Semantics = (DISTANCE 1)
== (DISTANCE 1)
SIMPLEDIR = right
Syntax = right
Semantics = RIGHTWARD
== RIGHTWARD
Regsults = ((DISTANCE DISTANCE i) (SIMPLEDIR . RIGHTWARD))
Semantics = (LOOK~DIRDIS [SIMPLEDIR] [DISTANCE]) .
== (LOOK-DIRDIS RIGHTWARD (DISTANCE 1)) '
= ((LOOK-AT (INTERSECT-CUES (OBJECT NUMBER) (LOCATION BOTTOM)))
" (LOOK-DIRDIS LEFTWARD (DISTANCE 1))
(WRITE~QUT 1)
(LOOK-DIRDIS RIGHTWARD {DISTANCE 1)))

[Here we have finished all the TOPs in the list (the LIST—TOP), and the
program now makes the list of results.]

Results = ((LIST~TOP (LOOK~AT (INTERSECT~CUES (OBJECT NUMBER)
(LOCATION BOTTOM))) (LOOK-DIRDIS LEFTWARD (DISTANCE 1))
(WRITE-OUT 1) (LOOK-DIRDIS RIGHTWARD (DISTANCE 1))))

{As per our next-~to-top production rule, the atom SEQUENCE is tagged
onto the start to act as the verb. This acts like an LEXPR, i.e., it
takes an arbitrary number of arguments, each of which is evaluated.]

Semantics = (SEQUENCE . [LIST-TOP])
= {SEQUENCE (LOOK-AT (INTERSECT-CUES (0BJECT NUMBER) (LOCATION
BOTTOM))) (LOOK-DIRDIS LEFTWARD (DISTANCE 1)) (WRITE-OUT l)
{LOOK-DIRDIS RIGHTWARD (DISTANCE 1)))
Results = ((CONDIT LESSP DEFAULT-NUMBER (SOMETHING—ACTED—UPON ROBOT

REMEMBER ANY-NUMBER))
(TOP SEQUENCE (LOOR-AT (INTERSECT-CUES (OBJECT NUMBER)
(LOCATION BOTTOM))) (LOOK-DIRDIS LEFTWARD (DISTANCE 1))
(WRITE-OUT 1) (LOOX-DIRDIS RIGHTWARD (DISTANCE 1))))

[Now we are finally at the top=-level production, where one of the two
major sub-—expressions is examined to make sure it is of the proper

form. (This is really a bug trap, since some productions are used to put
a CHECK in front of forms before passing them up to this level. Now

the CHECK should occur only when (DECLARE ...) occurs at the top

level, not inside an IF. This extra call to T2-REC with mode UNCHECK .
makes sure CHECK does not appear here.]
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Semantics = (IF (! T2-REC UNCHECK [CONDIT]) [TOP])
UNCHECK = (LESSP DEFAULT-NUMBER (SOMETHING—ACTED—UPON ROBOT REMEMBER
ANY-NUMBER ) )

Syntax = [ASIS] '
Bindings = ((ASIS LESSP DEFAULT—NUMBER (SOMETHING—ACTEnﬂUPON ROBOT

REMEMBER ANY-NUMBER}))
'ASIS = (LESSP DEFAULT-NUMBER (SOMETHING-ACTED-UPON ROBOT REMEMBER
ANY-NUMBER) )
= (LESSP DEFAULT-NUMBER (SOMETHING-ACTED-UPON ROBOT REMEMBER
ANY-NUMBER) )
Resules = ((ASIS LESSP DEFAULT-NUMBER (SOMETHING*ACTED—UPON ROBOT
REMEMBER ANY—NUMBER)))

Semantics = [ASIS]
== (LESSP DEFAULT-NUMBER (SOMETHING-ACTED—UPON ROBOT REMEMBER ANY—NUMBER))

[Now at long last the program puts the top-level semantics together to
return the translation of the whole parsed-English sentence.]

= (IF (LESSP DEFAULT-NUMBER (SOMETHING-ACTED-UPON ROBOT REMEMBER
ANY-NUMBER)) (SEQUENCE (LOOK-AT (INTERSECT-CUES (OBJECT NUMBER)
(LOCATION BOTTOM))) (LOOK-DIRDIS LEFTWARD (DISTANCE 1)) (WRITE-OUT

1) (LOOK~-DIRDIS RIGHTIWARD (DISTANCE 1}))))
{Here is the result prettyprinted for easier reading.]

(IF (LESSP DEFAULT'—NUMBER
(SOMETHING'—ACTED'—UPON ROBOT REMEMBER ANY‘—NUMBER))

(SEQUENCE (LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION BOTTOM)))
(LOOK!~-DIRDIS LEFTWARD (DISTANCE 1)) :

(WRITE!-OUT 1)
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))))
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Appendix 6. Semantics of Operator-Language Atoms

This appendix lists each verb and actor, and describes the semantics
associated with each. After the name of the verb or actor we give a
concise English description of what it does, then describe its
arguments and how they are handled (recursively evaiuated, passed to a
coercion routlne, examined by case, etc.).

‘=~ ACTORS ——
These are syntactically like varlables (names of data) in
operator languge, but actually are implemented as functions of zero
arguments which return a datum. In some cases these are trivial,
merely fetching the value of a global variable, or even worse a
constant implemented as the value a global variable that never 7
changes. In others below, some noantrivial computation occurs such as
searching a database for an object of a desired type-

CURRENT-LOCATION
What 1s the current location, i.e. viewpoint?
Returns a 2-element list (COL ROW) assembled from two global variables-

SPACE :
This returns a space—character datum. Its most common use is to
overprint some other character in order to erase it. :

OLDEST-NUMBER

The number which was remembered firsc, or the current number if none
were remembered.

This locates the cldest item on the memory stack which has the
property NUMBER. This number 1s returned, with its associated tags
being passed up too.

DEFAULT--SUM

This finds the most recent SUM either the current object if it is a
SUM, or the most recently-remembered item with the SUM property. The
datum is returned, with its tags passed up too.

DEFAULT-NUMBER

This finds the most recent NUMBER, either the current object if it is a
NUMBER, or the most recently-remembered item with the NUMBER propertye
The datum is returned, with 1ts tags passed up too. :

DEFAULT~OBJECT '
This returns the most recent object of any kind, usually the current
object of attention. The datum is returned, with its tags passed up ;oo-
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~~ VERBS —=
All the verbs in operator language are listed below, grouped
according to the way arguments are handled.

PSEUDO-ACTORS -— This verb is exactly like an actor, in that it
merely returns a datum, except it takes an arument and thus must be
implemented as an explicit function in operator language.

DEFAULT-NUMBERS

Find n most recent numbers. :

This takes one argument which must be a number, which we call " n" here.
It searches the stack for the n most recent numbers and returns a list
of them. For example, if n is 2 and the current cbject of attention is
a number, it will return the list whose two elements are the curreat
object of attention and the most recently remembered number. The tags

- NUMBER and LIST are also passed up.

The following verbs act exactly like EXPRs or LEXPRs, i.e., they
first check to make sure they have the right number of arguments if
© that number is not variable, then each argument is recursively
evaluated, and only then does the main part of the function see the
(evaluated) arguments. :

RIGHTMOSTP :

- Is the specified location somewhere in the rightmost column?

Takes one argument, recursively interpreted, to yield a location
specification which is a list of two elements (COL ROW), each of which
is an integer index into trhe arithmetic-example array. The ROW number
is ignored. If the COL {(column) number is 1, TRUE is returned, else
FALSE is returned.

- SUBTRACT

Subtract one number from another. -

This takes two arguments, each of which is interpreted recursively.
The results are then coerced to be numbers. Reverse subtraction is
then done, i.e., the first argument Is the subtrahend instead of the
ninuend. The result is marked as a NUMBER and as a DIFFERENCE in case
somebody later asks to perform some operation upon the difference, and
the result of the (reverse~)subtraction is returned.

NOT

Logical negative of argument.

This takes one argument, which is recursively interpreted. The result
should be TRUE or FALSE. If TRUE, FALSE is returned, 1f FALSE, TRUE is

returned, i.e., this function returns the opposite of what came up from
recursively interpreting its argument.

OR :
Logical OR of arguments.
Each argument is recursively evaluated. If any returns TRUE, then TRUE

is returned, else FALSE is returned. Any arguments after the first
TRUE result are NOT evaluated. :
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AND

Logical AND of arguments.

Each argument is recursively interpreted. If all return TRUE, then
TRUE is returned. If any returns FALSE, then FALSE is returned._
Argumenrs after the first FALSE are NOT evaluated.

MULTIPLY

Multiply two values together.

This takes two arguments, each ¢of which is recursively evaluated
before anything else is done. '
Next, each argument-result is passed through COERCE—TO—NUMBER the two
values are then multiplied, and the result is flagged as a PRODUCT as

well as a NUMBER before returning.

ADD

“Add two values together.

This takes two arguments, each of which is recursively evaluated
before anything else is done.

Next, each argument-result is passed through COERCE-TG—NUMBER the two
values are then added, and the result is flagged as a SUM as '
well as a NUMBER before returning.

ADD-SET
Add a list {set)} of numbers together.
This takes one argument which is recursively evaluated tqg yield a

list. Each element of the list is then passed through
COERCE-TO-NUMBER, and PLUS is applied to the list. The result is
flagged as a SUM as well as a NUMBER, and returned.

NUM-LEQ

Boolean test, is one number less than or equal to another?

This takes two arguments, each of which is recursively interpreted.
The results are passed through COERCE~TO-NUMBER and compared. - If the
first number is less than or equal to the second, TRUE is returned,
else FALSE is returned. ‘

LESS?

Boolean test, is one number less than another? :

This takes two arguments, each of which is recur51vely interpreted.
The results are passed through COERCE-TO-NUMBER and compared. If the:
first number is less than the second, TRUE is returned, else FALSE is
returned.

NUMBER-OF-DIGITS-OF
How many digits does a number have?

‘This takes one argument, which is recursively evaluated.

The result is passed through COERCE~TO-NUMBER. If the result is
negative, this 1s an error condition. Otherwise numbers from 0 thru 9
result in a result of !, 10 thru 99 a result of 2, and larger numbers
are not currently allowed.
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SPACEP
Is the argument a space character?

" This takes one argument, which is recursively interpreted.

If the resulr is a space, TRUE 1s returned, else FALSE 1s returned.

ZEROP - |
Is the argument a zero?
This takes one argument, which is recursively interpreted.

If the result is a zero character or the number zero, TRUE is

returned, else FALSE is returned.

. BARP

Is the argument a bar {hyphen) character?
This takes one argument, which is recursively interpreted.

If the result 1s a bar (hyphen), TRUE is returned, else FALSE is retufned;_

ONES~DIGIT-OF

Ones (units, rightmost) digit of a number.

This takes one argument, which is recursively interpreted.
The result is divided by ten and the remainder is returned.

TENS-DIGIT-OF

Tens diglt of a number.

This takes one argument, which is recursively interpreted.

The result is divided by ten and the quotient is divided by ten again.
This new remainder is returned.

- NUMBERP
-+ Is it a number? :
‘This takes one argument, which is recursively interpreted.

If the result is either a number or a numerical digit, TRUE is returned,
else FALSE is returned. - : '

CHECK _ _ :
Check to make sure some boolean test 1s TRUE.
This takes one argument, which is recursively interpreted.

~1f it returns TRUE, all is ok, and thlS function returns OK. Otherwise
an error is signalled.

WRITE-QUT :

Write some character out at the current location in the arithmetlc
example array.

This takes one argument, which is recursively iuterpreted- ‘

The result is passed through COERCE~TO~CHARACTER to yleld the new
character. The current character in the current location in the
arithmetic example array is erased if not already blank, and the new

- character is writtenm in that location. OK is returned.

-The following verbs ignore their arguments totally, in particular

they do not evaluate them because that might result in an error or
other unwanted side effect. :
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- DONE.

Exit from a level of locping.

This takes no arguments. It does a THROW to a pending CATCH which is
just outside the innermost level of loop control. The effect is to
immediately abort the loop. No result is RETURNed, because this is a
. nonlocal return, rather the result THROWn is the atom DONE.

IGNORE
This is a no-op except for printing out the message "Ok, 1’ ll ignore
it." OK is returned.

The following verbs evaluate all or some of thelr arguments _ .
.recursively, but only after performing some nontrivial task. These are
analagous to special forms such as COND PROG DO PROGN et al in LISP.

LOCP :

Repeat steps over and over agaln forevermore, except that a DONE
anywhere in this loop (except inside an inmer loop) will cause this
loop to exit.

This takes an arbitrariy number of arguments, not recursively
interpreted initially. Each is some expression to be recursively .
evaluated in turn. ,

First a CATCH is set. Inslde that CATCH the looping takes place. First
the first argument is recursively interpreted, then the second, etce.
Then the arguments are repeated (reecursively interpreted) again and
again etcs The only way out is for a THROW to occur, which is effected
by a DONE being executed somewhere inside one of the steps«. 1If the
THROWn value is the atom DONE, OK is then returned, else an errcr ocecurs.

IF
Conditionally execute a command depending on whether a boolean
expression returns TRUE or FALSE.
" This takes two arguments, the condition (boolean expression) and the
command to maybe execute.. o
The condition Is recursively interpreted. If it returns TRUE the
command is executed, otherwise nothing happens. The command is usually
a SEQUENCE of individual commands, and the O~IF function is optimized
for this. If the steps were skipped, or if all steps in the sequence
execute successfully, OK is returned.

REMEMBER

Remember something for future reference.

This takes one argument, which is a form to recursively 1nterpret.

The global G:FETCH:TAG is pulled out, then the form is recursively .
interpreted. That global must be set by the recursive interpretation,
indicaring what kind of result is being returned. The tag is augmented
by Including properties that are implied by the given property or by
the argument ltself, for example if it is a number then the NUMBER
property is included. Then the returned result and the augmented list
of tags (properties)} is pushed on the stack. OK is returned.
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DO-UNTIL

Do a sequence of steps until some exit conditlion is satisfied.
This takes two arguments, neither recursively iunterpreted initially:
SEQ = a SEQUENCE of forms to recursively interpret, or a: single form
(which is interpreted as a SEQUENCE of one form)
EXITC = 2 boolean test which will return TRUE wien the Loop should
be exited. .
SEQ is passed through COERCE—TO-SEQUENCE—TAIL to force it to be a list
of steps instead of a single step, while EXITC is used as is. These
are passed to TRY-REPEAT-UNTIL-CS to create a trial loop and exit it
in trial mode-

SEQUENCE :
Do a sequence of actions one after. another. e
This takes an arbitrary number of arguments, which are recursively

‘interpreted in left-to-right order. &Each should return 0K, or else an
-error is signalled. Finally, 1f the bottom of the list is reached

without any error, OK is returned.

This verb makes a quick check of its argument to make sure it is of
the cerrect form, then calls another function to perform coercion of
that drgument before performing the main operation itsgelf.

. LOOR-AT

Look at some place in the arithmetic—example array, that is relocate

- your viewpoint there.

This takes one argument, not recursively intepreted, which specifies a
locatlion somehow. Currently this argument must be of the form
(INTERSECT-CUES ...) whereby a list (set) of cues is given.
SPLIT~LOC~0BJ is called to separate these cues into location and
object cues. Location cues specify some direction directly, whereas
object cues specify a location implicitly by what kind of object is to
be found there. Currently there must be exactly one location cue. The
number of object cues may be any including zero.

For actual execution, first O-LOOK is called to perform the actual

"motion according to the location cue, then the various object cues if
_any are tested to verlify the location is acceptable.  If not

acceptable, this function bombs out with an error. OK is returned.

These call coercion routines immediately on the arguments, then
perform the main operation on the results. : :

 LOOK-DIRDIS

Look in some direction by some number of array cells relative to before.
This takes two arguments, a direction and a distance. The direction is

"passed thru COERCE-DIRECTION-TO-DEL-COLROW which returns a unit vector

in the correct direction. The distance is pass through
COERCE-DISTANCE-TO-NUMBER which returns an integer. The vector and the
number are multipled to get a new vector, which is the relative motion
vector. This is added to the curreat location to get the new location..
OK is returned if it succeeded.
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ACTION-AT-LOCATION E ; '
Perform some action at some location, then return to the original location.
This takes two arguments, the action and the location.

LOCSPEC~TO~COLROW is called to coavert the location specification into

a two-element list, (COL ROW). The current location is saved, then the
location is changed to (COL ROW), then the action is recursively
interpreted, then the location 1s restored to the saved value. Whatever
was returned by the action is passed up as the returned result.

LOOK

Look somewhere, i.e., change the atteantion point.

This takes one argument which is not recursively evaluated.

This argument is passed to LOCSPEC-TO~COLROW to convert it into a _
 two—element list (COL ROW).  The robot then sets its attention on the”
"location at these coordinates. OK is returned..

These verbs refer to earlier steps 1n the program-(by keywords in all
but one case), either a mark at the gtart of the referred-to steps or
immediately making a loop out of the referred-to steps and executing it.

- REFER~-BACK~TO : -

Establish a label (reference point) on some earlier occurrance.

This takes one argument (not recursively interpreted) which is of a -

special form: (WHEN (ROBOT-DID #)) i.e. referring back to some action

of the robot. The spot shown as * is a list of keywords that specify _ ‘
some actiom, or a SEQUENCE of such keyword-lists. This subexpression o
is coerced to be a list of one or more keyword-lists, then passed to

OMAT-OLDEST which calls OMAT then throws away all but the oldest

label. This (oldest) label is estabished as the default label, which is

typically referenced by the very next sentence in the program- OK is

returned. :

CONTINUE-~UNTIL : .

Repeat some steps already done, until some exit condition is satisfied.
This takes two arguments: the sequence of steps to be repeated, and
the exit condition. WNeither is recursively evaluated.

"Two cases are currently implemented for the sequence:

(ROBOT~DID *) «—~ Keywords refer to steps. Only the steps referred to
are included in the loop, although the operator may edit the list
of steps after the list of steps is created. —— Control is passed
to O-DO-UNTIL which passes control to TRY-REPEAT-UNTIL-CS.

(STEPS—BETWEEN # %) —= Two already-established labels are used, and
all steps from the first label to the second label are included in
the logp. Control is passed directly to TRY-REPEAT-UNTIL-CS.

See TRY~REPEAT-UNTIL~CS for details of trial-loop execution, and
returnad result.

This verb performs a case by case apalysis of its arguments to
decide what to do-. ' ' '
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SOMETHING-ACTED-UPON :

The object of some class that somebody did something to earlier.

Takes three arguments: WHO = who was supposed to have performed the
act; currently only ROBOT is implemented, i.e., actions the robot
performed ‘earlier. WHATACT = what kind of action was performed;
curreatly only REMEMBER is implemented, i.e., the act was one of
"remembering" something. WHATOBJ = what kind of object was acted upoa,
i.e,. what type of object the robot remembered; currently only
ANY-NUMBER is implemented, i.e., any number that the robot remembered earlier.
Arguments are directly examined by case, dispatching to a specific
routine to handle the particular case. If more than one item satisfies
the query, the most recent is used. Some datum is returned.
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Appendix 7. Algorithm for Permuting Two Columns

The following test rua of the robot system was rum on!

Thursday, September 29, 1983 14:34:11

The objective of the test was to see if we could specify in English an
algorithm for exchanging the rightmost and next-to~rightmost column in
a column—-addition example layout. We used only the mechanisms
developed for column addition and column subtraction, such as looking

-various places, remembering the thing looked at or the result of an

arithmetic calculation, writing out digits from memory, and program
control such as loops and conditionals. Comments were inserted in the
text to explain what is going on and to indicate where portions of the

. transcript were omitted for brevity. Where input was corrected by

backspacing, causing ugly backslants between characters, we have
freely edited the transcript to show the input actually seen by the
program. Otherwise what you see below is exactly what happened during
the test except for places a comment says we omitted something. AlLL
conments below are enclosed in DOUBLE square brackets to distinguish
them from bracketed and parenthesized output from the program.

[[First we start up the USLISP core image with all the compiled robot
software already loaded. It loads a patch file, and asks us what we
want to do.}]

€Ql.SAV;19 |
FILE (PA.TCH - LSP) Open os CPATCH=vevcocsnsvanonss .

*Ftor with table~lookup parse&transl?
%

[[Unfortunately the linelength defaults to 78 columns, which is optimal
for demonstrations but produces output too wide for our printer. Here
we abort the program to tell LISP we want anarrower output for our
Printronix printer, then we restart the top~level robot menu.}]

% (LINELENGTH-FOR—PR INTRONIX)
70 .
*(Q1)

[[Ok, back to running our robot program, noWw we say yes We want the
"new interpretor", and do not want any prearranged input typed on
our behalf, we want to do the whole thing manually.]]

Rup new interpretor with table~lookup parse&transl?
*Y

Pre-type first part of JCL?

*N

[[Now it asks us where we want the input of English to come from, and
we say from our terminal (called TTY). Then we tell it which
arithmetic example we want to use as test data for this run.]]
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A pamed tm gy

i 0id or invalid English input mode = NOT-YET-SPECIFIED
(' - Select from among: (TITY DEBUG~SCRIPT DSK-SCRIPT TRAINING-STEP) '*TTY
[Reading table of known parses ... done] [Reading file of known translations
e esdonel Addition? 7 - :
*Y

b e 1

Readlng LISPified example file...ok, 6 expressions in the table.
Which example do you want? (number) *6 :

Using example number 6.
——

| 27]
| 5l
| 33}
| 48]
1 9l
|
|

|

I

AV RO LT BIRS b it P AR T A B 120

3]
94 |
62|

Bl A e

Is that the the example you want*

4

Want option of reparsing/retranslating?
e :

A1 A PR T T RN Dt e W
———
I
1
I
—

R, i e,

When program asks for English, type a sentence, case doesn’t matter, you can u
se multiple llnes of input, end with a period. :

[[Ok, now we are in the main loop of the ianteractive robot. First it
asks us to type in the English sentence.}} . -

English*Look at the top number.

[[Second, it tries to find the sentence in the corpus. This time it
succeeds, and it immediately gives us the parsed English
S-expression without having to actually run the preparser and
nain-parser and postparser.]]

?arée found in table, no need to actually run parser&postparsers
{(IMPERATIVE VP!+Advs look (PrepPh at (NP!+Adjs number the top)))
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{[Third, it tries to find the tranmslation in the corpus. Again it
succeeds, and immediately gives us the operator language without

having to run the translator.]]

Translation found in table, no need to actually run translator.
(LOOK!-AT (INTERSECT!-CUES (OBJECT NUMBER) (LOCATION TOF)))
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[[Fourth it executes the operator language recursively. Each level of
recursion is shown by an extra level of indentation. In addition,
when a sequence or couditional occurs the steps in the sequence and

. the antecedent and consequent of the conditional are shown indeated.
Also various utterances are made by the robot in the course of
executing various commands.]]

Sy et

RIS T

Execution of operator language nows..
(LOOK-AT (INTERSECT-CUES (OBJECT NUMBER) (LOCATION TOP)))
I see ‘7" at row 1 (from the top) and column 1 (from the right).

[{The way thils particular comnstruction is executed, it first looks at
location TOP, then it checks td make sure that object is a NUMBER..
The first part caused it to make the utterance “T see "7" ...’
above. The second part will cause it ‘to use 2 small part of the

¥ _ translation grammar to convert the ‘*NUMBER’ that it is supposed to

% ' check for into some executable operator language. It mentlions that

3 ' it is loading the various tables needed by the translator and

P performing various setup operations, then it silently produces the

desired operator language, then shows that operator~language

expression and proceeds to recursiwely execute it below.]]

Reading comp
iled translation-specs file...done. Flushing old rule-properties if any...don
e, setting up rule-properties...done. : ' :
(CHECK (NUMBERP DEFAULT-OBJECT))
(NUMBERP DEFAULT-0BJECT)
DEFAULT-OBJECT
<Result=7>
<Resul t=TRUE> : T
<Checked out OK> ok?? [Press <esc> now:*$ Press <esc> again:*$ ok.]1#$

et ey

[[Running USLISP on our TENEX system the <esc> character appears as a
different character depending on whether it is read from the terminal
or from a disk file, furthermore there is no easy way to put the
terminal version of the character in the source of the program so
that the program can recognize it when 1t is typed in. To get around
this problem, the program asks the user to type the character twice
at runtime. That is the stuff between brackets just above. —— At the
very end of each sentence being executed, the program asks "ok??"
and waits for an <es¢> to be typed. That appears just above, with
the definition of the <esc> character breaking it into two parts.
Later, with the <esc> character once defined, the bracket stuff
will not appear, and the "ok??" and the typin of the <esc> (shown as §
above), will appear contiguous. -~ Anyway, now we are doneé with one
sentence, and we move ontc the next, again repeating the above four
steps: (1) 1lnput of English, (2) parse, (3) translation, (4)
execution of operator language.]]

English*Look one space to the left.
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i : Parse found in table, no need to actually run parser&postparser.
j(ﬂ (IMPERATIVE VPi+Advs look (Num!-®ea one space)
P _ (PrepPh to (NP!4+Adjs left the)))

Translation found in table, no need to actually run translator. _
(LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) -

Execution of operator language now...
- (LOOK~DIRDIS LEFTWARD (DISTANCE 1))
I see *2° at row 1 (from the top) and column 2 (from the right).  ok?? *5

A T LS TIVI

T e L

' English*Look one space to the left again.

A

[[Here is what happens when We type a sentence that is not in the
corpus. It first tries to find it in the corpus, and fails. Then it
loads a list of legal words, created earlier from the parser grammar
file, just to make sure we did not use a word it does not know about.
In this case all the words are known, so it goes ahead and runs the

_ preparser followed by the main-parser on a TENEX lower fork
followed by the postparser. This first time the lower fork job must
be initialized, resulting in most of the junk you see just below.}]

AR R

[Parse not found, have to run parser now.] {Loading legal-word list .
. done] [SEtting up SAIL Parsero00<Y><R0B0T><ROBOT-GRA> o
Rules with Undefined Semantics .
<SS>*<SILENT>*done.] []1%.%

:
:
B
2

N

f[The following junk is generated by the postparser. Most of it
consists of trace output regarding properties assigned to atoms for
fast reference. These are done on the fly the first time they are
needed, subsequent needs are shunted through the properties without typeout =11

[Loading REJECT.PAR...done]l (IMP
ERATIVE -> PP-IMPERATIVE)(VPR+Adv ~> VPX)(VPR-+Loc -> VPX)(Num+Mea ~> ASIS) (Pre
pPh -> ASIS)(NP+Adjs -> NPX)#[<0>1]

[No demerits!]

L N T R M

e e

v

[{Finally it is done, and it announces the parse it came up with.]]

Rewly=-computed parse belowes.
{IMPERATIVE VP!+Advs loock (Num!4Mea one space)

(PrepPh to (HPl!4Adjs left the)) again) <Added that new parse to th
i : e In-core table>

[[After computing that parse, it added it to the in-core copy of the
corpus, s¢ that if we happen to need that same exact sentence later
in the same test run it won't have to recompute it. —- Next it tries
to find the parsed English in the translation corpus (sometimes two
different sentences will yield the same parse, so even if the
original English wasn’t in the corpus the parsed English might be).]]

2
§
i
H



102

[Translation not found, must rum translatar now]

[{Well, this time we were not so Lucky, so we must actually run the
translator.]]

OB N I e T A,

Newly-computed trapslation below...
- (NO!~TRANSLATIONS)

TN, I

[[Well, this time we were really unlucky, our translation grammar

"is not capable of tramslating this sentence even though our parsing

© grammar was able to parse the English. We will have to give up on this
particular sentence, but f£irst the program wants to know if we want
a detailed trace of the translation so we can figure out why it
bombed out, and it wants to know if we want to just type in the
operator language manually to get the job done. We decline both options.}]

e E AN G A M Lyl el T

‘Want to get trace of failed translation?
*n
. Manually type—in the operator-language?
%n

[[That is all there is with that sentence attempt, back to cry another
English sentence of input.]]

RPN P T P A P R N TN

English#Look one sPace to the left.’

Parse found in table, no need to éctually Yun parser&postparser.
{IMPERATIVE VP!4+Advs look (Num!4Mea one space)
(PrepPh to (NP!+Adjs left the)))

N

Translation found in table, no need to actually run translator.
{LOOK!~-DIRDIS LEFTWARD (DISTANCE 1))

Execution of operator language nows..
(LOOK-DIRDIS LEFTWARD (DISTANCE 1))
I see ° * at row 1 (from the top) and column 3 (from the right)- ok?? *§

1R S e ST A A M B M A R

[[The reason we looked te the left them looked to the right, without
actually doing anything, was to make sure there WAS a third column
(empty) in the input matrix. Some examples have an extra column of
spaces to the left of the numbers, and some do not. Better to find
out now before we invest a lot of time in this test. There was
indeed an extra column available, so we proceed with the test rum.]]

AP P TR AL

o i

]

English*Look one space to the right.

e

Parse found in tablé;'nduneed to actﬁéil} run paréer&ﬁastparéer.
(IMPERATIVE VP!+Advs look  (Num!+Mea one space)
(PrepPh to (NP!4Adjs right the))})

A AR

Translation found in table, no need to actually run translator.
{LOOK!~-DIRDIS RIGHTWARD (DISTANCE 1))

A A
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Execution of operator language nows...
(LOOK~DIRDIS RIGHTWARD (DISTANCE 1)) : :
I see “2° at row 1 (from the top) and column 2 (from the right).  ok?? L

English*If you see a space write out a zero-
{ [This is another sentence not in the corpus, so we have to run the parser.}j

{Parse not found, have to run parser now.] []*.%(IF -> PP-IF)(DECLARE ->
PP~DECLARE)(Subj+Verb -> ASIS)(TVHRP —> ASIS)(TV-IDIOM => ASIS)#{<0>1]
[No demerits!])
Newly-computed parse below...
(IF (DECLARE Subj!+Verb you (TVIHNP see (NPl+Adjs space a)))
(IMPERATIVE TVI4NP (TV!-IDIOM write out) (NP!4+Adjs zero a))) <Added that n
ew parse to the in-core table> [Translation not found, must run translator no

- wl

Newly~computed translation below...
(IF (SPACEP DEFAULT!-OBJECT) (WRITE!-OUT 0})

<Added that new transl to the in—-core table>

[{If you recall, the previous time we typed a sentence that was mot in
the corpus, the parser worked but the translator failed. This time
we are luckier, both the parser and the translator seem to have
succeeded.]] ' :

Execution of operator language nowe..

(I¥ (SPACEP DEFAULT-OBJECT) (WRIiE-OUT 0))

{(SPACEP DEFAULT-OBJECT)
DEFAULT-OBJECT
<Result=2>
<Result=FALSE> Skipping these steps ok?? *§

[[As you see above, even the execution succeeded!]]

.English*Look at the numbetr.

[[This is another sentence not in the corpus, so we have to rum the
parse and translator.])

[Parse not found, have to run parser now.) []* *# [<0>1]

[No demerits!]
Newly-computed parse below... : '

(IMPERATIVE VP!4Advs loock (PrepPh at (NP!+Adjs number the))) <Added that new p
arse to the in-core table> [Translatlon not found, must run translator now]
Newly—-computed translation below...

{LOOK!—-AT DEFAULT!-NUMBER)

<Added that new transl to the in-core table>
Execution of operator language noweos

(LOOK~AT DEFAULT-NUMBER)
O-BOMB at 0-LOOK-~AT bad tail .
Value=(DEFAULT-NUMBER) [RES=BOMBED] (Hmmm, I must have done something wrong. )

: Command failed, want to omit it f£rom past steps?

ky

Cok?? *§
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[[As you see above, parse and translatlion succeeded, but execution

encoutered a bug in the robot system. This bug will not be fixed at
this time because we want all these test rumns to be fair, to use
ONLY the mechanisms we created for the column addition and column
subtraction algrithms, so we have "frozen" the software already and
will not be making any changed, even bug fixes. —— We must figure out
some other way to say the same thing we intended above, but avoiding
the bug somehow. We try below.]]

English*See this number.
[Parse not found, have to rum parser now.) []* *#I<0>1]
[No demerits!]
Newly-computed parse belows.. _ ' '
(IMPERATIVE TV{+NP see (NP!+Adjs number this)) <Added that new parse to the in
-core table> [Translation not found, must run translator now]
Newly-computed tramslation below...
{NO!-~-TRANSLATTIONS) :
Want to get trace of failed translation?

*y

'{[Nope, that failed too but this time it was the tragpslator that

could not handle it, and it is something we think it ought to handle,
so we say YES we want a trace of the tramslation printed out here so
later when we are once again modifying the software (in thils case
Just the translation table) we can look back at this and make the
required fix. 50, here 1s an indented translation trace to ponder.}]

TOP = (IMPERATIVE TV+NP see (NP+Adjs number this))

Newly-computed translation below...

{NO ! ~-TRANSLATIONS)

[[Well, that was simple, it bombed out at the very top—~Level production!}]

Manually type—in the operator-language?
%0 .

English*Look here again.
[[Aha, this phrasing happens to be in the corpus.}]

Parse found in table, no need to actually run parser&postparser.
(IMPERATIVE VP!+Advs look (Dadvi= here) again) h

Translation found in table, no need to actually run traamslator.
{LOOK DEFAULT!-LOCATION) : '

Executlon of operator language now...
(LOOK DEFAULT-LOCATION) | |
I see “2° at row 1 (from the top) and column 2 (from the right). ok?? *§

English*Remember this number.
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: Parse found in table, no need to actually run parser&postparser.
:(' : (IMPERATIVE TVI+NP remember (NPI+Adjs number this))

i - Translation found in table, no need to actually run translator-
: oo _ (REMEMBER DEFAULT!~-NUMBER) _

Execution of operator 1anguage NOWess
; (REMEMBER DEFAULT-NUMBER)
: : DEFAULT -NUMBER
; <Result=2>
1’1l remember “2°. ok?? *§

; : " English*Move one space to the left.
: {Parse not found, have to run parser nmow.] []#%.*f[<0>1]

[No demerits!] :
Newly-computed parse below...
(IMPERATIVE VP!+Advs move (Num!+Mea one space)

(PrepPh to (NP!+Adjs left the))) <Added that new parse to the in-c

ore table> [Translation no:t found, must run translator now]
Newly—-computed translation below...
{NO!-TRANSLATIONS)
Want to get trace of falled translation?

_%*n
Manually typewin the operator-language?
%n '
':(_ . ~ English*Look one space to the Left.

Parse found in table, no need to actuélly run parser&postparser.
(IMPERATIVE VP!4Advs look . (Num!+Mea one space)
(PrepPh to (NP!+Adjs left the)))

: : Translation found in table, no need to actually run translator.
: © (LOOK!-DIRDIS LEFTWARD (DISTANCE 1))

§ _ Execution of operator language nOWe..
{ {LOOK-DIRDIS LEFTWARD (DISTANCE 1)) :
; I see * ¢ at row 1 (from the top) and column 3 (from the rlght). ok?? *$

English®*Write out the number you remembered.

Parse found in table, no need to actually run parser&postparser.
(IMPERATIVE TVI4NP (TVI-IDIOM write out) :
(M!4rclause (NP!+Adjs number the)
{that you remembered THAT]&SLOT)))

Transiation found in table, no need to actually:run translator.
{WRITE!-QUT (SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))

%
3
P

Execution of operator language nowse.
(WRITE-OUT (SOMETHING-ACTED~UPON ROBOT REMEMBER ANY-NUMBER))
(SOMETHING-ACTED-UPON ROBOT REMEMBER ANY-NUMBER) '
(l <Result—2>

S LA M ek dat mmnd
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Will put a “2° at this spor:
——— .

1227]

I 51

| 33§

| 48]

I 9l

I 3]

] 94]

| 62]
| 6}
|-
FR—
ok?? %§

English*Look one space to the right.
Parse found in table, no need to actually run parser&postparser.

{IMPERATIVE VP!+Advs look {Num!+Mea one space)
{PrepPh to (NPl+Adjs right the)))

Translation found in table, no need to actuwally run translator.

(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))

~ Execution of operator language nowee.

(LOOK-DIRDIS RIGHTWARD (DISTANCE 1))
I see 2’ at row L (from the top) and column 2 {(from the right).

English¥*Look one space to the right.

Parse found in table, no mneed to actually run parser&postparser.

(IMPERATIVE VP!4Advs look (Num!-¥{ea one space)
(PrepPh to (NP!H+Adjs right the)))

Translation found in table, no peed to actually run translators.
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))

Execution of operator language noWe...
(LOCK-DIRDIS RIGHEWARD (DISTANCE 1))

T see "7’ at row 1 {from the top) and column 1 (from the right).

English*Remember this number.

Parse found in téble, no need to actually run parser&postparser.
{IMPERATIVE TV!4NP remember (NP!+Adjs number this))

Translation found in table, no need to actually rumn translator.
{REMEMBER DEFAULT!-NUMBER)

Execution of operator language nowW...
{REMEMBER DEFAULT-NUMBER)
DEFAULT-NUMBER
KRegult=7> :
I°LL remember “77. ok?? *§

ok?? *§

ok?? #5§
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English*Look one space to the left.

Parse found in table, no need to actually run parser&postparser-
(IMPERATIVE VP!+Advs look (Num!+Mea one space)
(PrepPh to (NP!+Adjs left the}))

Translation found in table, no need to actuaily run translator-
(LOOK'—DIRDIS LEFTWARD (DISTANCE 1))

Execution of operator language nowWee.
{LOOK-DIRDIS LEFTWARD (DISTANCE 1))
I see "2° at row 1 (from the top)} and column 2 (from the right).

English*Write out the number you rememberedc

Parse found in table, no need to actually run parser&postparser-
{IMPERATIVE TVI4NP (TV!-IDIOM write out) :
' {Nl4rclause (NPi+Adjs number the) :

{that you remembered THAT!&SLOT)))

Translation found in table, no need to actually rum translator.
- (WRITE!-0UT (SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))

Executlon of operator language now...

(WRITE-OUT (SOMETHING-ACTED-UPON ROBOT REMEMBER ANYnNUMBER))
{SOMETHING~-ACTED-UPON. ROBOT REMEMBER ANY—NUMBER)

. <Result=7>

Will erase ‘2. WilL put a “7° at this spot:

English*Look one space to the left.

Parse found in table, no need to actually run parser&postparser.
(IMPERAIIVE VP i+Advs look (Num!+Mea one space)
(PrepPh to (NP!4+Adjs left the)))

Translation found in table, no need to actually run translator.
{LOOK!-DIRDIS LEFTWARD (DISTANCE 1)) '

ok?? #§
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Execution of operator language T
(LOOX~-DIRDIS LEFTWARD (DISTANCE 1)) '
I see “2” at row 1 (from the top) and column 3 {from the right).  ok?? *§

English*Remember this number.

Parse found in table, no need to actually run parser&postparser.
(IMPERATIVE TV!4NP remember (NP!#+Adjs number this)) :

Transiation found in table, no need to actually run translator.
(REMEMBER DEFAULT!—NUMBER) .

Execution of operator language nowe...
(REMEMBER DEFAULT-NUMBER)
DEFAULT~NUMBER
<Result=2> :
1’1l remember “2°. ok?? *§

English®*Write out a space.

[Parse not found, have to run parser now.] []%.*#[<0>1]

[No demerits!]
Newly-computed parse below...

{IMPERATIVE TVI4NP (TV!-IDIOM write out) (NP'+Adjs space a)) <Added that new p
arse to the in-core table> [Translation not found, must run traunslator now]
Newly-computed translation belowe..

{WRITE!-OUT SPAGE) ;

<Added that new transl to the in—core tab1e>
Execution of operator language now...

{WRITE~OUT SPACE)

SPACE

<Result= >
Will erase “2°. Will put a * ° at this spot:
e

| 771

| 5]

| 33]

English*Look two spaces to the right.

[Parse not found, have to run parser now.] [}*.%#[<0>1]

[{No demerits!]
Newly~computed parse below...
{IMPERATIVE VP!+Advs look (Num'+Mea two spaces) ‘ _

(PrepPh to (NP!4Adjs right the))) <Added that new parse Lo ‘the in-

core table> [Tramslation not found, must run traanslator now] .
Newly—-computed translation belows..
(NO!-TRANSLATIONS)




et R R N e T I B SRS ALPELR R

ooE R R L B e AR LR LR TE D R L VLR TR KRN F
ST )

109

[fHere is another sentene we think the robot ought to be able to
handle, so again we ask for a trace of translation to see why it failed.}]

- Want to get trace of failed translation?

*y

TOP = (IMPERATIVE VP+Adva lock (NumiMea two spaces) (PrepPh to (NP+Adjs right
the)))
Syntax = (IMPERATIVE VP+Advs look [DISTANCE} (PrepPh to (NP+Adjs [SIMPLEDIR]
the)))
Bindings = ((DISTANCE NumiMea two spaces) {(SIMPLEDIR . right))
DISTANCE = (NumiMea two sgpaces) .
Newly—computed translation belowes.
(NO!-TRANSLATIONS)
Manually type~in the operator-language?

English*Look one space to the right.

Parse found in table, no need toe actually run parser&postparser;
(IMPERATIVE VPI!4Advs look {(Num!+Mea one space)
(PrepPh to (NP!+Adjs right the)))

Translation found in table, no need to actually run-translator.
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))

Execution of operator language noW...

(LOOK-DIRDIS RIGHTWARD (DISTARCE 1))
I see "7’ at row 1 (from the top) and column 2 (from the right). ok?? *§

.English*Look one space to the right.

Parse found in table, no need to actually run parser&postparser.
(IMPERATIVE VP!4Advs look (Num{-Mea one space)
(PrepPh to (NP!+Adjs right the)))

Translation found in table, no need to actually rﬁn translator.
(LOOK!-DIRDIS RIGHTWARD (DISTANCE 1))

Execution of operator language nows..
(LOOK-DIRDIS RIGHTWARD (DISTANCE 1})

‘I see “7° at row 1 (from the top) and column 1} (f;om the right). ok?? *§

English*Write out the number that yoﬁ remembered. _
[Parse not found, have to rum parser now.] [J#.%(N+rclause -> ASIS){that

~> MAP1){#{<0>1]

{No demerits!]
Newly-computed parse below...
(IMPERATIVE TVI4NP (TV!-IDIOM write out)
(N!+rclause {NP!l+Adjs number the) - ‘
{that you remembered THAT!&SLOT))) <Added that new par
se to the in-core table>
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Translacion found in table, no need to actually run translator.
: (‘ : (WRITE!-OUT (SOMETHING!-ACTED!-UPON ROBOT REMEMBER ANY!-NUMBER))

Execution of operator language now...

{WRITE-OUT (SOMETHING-ACTED~UPON ROBOT REMEMBER ANY—NUMBER))
(SOMETHING-ACTED—UPON ROBOT REMEMBER ANY-NUMBER)
<Result=2>

Will erase "7°. Will put a 2" at this spot:

. . |

i 72]

| 51

i 33]

| 48]

|

I

!

I

ok?? %5

{[We are almost done with one iteration through the swapping loop.
We have exchanged the rightmost and next-to-right digit in the top
row, using the third-from=rightmest column as a scratch pad. Now we
have to move down to the next row, make sure we have not hit the row
of hyphens (bars) yet, and repeat the above swapping operation.]]

English*Look one space down.
[Parse not found, have to run parser now.] []®. *(Adv+Adv -> PP-Adv+Adv)##
[<0>2] .
[No demerits!]
Newly~computed parse belowe..
(MULTIPLE!-PARSES
{IMPERATIVE VP!+Advs look (Adv'+AdV {(Numi-Mea one spaca) down)) :
{IMPERATIVE VP!+Advs look (Num'+Mea one space) down)) <Added that new parSe t :
o the in-core table> : .

[[When there is more than one parse after the postparser, the new
interpretor loop tries to translate each part, and if exactly ome
part successfully translates it assumes the parse it came from is
the correct parse and it is the correct translation. If there are
zero or more-than—one successful translations, it gives up. Let's
see what happens here.]] : :

2 parses to be tried...

Trial parse = (IMPERATIVE VP+Advs look (Adv+Adv {(NumiMea one space) down)) [T
ranslation not found, must run translator now)

Newly-computed translation below...

(LOOK!~-DIRDIS DOWNWARD (DISTANCE 1))

.,
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Trial parse = (IMPERATIVE VP+Advs look (NumiMeaza one space) down) [Translation
not fouad, must run translator now) :
Newly-computed translation below...

{NO!-TRANSLATIONS) .

1 good tramslation(s). <Added that new transl to the 1n—gofe table>

i S NG e ks

[[Well, we lucked out, exactly one successful translation. Proceeding
with the rest of handling this sentence.]]

Rty

Execution of operatorrlanguage NOWe s e
(LOOK~DIRDIS DOWNWARD (DISTANCE 1)) :
I see ‘5" at row 2 (from the top) and column 1 (from the right). ok?? *$

=
)
5
5

[[It worked! Hurray!]l
English*Look one space to the left.

[ [Back when we moved into the third column just to make sure it
existed, afterward we moved back to the second column but not back
to the first (rightmost) column before starting the part we want
included in the main loop. Thus we must now move into the second
column so we will be ready to start repeating those earlier steps.}]

Parse found in table, no need to actually run parser&postparser-
{IMPERATIVE VPi+Advs look (Num!-+ea one space)
(PrepPh to (NP!4Adjs left the)))

Translation found in table, no need to actually Tun translator.
 (LO0K‘-DIRDIS LEFTWARD (DISTANCE 1))

Execution of operator language nowes.
{LOOK~DIRDIS LEFTWARD {DISTANCE 1)) '
I see ° ° at row 2 (from the top) and column Z {from the right). ok?? %*§

[[Done. ©Now we are ready to attach a temporary iLabel to the first
sentence of the loop we want to form out of sentences already
executed once above, then actually form a loop of everything from
that step to the most recent step.}]

English*Refer back to when you wrote a zero if there was a space.
[Parse not found, have to run parser now.] []1%.%[0]
[No demerits!]

Newly-computed parse below...

(NO!~-PARSES) Manually type-in the operator—ianguage7

*n

English*Refer back to when you wrote a Zeroe.

[Parse not found, have to run parser now.] []1*.%(NP=Rprol+S -> ASIS)(TVed
NP —> PP—TVéd+NP)#I<O>1}

[No demerits!]
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Newly-computed parse below...
(IMPERATIVE VPl+Advs refer back
(PrepPh to
(NP!=Rprol!l4s when
(DECLARE Subj'+Verb you
(TVed 4P wrote (NP'fAdjs zero a)))

- ))) <Added that new parse to the in-core tab1e> [Transla
tion not found, must run translator now) :
Newly~computed translation belowe..
(REFER!-BACK!-TO (WHEN (ROBOT!-DID (WRITE!-QUT ZERO))))
<Added that new transl to the im-core table>
Execution of operator language now...

- (REFER~BACK~TQ (WHEN (ROBOT-DID (WRITE-OUT ZERO)))) Using a threshold of 0.600

00000 ... [No NEWMAT property for “DEFAULT~LOCATION"]
Found match = (5)

NCDR-5T=4 NCDR-EN=17

((IF (SPACEP DEFAULT!-OBJECT) (WRITE!-0UT @))) Is that ok?
*y

RES2=(-18) [OMAT-OLDEST, RES1={-18) RES2=~18]
Absolute reference index = 5 ok?? *§

{[0k, here is where we form that loop and execute it in trial mode to
figure out whether it is supposed to be top—-tested or bottom-tested or
somewhere-in~middle-tested.]]

English*Continue doing everything from that step up thru the most
English*recent step, until you see a bar.

[Parse not found, have to run parser now.] {}#. *{CONTINUE-UNTIL -3
PP-CONTINUE—UNTIL)(Adv+Adj -> ASIS)#({DO~UNTIL -> PP-DO-UNTIL)(TV+S -> PP-TV+5

) (1 CONTINUE-IN-DOUNTIL) <Writing rejects on file TEMP.REJ> #(SEQUENCE ~> PP-§

EQUENCE) (2 IMP-SEQ MIXED-MODE)#(1 CONTINUE*SAME ATOM—FIXUP)#[<RPPO>I]
Close reject output file now?

*

y

<Reject file TEMP.REJ closed>

 G:NOMODE:ATOMS = (CONTINUE-SAME)
. Demerit total counts (unweighted) = (ATOM-FIXUP 1) (CONTINUE-SAME 1) (MIXED-MO

DE 1) (IMP-SEQ 1) (CONTINUE~IN~-DOUNTIL 1)
Newly—computed parse below...
(IMPERATIVE CONTINUE!-UNTIL _
(IMPERATIVE VP!+Advs (TVI4+NP doing everything)
(PrepPh from (NP!+Adjs step that))
(PrepPh UPTHRU
(NP{+Adjs step the (Adv'+AdJ most recent))))
(Subj!+Verb you (TVI4NP see (NP!+Adjs bar a)))) <Added that new pa
rse to the in-core table> [Translation not found, must run translator now] Li
**mping at 4472
USED 0:03:06.3 IN 0:31:56, LOAD AV 5.41 4.34 2.92

[[The robot seemed to be taking a long time, so we pressed ctrl-T to
see the system load, and found indeed the load had risen to more
than 5, which on this system makes things run very slowly.]]
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" Newly-computed translation below...

(CONTINUE!-UNTIL ' :
(STEPS ! -BETWEEN MARKED'—STEP LATEST!-STEP) {BARP DEFAULT!-OBJECT))'
<Added that new transl to the in-core table>

Execution of operator language now...

(CONTINUE-UNTIL (STEPS—BETWEEN MARKED-STEP LATEST-~STEP) (BARP DEFAULT-OBJECT))

Watching for (BARP DEFAULT-OBJECT) while executing steps:

(IF (SPACEP DEFAULT-0OBJECT) (WRITE-OUT 0)) :

(LOOK DEFAULT-LOCATION)

(REMEMBER DEFAULT-NUMBER)

(LOOK-DIRDIS LEFTWARD (DISTANCE 1))

(WRITE-OUT (SOMETHING-ACTED-UPON ROBOT REMEMBER ANY*NUMBER))

~ (LOOR-DIRDIS RIGHTWARD (DISTANCE 1))

(LOOK~DIRDIS RIGHTWARD (DISTANCE 1))
(REMEMBER DEFAULT-NUMBER)
- {LOOK~DIRDIS LEFTWARD (DISTANCE 1))
(WRITE-QOUT (SOMETHING-ACTED~UPON ROBOT REMEMBER ANY—NUMBER))
{LOOK~-DIRDIS LEFTIWARD {DISTANCE 1))
(REMEMBER DEFAULT-NUMBER)
(WRITE-OUT SPACE)
(LOOK-DIRDIS RIGHTWARD (DISTANCE 1))
(LOOK-DIRDIS RIGHTWARD (DISTANCE 1))
(WRITE-OUT {SOMETHING-ACTED-UPON ROBOT REMEMBER ANY—NUMBER))
(LOOK-DIRDIS DOWNWARD (DISTANCE 1))
(LOOK~DIRDIS LEFTWARD (DISTANCE 1))

{[The trial loop is now formed out of the above steps. Now the robot
begins trial-executing 1it, checking for the exit condition at the
very start as well as after each step in the loop.]}} .

INDEX=(0 -EXIT-CHECK- (BARP DEFAULT-OBJECT)
- (BARP DEFAULT-OBJECT)
DEFAULT~OBJECT
<Result= > ' .
<Result=FALSE> {exit check not yet satisfied)
~— (IF {SPACEP DEFAULT-OBJECT) (WRITE~OUT 0))
{IF (SPACEP DEFAULT~OBJECT) (WRITE-OUT 0))
(SPACEP DEFAULT-OBJECT)
DEFAULT-OBJECT
Result= >
<Result=TRUE> Here we go
(WRITE-QUT 0)
0 .
<Resule=0>
Will put a ‘0" at this spot:
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INDEX=~]1 ~EXIT-CHECK~ (BARP DEFAULT-OBJECT)
{BARP DEFAULT~0OBJECT)
DEFAULT~OBJECT
. <Result= >
<Result=FALSE> (exit check not yet satisfied)
—— (LOOK DEFAULT-LOCATION) '
(LOOK DEFAULT-LOCATION)
I see ‘0’ at row 2 (from the top) and column 2 {from the right).
INDEX=2 ~-EXIT-CHECK~ (BARP DEFAULT-OBJECT) :
(BARP DEFAULT-OBJECT)
DEFAULT~0BJECT
<Result=0>
<Result=FALSE> (exit check not yet satisfied)
~— (REMEMBER DEFAULT-NUMBER)
(REMEMBER DEFAULT-NUMBER)
DEFAULT-NUMBER '
<Result=0>
1”11 remember ‘0°%. _
INDEX=3 -EXIT~CHECK~ (BARP DEFAULT-0OBJECT)
{BARP DEFAULT~OBJECT)
DEFAULT-0OBJECT
<Result=0> ' ' :
<Result=FALSE> ({exit check not yet satlsfied)
- (LOOK-DIRDIS LEFTWARD (DISTANCE 1))
(LOOK-DIRDIS LEFTWARD (DISTANCE 1))
I see * * at row 2 (from the top) and column 3 (from the right)-
INDEX=4 ~-EXIT«~CHECK~ (BARP DEFAULT-OBJECT)
{BARP DEFAULT-OBJECT)
DEFAULT-0OBJECT
<Result= >
Result=FALSE> (exit check not yet satisfied) :
~= (WRITE-QUT (SOMETHING-ACTED-~UPON ROBOT REMEMBER ANY—NUMBER))
{WRITE~QUT (SOMETHING--ACTED~UFON ROBOT REMEMBER ANY-NUMBER)})
{SOMETHING~-ACTED-UPON ROBOT REMEMBER ANY-NUMBER)
<Result=0>
Will put a “0” at this spot:
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=t

[[From here to end of example program performs as expected, about 29
pages of transcript omitted here for brevity 1]

Will erase “6”. Will put a “0° at this spot:
SN : : : - '
72|
50]
33|
84
aG |
30}
49|
26|
60|
=1

et

INDEX=16 -EXIT—CHECK— (BARP DEFAULT*GBJECT)

*{BARP DEFAULT-0BJECT)

DEFAULT-0BJECT

<Result=6>
<Result=FALSE> (exit check not yet satisfied)
-- (LOOR-DIRDIS DOWNWARD (DISTANCE 1))

.~ {LOOK-DIRDIS DOWNWARD (DISTANCE 1))

L4

I see “=" at row 10 (from the top) and column ! (from the right).
INDEX=17 -EXIT~CHECK~ (BARP DEFAULT-OB.JECT)
{BARP DEFAULT-0OBJECT)

DEFAULT-0OBJECT

<Result=-> '

- <Result=TRUE>
" Trace: DONES=(0Q 1 2 3 4 56 7 8 9 10 11 12 13 14 15 16 17 18) THIS=17 1Is this

~the right time and place to stop repeating?
*n :

== (LOOK-DIRDIS LEFTWARD (DISTANCE 1})
(LOOK~DIRDIS LEFTWARD (DISTANCE 1))

L

1 see *~° at row 10 {from the top) and column 2 (from the right).

INDEX=18 ~EXIT-CHECK-~ (BARP DEFAULT-OBJECT)

e e
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(BARP DEFAULT-OBJECT)
DEFAULT-OBJECT
<Result=->
<Result=TRUE>
Trace: DONES=(0 1 2 34 56 78 9 10 11 12 13 14 15 16 18) THIS=18 [WARNING,
BOTTOM TESTED LOOP, BAD} Is this the right time and place to stop repeating?
%n . : '
[Bottom, looping] ([Loop completed, repeating again]
INDEX=0 -EXIT~-CHECK~ (BARP DEFAULT-0BJECT)
{BAR? DEFAULT-0OBJECT)
DEFAULT-~0BJECT
<Result==>
<Resul t=TRUE> ' ' E
Trace: DONES=(0 1 2 3 4 5 6% 7 891011 12 13 14 15 16) THIS=0 [TOP-TESTED LO
0P] 1Is this the right time and place to stop repeating? ' :

*y

Step=(LOOP (IF (BARP DEFAULT-OBJECT) {DONE)) (IF {SPACEP DEFAULT—OBJEs.) {Lo
op exited normally]

That loop has been optimized by pulling the preceding 18 steps into it and rot
ating it accordingly. ok?? *§

[[That is all, so now we just press a carriage return instead of typing
in another English sentence-]] .

Engligh#*
Atomic sentence, end of run now?

*y

See the final view of the example?
&
¥y

e
721
50§
33]
84
90]
30|

49]
261
60!
-

A

e Arw— = — YT b A BAAD A}
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Appendix B. Postparser Exception List

This is the list of parses which can not be demerited for any good

(

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

{IMPERATIVE

(IMPERA?}VE

(IMPERATIVE

‘reason currently, yet are nevertheless wrong and need. to be demerited

VP!+Advs look  (PrepPh at (NPl+Adjs spot the top})
(PrepPh in . :
(NP!+Adjs column the o )
(PrepPh to (HP!+Adjs left the)))))
VPitAdvs look

{PrepPh at
(NPi+Adjs top the
(PrepPh of
(NPi+Adis
column
the o
(Spiit'wAd3'+Loc
next
{(PrepPh
to (NP!+Adjs leftr the)))))
1))
VPl+Adve look
(PrepPh at

(NP!-+Adjs top the
{PrepPit of (NP!4Adjs column the next)))
)
(PrepPh to {NPl+idjs left the)))
VP i+Advs
(TVI-P (TVI~IDIOM write out) (NP'+Adjs digit the tens))
(PrepPh to '
(NP14+Adjs left the
{PrepPh of (NP{+Adjs spot this))))}
TVIHP (TV!-IDIOM write out)
(NPI+Adjs digit the

(Split!-Adj!+Loc
tens
{PrepPh to
(NP'+Adjs left the
(PrepPh
_ of {NP!+Adjis spot this)))
Ny

TV NP (TVi-IDIOM write out)
(NPt{+Adjs answer the '
{PrepPh in (NP!+Ad]s spot the next open))})
TV!4NP (TV!-IDIOM write out)
(NP!+Adjs answer the
(PrepPh in (NP!+Adjs spot the next)) open))
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(IMPERATIVE

(IMPERATIVE

{IMPERATIVE

)

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE

(IMPERATIVE
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IVIHNP (TV!-IDIOM write out)
(NP'+Adjs digit the
{(Split!-Adj!+Loc
singles _
(PrepPh in (NP!+Adjs spot the next open}})))
TVI4HNP {TV!~IDIOM write out}. .
{(NPl+Adjs digit the
(Splitci-Adi!+loc
singles  (PrepPh in
: (NP'+Ad33 spot the next)))
open) )
TVI4ND (TV!-IDIOM write out)
(NPl4+Adjs digit the
(Spliti-Adjl+Loc
tens
(PrepFh to
(NPl4+Posg!4NP (NP!+Adjs left the) of
(NP!+Adjs spot this)))))

TVI4NP {IVI-IDIOM write out)
(NP +Poss!4NP
(NP'+Adjs digit the
(Spliti-Adji+loc
tens {PrepPh to (NP'+Adjs ieft the))))
of
(NP'+Adjs spot this)))
VP i+Advs
(TVL+NP (TV!-IDIOM write out)
(NPl+Adjs diglt the
(Splicl-Adj!+Loc
tens {PrepPh
to (NPl+Adjs left the))}))

(PrepPh of (NPl+Adjs spot this)))

VP !+Advs
(TVIHNP (TV!-IDIOM write out) (NPi+Adjs digit the tens))
{(PrepPh to (NPl+Adjs Left the)) .
{PrepPh of (NP!+Adjs spot this)))
VPI+Advs look (PrepPh at (NP!4Adjs top the))
(PrepPh of
(NP!+Adjis column the
(Split!-AdjltLloc
next = (PrepPh
to (NPi+Adjs left the))))))
VP!+Advs look
{(PrepPh at
(WP !4+Poss!4NP (NP'+Adjs top the) of
{(NP!14+Adjs column the next)))
{PrepPh to (NP!4+Adjs left the)))
VP!+Advs look  (PrepPh at (NPI4+Adjs top the))
(PrepPh of (NPl+Adjs column the next))
(PrepPh to (NP!+Adjs left the)))
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.(IF (DECLARE Subj!4Verb (¥P!+Adjs number a)
(VPl+Advs appears (PrepPh before (NP'+Adjs bar a))))
(IMPERATIVE VP I+Adys (TVI4NP add it)
(PrepPh to (NP!=RelClause you remembered what))
_ (PrepPh from (NP!+Adjs column the previous))))
'(IMPERATIVE VPit+Advs {TV!HNP add it)
o (PrepPh to (NP!=RelClause you remembered what)})
(PrepPh from (NP!4+Ad3is column the previous)))
(IMPERATIVE TV!4HNP (TV!-IDIOM write out) :
o (NP !4Adjs digit the ‘
(Split!-Adji+Loe _
: B 7 singles  (PrepPh of (NP*+AdJs answer zhe)))))
. (IMPERATIVE VP!+Advs
’ ' " (TVI4HP (TV!-IDIOM write out)
(NPi+Adjs digit the singles))
: (PrepPh of (NP!+Adjs answer the)))
{IMPERATIVE TVI-NP {TV!-IDIOM write out)
(NP!+Adjs digit the
{(Split!-Adji!H.oc
tens (PrepPh to (NP!+Adjs left the))})))
(IMPERATIVE VP!4Advs look (PrepPh at (NP!+Adjs spot the top))
(PrepPh in (NPl+Adjs column the))
_ (PrepPh to (NP!4Adjs left the)))
(IMPERATIVE VP!+Advs look
"~ {PrepPh at
(NPi+Adjs spot the
(Splitl-Adj!i+Loc
top (PrepPh in (NP'+Adjs column the)))))
(PrepPh to {NP!4+Adjs left the)))
{(IMPERATIVE VP!4Advs refer back
{PrepPh to
(NP'=Rpr01!+S when
. (DECLARE Subj!+Verb you
(and
- {VPl+Advys
{TVed |4NP added
gomething)
(PrepPh
to
(NP!+Adjs total the)))
looked))))
down)
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Appendix 9. Dataflow Charts '

This appendix'describes the overall organization of the robot software
in terms of data flow. Although the system may be divided into various

‘stages from English input to execution (parser system, translator,

operator-language semantics, primitive runtime procedures), there is
another division of the software which is orthogonal to this, the two
major modes of operation. These modes are batch~corpus and interactive;
the latter can be subdivided into table-lookup and on-the-fly processing.

When processing the corpus in batch mode, the whole corpus is passed
through the preparser, eliminating all duplicate sentences, then all
those results are passed through the main parser en masse, then all
the main-parser output is passed through the postparser en masse,

then all the postparser output is passed through the table-driven
translator en masse. There are two advantages to this method. First,
by doing as much as possible at one time in a batch file, we can avoid
thaving to manually supervise these stages of processing, can let them
rui automatically at night when the system load is light, and then the
next time we’re online we can randomly browse the report files they
generate looking for problems and fixing the most urgent ones first
instead of having to see problems in chronological order as they are
generated in real time. Second, the current system bullds up tables of
all the results, that is, a mapping from English to parsed-English to
aperator—language, which can later be used by table~iookup mode. This
means wWe never have to do any of this processing while the user
(teacher, tralmer) is waiting at the terminal. It can all be done
ahead of time, except for sentences which aren’t 1n the corpus, which
must .be done on the fly.

When running the robot in interactive mode, two sub-modes are used-

First we try just looking in the tables that were built up during

* batch—corpus mode. If we find what we need, we don’t have to do any

actual computing of parsing or translating. Second, if table-lookup
faijled, we run the parser system or translator system (whicheyver
failed, usually both, but sometimes just one) interactively. This
takes a considerable time, especially in cases where the main parser

" generates many tens of bad parses which must be purged by the

postparser. But there is one saving grace. If a particular sentence
is used more than once in a single session, it must be parsed and
translated only once, because after running the interactive parser we
save the result in the parser lookup~table, and after ruaning the
interactive translator we save that result in the tramslator
lookup—-table, so that on subsequent input of the same sentence the
table-loockup will succeed. If two different English sentences give the
same parse, then since the parse and translation are handled
separately, only the parse will have to be done for the second
sentence, the translation that was entered for the first sentence
belng found for the second sentence.
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There 1s one complication in the data flow for the batch mode.
Although the parser system is pretty workable, producing correct
parses for all our corpus sentences currently (thanks to the exception
list for the postparser which fixes the residual problems not yet
fixed in the basic system), the translator is not so good. There are
about ten sentences that do not translate correctly. Thus if we used
the output from the batch-mode translator as is, those sentences would
bomb out when we tried to run the training steps containing them.
These include the final versions of the addition and subtraction
algorithms that we were concentraticg on getting working. Such a
situation would be intolerable. Therefore instead of using the actual
output from the translator we are using a table that we maintain
semi-manually using an interactive text editor. In most cases we just
copy the output from the. batch-mode translator across, but in cases
where we discover that output is incorrect we replace it with what we
consider to be "more correct" operator language. For some sentences we
have specifically adapted the table version of the operator language
to make the interpretor work correctly on it. This is true of one or
two of the “refer back” or ‘continue’ sentences in the addition or
subtraction algorithms. To keep track of the current status of the
translator, we have utilities that compare the actual output of the .
batch-mode translator with the table we’ve maintained semi-manually,
making a report of any differences, which we can then study in an
effort to improve the translator. An alternate method of handling this
"~ M"deficiencies in translator" problem would be to install in these
difficult cases hardwired translations, in a similar way to the
exception list used by the postparser. The most obvious way to do
this is to include gestalt productions in the table used by the
translator, that is, to provide productions which map these particular
sentences, or their offending parts, directly across in an
unstructured way. If we did that, the output from the tranmslator could
be used directly in the same way we use the cutput from the
postparser directly, but we would lose the diagnostic capability of
gquickly seelng which problems remain. :

Below is a dataflow chart of our overall system. On the first chart is
"the dataflow for batch mode, including an indication where our
utilicties compare the manually-edited translator lookup~table with the
actual batch-mode translator output to generate a report which we then
use to decide where to do further editing on the lookup table or where
we might improve the translator. On the second chart is the dataflow
for interactive mode, imcluding four modes of input of English
sentences (TTY, craining-step, sourcefile-debug-script,
disk=-cammed-~script) and two modes of processing (table lookup and
on—the-fly processing).
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