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ROBERT ELTON MAAS AND PATRICK SUPPES

A NOTE ON DISCOURSE WITH AN INSTRUCTABLE
ROBOT

This article describes a2 new method for instructing robots by means of interactive
discourse in natural language. Instead of requiring that a totally non-ambiguous subset
of a natural language be defined, with semantic changes from ordinary usage, we allow
an ambiguous sentence to be processed, with the software attempting to resolve am-
biguity at various syntactic and semantic stages in processing. Any residual ambiguty
is resolved by dialogue with the user. This final analysis of ambiguity is performed by
asking the user questions 1n the context of an example being worked out, rather than in
the context of the source specification of the algorithm,

The overall purpose of this article is to approach the problems of
understanding the grammar and semantics of English by asking what is
required to implement a program of instruction for robots. We also have put
the emphasis on executing procedures rather than the handling of declarative
sentences in order to focus on bringing the analysis and understanding of
language to the point of execution. We recognize, of course, that one can test
the understanding of declarative sentences by asking for judgments of their
truth value, but we are more concerned with procedutes, partly because the
kinds of responses required are more complex. 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
procedures. A central problem of instruction is to teach the robot new com-
plex procedures by formulating in English new procedures in terms of old
ones. The very first efforts must begin with some primitive procedutes.

Our work relates in various ways to earlier efforts to develop
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94305, and requesting Technical Report No. 306.
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language-understanding systems, to provide a procedural semantics for pez-
ceptual words and phrases, or to write programs that learn from various
forms of instruction. We say something about the first two topics here and
delay further remarks about programs that learn until later.

Winograd’s SHRDLU program (1972) is one of the best known
language-understanding systems. Its aim is to be able to converse with a
person about manipulating objects in a simple world of toy blocks. The
system answers questions and accepts commands that are to be executed (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 perceptual 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 exclusive
emphasis on interactive instruction. The same general comparative remarks
apply to such recent efforts as the Hearsay-1II speech-understanding system
(Earman, Hayes-Roth, Lesser & Reddy, 1980) and the HARPY system
(Lowerre & Reddy, 1980). The only significant virtue of our system in
comparison with these two more powerful ones is the one already empha-
sized, i. ., the capability of interactive instruction to build new procedures.

The highly interactive features of our system are closer to central
features of interactive theorem provers than to any of the three systems just
discussed. Our interactive instruction, like interactive construction of a
proof, can be viewed as a dialogue or conversation between program (or
robot) and person, but unlike the three systems mentioned, general prob-
lems of knowledge representation are avoided. Complex proofs can be given
or complex procedures can be constructed, but the framework for either is’
sharply delineated (for detailed discussion of interactive theorem proving
see various articles in Suppes, 1981).

Another line of work pertinent to our efforts, even though it does not
consist of developing a language-understanding system, is the extensive
work on procedural semantics of perception words, best exemplified in Mil-
ler and Johnson-Laird (1976). Their summary of control instructions of
cognitive importance in human perception overlaps with our list of primi-
tive atoms, although the earlier list in Suppes (1972) for our very restricted
perceptual wosld is the actual initial source of our list. Miller and Johnson-
Laird provide a great deal of invaluable analysis and comment pertinent to
any language-understanding system that aims to handle any significant part
of the perceptual language of English.

The exemplary procedures we deal with are 2ll ones that arise in
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teaching a child elementary arithmetic; we emphasize that we include a per-
ceptual component. Before saying more, it will be useful to give a very
simple example of the parsed English, the operator language translation, and
the execution of the operator language translation of one of our simplest
English commands.

English:
Look at the top number.
Parsed English:
(IMPERATIVE VP + Advs look (PrepPh at (NP 4 Adjs number

the top)))
Operator language translation:

(SEQUENCE (LOOK TOP) (CHECK NUMBER))
Execution:
Sequence ...
(LOOK TOP)
I see ‘3’ at row 1 (from the top) and column 1 (from the right).
(CHECK NUMBER)
Ok.

... end of sequence.

The perceptual component of the procedures we consider is admit-
tedly highly schematized. The perceptual plane is taken to be a coordinate
grid of unit squares, and the recognition of a finite alphabet of symbols is
assumed, with at most one symbol occurring in a given unit square at any
one instant. On the other hand, the simplified perceptual scheme has enough
elements of realism, especially in movement around 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 exercises (Suppes, Cohen, Laddaga,
Anliker, & Floyd, 1982; Suppes, Cohen, Laddaga, Anliker, & Floyd, 1983).

A training sequence of steps leading to the standard school algor-
ithms for addition and subtraction formed the test bed of initial instruction
for our robot program. The instructions were all in English and derive from
those given in Suppes (1980). To illustrate ideas, let us restrict ourselves to
the case of one-column addition. 1n principle, two registers suffice in our
scheme of analysis. There is a stimulus-supported register that holds an
encoded representation of a printed symbol to which the student — child or
robot —is perceptually attending. In the present case the alphabet of symbols
consists of the 10 digits and the underline symbol. As a new symbol is
attended to by a change in the point of visual focus, a previously perceived
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symbol is lost from memory unless transferred to 2 second register which is
non-stimulus-supported. A typical instruction for this transfer is ‘Remember
this number’. In our formulation the student is assumed already able to add 2
one-digit number to a given number, but this capacity could itself easily be
built up from more elementary operations such as that of counting.

Systematic details of what we have just described very sketchily,
especially details about the parsing procedures, the operator language and its
execution, are to be found in Maas and Suppes (in press).

Learning and instraction. A notable feature of current work in computer
science and artificial intelligence is the relative neglect of concepts and tech-
niques of learning. A liberal definition of “learning” includes any change in
behavior. Under this definition a computer “learns” when it is given 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 language and then executes or
stores for future execution. Our use of a reduced set of English is not even
unique. But while prior attempts have tried to make the English precise in
the same way that programming languages make their source language pre-
cise, we allow ambiguities to exist in our English source language. During
debugging, rather than requiring the user to go back and modify the English
souzce 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
interactions with the test data. Thus if 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 interpretations to choose from. Furthermore,
the possible interpretations are presented to the user as practical questions
such as ‘is this the right time and place to exit the loop’ in the course of
working through the test data, instead of as in-vacuo questions about the
structure of the program. Thus the user is relieved of the burden of mentally
simulating the program to figure out where the exit condition needs to be,
the robot does the test run for him and asks for help at exactly the point in the
test run when it is easy for the user to see what needs doing and answer the
query correctly. Also the robot is relieved of the burden of anticipating 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 analogous to a



A note on discourse with an instructable robot 9

teacher’s giving instruction to young children, where the child is incapable
of anticipating all the trouble he will have in learning a new algorithm, and
the teacher is incapable of knowing ahead of time all the possible ambiguities
in the student’s mind and giving unambiguous instruction from the start.

Permuting columns. Here is a simple example of teaching the robot a
new procedure. Given an addition exercise in standard format with two
columns but with not all numbers required to be two-digit numbers, the
algorithm permutes the columns. It is understood that a zero is first to be
placed in the tens column of a one-digit number.

The 23 English commands that led to successful construction of this
algorithm are the following:

Look at the top number.

Look one space to the left.

Look one space to the left.

Look one space to the right.

If you see a space write out a zero.

Look here again.

Remember this number.

Look one space to the left.

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 you remembered.
Look one space to the left.

Remember this number.

Write out a space. .
Look one space to the right.

Look one space to the right.

Write out the number 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 through the most recent
step, until you see a bar.

We feel that the readability of the procedure described in English is
very much better than that of the generated LISP S-expression:
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(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-OUT 0))
(LOOK DEFAULT-LOCATION) (REMEMBER DEFAULT-
NUMBER)

(LOOK-DIRDIS LEFTWARD (DISTANCE 1))

(WRITE-OUT  (SOMETHING-ACTED-UPON  ROBOT
REMEMBER ANY-NUMBER))

(LOOK-DIRDIS RIGHTWARD (DISTANCE 1))
(LOOK-DIRDIS RIGHTWARD (DISTANCE 1)) (REMEMBER
DEFAULT-NUMBER)

(LOOK-DIRDIS LEFTWARD (DISTANCE 1))

(WRITE-OUT  (SOMETHING-ACTED-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))
(WRITE-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 improve-
ments to be made in our system to provide a flexible environment for inter-
active instruction. Some are at the level of language. For example, it is
desirable to extend looking to any finite number of spaces, so that the second
and third lines could be replaced with the single command ‘Look two spaces
to the left’. A second feature concerns access to memory. Our “robot” can
access only the top of the memory stack and the topmost stack item satisfy-
ing some property such as being 2 number or a sum or a difference, etc. Also
the stack cannot be purged of items that are no longer needed. This was no
problem in handiing the algorithms of addition and subtraction, but is al-
ready a problem in the present example. There are various devices in ordi-
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nary English for making multiple references to memory — anaphoric ref-
erence being among the most prominent. We see no problem in principle of
matching the internal workings of our robot program to these various
devices.

Disconrse with a robot. The following test run of the robot system was
run on Thursday, September 29, 1983 14:34. The objective of the test was to
specify in English the permuting-columns algorithm described above. We
used only the mechanisms developed for column addition and column sub-
traction, 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 backspac-
ing, 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. All comments 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.]]

Run new interpreter with table-lookup parse & transl?
*Y

[[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.]]

Old or invalid English input mode = NOT-YET-SPECIFIED
Select from among: (TTY DEBUG-SCRIPT DSK-SCRIPT
TRAINING-STEP): *TTY

[Reading table of known parses ... done] [Reading file of known
translations . .. done] Addition?

*Y

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

27
5
33
48
9
3
94
62
6

Is that the the example you want?

*Y

Want option of reparsing/retranslating?
*N

When program asks for English, type a sentence, case doesn’t matter,
you can use multiple lines of input, end with a period.

[[Ck, now we are in the main loop of the interactive 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 main-
parser and postparser.]]

Parse found in table, no need to actually run parser & postparser.
(IMPERATIVE VP + Advs look (PrepPh at (NP + Adjs number
the top)))

[[Thitd, it tries to find the translation in the corpus. Again it suc-
ceeds, 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 TOP)))
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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 conditional occurs the steps in the sequence
and the antecedent and consequent of the conditional are shown
indented. Also various utterances are made by the robot in the
course of executing various commands.]]

Execution of operator language now ...

(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 this particular construction is executed, it first looks at
location TOP, then it checks to make sure that object is a
NUMBER. The first part caused it to make the utterance ‘I see “7”
...” above. The second part will cause it to use a small part of the
translation grammar to convert the ‘NUMBER’ that it is supposed
to check for into some executable operator language. It mentions
that it is loading the various tables needed by the translator and
performing various setup operations, then it silently produces the
desired operator language, shows that operator-language ex-
pression and proceeds to recursively execute it below.]]

Reading compiled translation-specs file ... done. Flushing old rule-
propetties if any ... done, setting up rule-properties ... done.
(CHECK (NUMBERP DEFAULT-OBJECT))
(NUMBERP DEFAULT-OB]JECT)
DEFAULT-OBJECT
{Result =7)
{Result = TRUE)
{Checked out OK) ok?? [Press {esc) now:*$ Press {esc)
again:*$ ok.]*$

[[Running USLISP on our TENEX system the {esc) character ap-
pears 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 it 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
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program asks “ck??™ and waits for an {esc) to be typed. That
appears just above, with the definition of the (esc) character
brezking it into two pagts. Later, with the {esc) charzcter once
defined, the bracket stuff will not eppesr, and the “ok??” and the
typiny of the {esc) (shown zs § abave), will appear contiguous, —
Anyway, now we are done with one sentence, and we move onto
the next, again repeating the above four steps: (1) input of English,
(2) parse, (3) translation, (4) execution of operator language.J]

English*Look one space to the left.

Parse found in table, no need to actuzlly run parser & postparser.
(IMPERATIVE VP4 Advs look  (MNum + Mea one space)
{PrepPh to (NP Adjs left the)))

Translation found in table, no need to actually run translator.
(LOCK-DIRDIS LEFTWARD (DISTANCE 1))

Execution of operator language now ...
(LOOK-DIRDIS LEFTWARD (BISTANCE 1))
1see “2’ at row 1 (from the top) and column 2 (from the right). ok?? *3

English* Look one space to the lefi again.

[{Here is what happens when we type z sentence that is not in the
corpus, It first tries to find it in the corpus, and fails. Then it loads 2
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 knowa, so it goes ahead and runs the pre-
parser foliowed by the main-parser on a TENEX lower fork fol-
lowed by the postparser. This first tiroe the lower fork job must be
initialized, resulting in most of the junk you see just below.]]

[Parse not found, have to run parser now.]} [Loading legal-word
list...done] {Setting up SAIL parser... {Y)(ROBOT)
{ROBOT.GRA)

Rules with Undefined Semantics

{S8>*(SILENT >*done.] { }*.*

[[The following junk is generated by the postparser. Most of it con-
sists of trace output regarding properties assigned tc atoms for fast
reference. These are doue on the fly the first time they are needed,
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subsequent needs are shunted through the properties without
typeout.]]

[Loading REJECT.PAR ... done]

(IMPERATIVE — PP-IMPERATIVE) (VPR + Adv — VPX)
(VPR + Loc - VPX) (Num + Mea — ASIS) (PrepPh — ASIS)
(NP + Adjs —» NPX)[<0)>1]

[No demerits!]

[[Finally it is done, and it announces the parse it came up with.]]

Newly computed parse below ...

(IMPERATIVE VP + Advs look (Num+ Mea one space)
(PrepPh to (NP+ Adjs left the)) again) {Added

that new parse to the in-core table)

[[After computing that parse, it added it to the in-core copy of the
corpus, so 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 patse, so even if the original
English wasn’t in the corpus the parsed English might be).]]

[Translation not found, must run translator now]

[[Well, this time we were not so lucky, so we must actually run the
translator.]]

Newly computed translation below ...
(NO-TRANSLATIONS)

[[Well, this time we were really unlucky, our translation grammar is
not capable of translating this sentence even though our parsing
grammer was able to parse the English. We will have to give up on
this particular sentence, but first 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.]]

Want to get trace of failed translation?
*n

Manually type-in the operator-language?
*n
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f['That is all there is with that sentence attempt, back tc try another
English sentence of input. 1}

Englisn®Look one space 10 the left.

Tarse found in table, no need to actually run parser & postparser.
(IMPERATIVE VP + Advs look (Num + Mea one space)
(PrepPh to (NP + Adjs left the)))

Treaslation found in table, no need to actually run translator.

(LOOK-DIRDIS LEFTWARD (DISTANCE 1))

Exccution of operator language now ...
(LOOK-DIRDIS LEFTWARD (DISTANCE 1))
Isee ‘" at row 1 (from the top) and column 3 {from the right). ok?? *$

7 The reason we locked to the left then locked 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 investa
lot of time in this test. There was indeed an extra column avzilable, so we
proceed with the test run,}]

English*Look one space to the right.

Parse found in table, no need to actually run parser & postparser-
(IMPERATIVE VP+ Advs lock (Num+ Mea one space)
(PrepPh to (NP + Adjs right the)))

Translation found in table, no need to actually run translator.
(LCOK-DIRDIS RIGHTWARD (DISTANCE 1))

Execution of operator language now ...
(LOCK-DIRDIS RIGHTWARD (DISTANCE 1))
Isee 2’ at row 1 (from the top) and column 2 (from the right). ok?? *3

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.]]

[Parse not found, have to run parser now.] *.* (IF — PP-IF)
(DECLARE — PP-DECLARE) (Subj + Verb — ASIS) (TV + NP
— ASIS) (TV-IDIOM — ASIS)[{0)>1]

No demerits!]
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Newly computed parse below ...
(IF (DECLARE Subj+ Verb you (TV + NP see (NP + Adjs space

a)))

(IMPERATIVE TV + NP (TV-IDIOM write out) (NP + Adjs
zero a))) (Added that new parse to the in-core table) [Translation
not found, must run translator now]

Newly computed translation below ...
(TF (SPACEP DEFAULT-OBJECT) (WRITE-OUT 0))
(Added that new transl to the in-core table)

L[If you recall, the previous time we typed a sentence that was not 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 now ...
(IF (SPACEP DEFAULT-OBJECT) (WRITE-OUT 0))
(SPACEP DEFAULT-OB]JECT)
DEFAULT-OBJECT
{Result = 2)
(Result = FALSE) Skipping these steps ok?? *$

[[As you see above, even the execution succeeded!]]

English*Look at the number.

[[This is another sentence not in the corpus, so we have to run the
parse and translator.]]

[Patse not found, have to run parser now.] []J*.*[{0)1]

[No demerits!]

Newly computed parse below ...

(IMPERATIVE VP+ Advs look (PrepPh at (NP+ Adjs number
the))) (Added that new p arse to the in-core table) [ Translation 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 langunage now ...

(LOOK-AT DEFAULT-NUMBER)

O-BOMB at O-LOOK-AT bad tail
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Value = (DEFAULT-NUMBER) [RES = BOMBED] (Hmmm, I

must have done something wrong.)

Command failed, want to omit it from past steps?

*y

ok?? *§

[[As you see above, parse and translation succeeded, but execution
encountered a bug in the robot system. This bug will not be fixed at
this time because we want all these test runs 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 changes, 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 run parser now.] [J*.*[{0)1]

[No demerits!]

Newly computed parse below ...

(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 translation below ...

(NO-TRANSLATIONS)

Want to get trace of failed translation?

L

{[Nope, that failed too, but this time it was the translator 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 translation printed out here so later
when we are once again modifying the software (in this case just the
translation table) we can look back at this and make the required
fix. So, here is 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!]]
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Manually type-in the operator-language?
*n

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 (Dadv =here) again)

Translation found in table, no need to actually run translator.
(LOOK DEFAULT-LOCATION)

Execution of operator language now ...
(LOOK DEFAULT-LOCATION)
Isee 2’ at row 1 (from the top) and column 2 (from the right). ok?? *$

This dialogue continues for many more pages before the interactive
construction of the algorithm for permuting columns is completed. The
sample reproduced here should be sufficient to give a sense of how the
present program works, and also some of the many ways in which it can be
improved.
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