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Preface to Volume III

This volume contains. two chapters, covering work with production systems in the
areas of natural language processing arnd game playing. Chapter V describes a program
that plays a simple class of chess endgames, and discusses the possibilities of using
production systems for chess in general. Chapter VI describes a system that carries on a
dialog about a toy bloaJs world, and that solves a class of problems in that world similar to
the capabilities of Winograd's system. Each chapter has an abstract and a detailed table of
contents. It is assumed that the reader has some familiarity with Volume I of this report,
which discusses the goals and conclusions of the thesis as a whole, and which introduces
the production system language in which the systems in this volume are implemented. The
chapters have a similar organization, starting with a general description of the task
performed by the system, and proceeding to a description of the system and its behavior.
There are sections that discuss issues with respect to the task itself and with respect to
the use of production systems.
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Chapter V

KPKEG

A Production System for King-Pawn-King Chess Endgames

Abstract. KPKEG is a production system implementation of a program that plays chess
endgames, restricted to king and pawn versus king. The program is described and several
examples of its operation are discussed. The program's chess knowledge is given, and
how this knowledge is expressed as productions is described. Experiments with KPKEG
have brought out several features of the principle on which the search is based and the
chess knowledge organized, the strategy hierarchy. Features of the productions and how
they compare with a Lisp version of a similar program bring out the advantages of this
Implementation. The productions lend themselves readily to extension to more demanding
chess tasks.
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KPKEG

A. Introduction

This chapter is concerned with a PS program, called KPKEG (ing pawn ing
".ndieme), for playing a restricted form of chess, namely, chess endgames in which a king
and a lone pawn of one color are opposed by a lone king (hereafter, the subset of chess
with king and pawn versus king will be abbreviated K-P-K). Although chess is a
specialized area of Al, and is probably a suitable domain only for chess experts (which I
am not), it will still be useful for the present thesis for the following reasons. As Berliner
(1973) has argued, the classical heuristic search approach to chess has fundamental
limitations, which have been observed empirically in performance and theoretically by
Berliner on the basis of critical situations in which the search techniques appear to be
hopelessly inappropriate. Consequently there has been a shift in emphasis towards
bringing to bear more of the kinds of chess knowledge used by human players. Since PSs
are being put forth as useful tools in encoding problem-solving knowledge, it is reasonable
to do preliminary experiments along the lines here. In addition, even a restricted chess
program provides an easy benchmark for comparison with other control structures, since a
variety of other programs exist, with a current effort using Lisp on a very similar chess
domain.

The central chess concepts behind KPKEG are provided by Fine's (1941) analysis of
K-P-K endgames. In this problem area there are a reasonably small number of pieces of
knowledge that prove to be adequate for correct analysis. That is, KPKEG relies heavily
on the use of patterns of chess pieces and much less on a search of possible move
sequences leading to a win or draw. Patterns are used both to direct the program's
attention to effective moves and to evaluate positions reached by the search. The search
of possible variations of play is conducted under an executive scheme called a strateg yhierarchy. developed by Berliner (1975b) as appropriate (at least) to the K-P-K domain.
The strategy hierarchy in KPKEG consists of seven levels (to be described in more detail
presently), each of which has associated with it goals and move-generation procedures for
attempting to achieve the goals. The principle for constructing the hierarchy Is that a
lower strategy is never attempted in refuting a higher one. On the other hand, a move
that attains the goal of a higher strategy is a good refutation of a move aimed at attaining
the goal of a lower strategy, since a higher strategy is globally more valuable in the sense
that it is more essential to achieving the best game outcome. The way that the hierarchy
Is used to generate a search tree of moves and replies is that at the top level a player
starts by trying to achieve his highest strategy. When that fails, he decreases his
strategy level and tries to achieve a success at that level. The opponent, who moves at a
lower depth, tries to refute the top strategy by first trying to achieve a strategy at the
same level, and then when that fails, by trying moves at higher strategic levels. The
search tree is generated as the players alternate in trying to refute plays at higher
depths, until a position known to be a win or a draw occurs.

This chapter first presents KPKEG in detail, Section B, and describes several
experiments that exhibit its behavior, Section C. Specific issues with respect to PSs ore
discussed in Section 0. In Section E, KPKEG is compared to a similar program implemented
In Lisp, with particular attention to the use of PSs to achieve the control structures of the
Lisp version. Finally, we consider whether KPKEG can serve at a solid basis for further
research, which is Important because of the limited aims of the present work.
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KPKEG

L. The KPKEQ Program in Detail

The objectives of either player in a chess game with only two kings and a pawn are
limited. The player with only a king must achieve stalement, capture the pawn, or block it
from its promotion square, in order to obtain a draw. The player with the pawn must
promote it safely while avoiding stalemate. To achieve these overall strategic objectives

" there are a number of lesser considerations, such as controlling the square in front of the
pawn, forcing the enemy king in some direction, gaining the opposition (a chess term to be
defined below), and advancing the pawn. These objectives have been formulated in KPKEG

* into seven levels, each assigned a corresponding numerical value.
7 Mate (White) or capture pawn (Bllack)
6 Queen the pawn or stalemate
5 Advance the pawn or occupy pawn's queening square
4 Control the pawn's path
3 Defend or attack the pawn
2 Restrict (force) the enemy king's move
1 Any other move (essentially away from pawn or enemy king)

The goal for the program then becomes to execute successfully a move at the highest
possible strategy level. In this section we first illustrate how such a move is arrived at in
a particular example, and then proceed to a more detailed discussion of I(PKEG.

8.I. A simole examole of oroaram behavior

The position that we will examine is given in Figure B.1, and the complete program
behavior trace is given in Appendix D. White starts out trying to achieve its highest
strategy, which is to move the pawn onto its queening square; this strategy is at level 6 in
KPKEG's hierarchy. The queening square is E8 (using the program's algebraic notation,
which is indicated in the figure) and the pawn is at E6, so this fails immediately. White
then decreases its level to 5, where the objective is to advance the pawn. Black's level-5
strategy is to intercept the pawn, preventing its advance. White advances the pawn to E7
and black responds C7-D7, at which position the black king is in control of the pawn and
Its queening square, and the white king is not within striking distance, so that White's
advance-pawn strategy can make no further moves. Black's strategy succeeds because
White fails to respond, and this success is a refutation of White's top-level move. White
has no other ways to implement its level-5 strategy, so advancing the pawn directly is
abandoned. White starts over at the initial position with strategy level decreased to 4,
whose objective is to control with the king the path of the pawn's advance. Black's
corresponding strategy is to occupy the pawn's path to its queening square (which is only
slightly different from its level-5 strategy). White now moves its king E4-E5, Black
responds C7-D8, White responds E5-06, and black, D8-E8 (see Figure B.I).

Block's king is now on the pawn's queening square (E8) and it controls the square in
front of the pawn (E7), so that White can go no further with its strategy to control the
path to E8 from E6. Rather than giving up at this position, White increases its strategy
level - Black has succeeded at level 4 but that may not be strong enough to refute some
of the higher-level white strategies. White's attempt at level 5, moving the pawn from E6-
E7, does in fact lead to a winning position for White, since the black king is forced to move
off the queening square, whereupon the white king can move to control it. The way the
program actually behaves is that Black's strategies fail to generate any moves (as did

v-3 ILI.1'



9.I The KPKEG Program in Detail KPKEG
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Figure ELI Starting and Intermediate positions for TESTI; White to move

White's strategy at level 5 In the first segment of the trace) and E6-E7 thus succeeds.
Black's move preceding E6-E7 fails, and the search proceeds by examining alternatives at
that point.

This has described about two-thirds of the first column of the behavior trace in
Appendix 0 (up to number 11), which is about one-fourth of the complete search that
KPKEG does before deciding that White's E4-E5 is a satisfactory move. The primary
characteristic of the program's search has been illustrated: It searches in a very restricted
fashion according to a predetermined ordering of strategies, evaluating positions in the
light of the strategic objectives currently in effect. That is, move attempts are generated
only when they are deemed relevant to achieving success of a strategy, and the
determination of what strategy is in effect depends bn the strategy behind the previous
move or on maximizing the outcome of the position at the top level. We now proceed to
give more detail on KPKEG's internal structure.

B.2. An overview of the structure of KPKEG

The Ps of KPKEG are divided into six main groups: the strategy executive (Ps whose
names start with S); Ps for updating the internal representation of the board (0 Ps), means
for Implementing move strategies (M Ps); strategies for White, or more generally the
player who has the pawn (W Ps); strategies for Black (B Ps); and the initialization for
example problems (X Ps). The strategy executive maintains information pertaining to the
state of the tree search and the current strategy level. It also includes a set of Ps that
recognize various patterns known to be wins or draws. The executive evokes the White
and Black strategies, and uses the moves that they generate to carry the tree search
forward. It uses the updating Ps to make the transition from one node in the tree to
another. The strategy Ps generate move candidates directly or generate more abstract
descriptions of what they intend, which are then converted to move candidates by the
means Ps. We turn now to a more detailed look at the set of Ps in which most of the
program control is embodied, the strategy executive. Incidental details of the other Ps are
brought out, but fuller detail is postponed until the following subsection.

The VAPs (very abstract Ps) of Figure 9.2 represent the main features of the
strategy executive and of the other Ps as they appear to it. As the reader will recall from
Chapter IV, underlining is used in VAPs to denote super-conditions and super-actions,
which represent sets of condition or action elements, or the condensed result of many P

B.2 V-4



KPEGThe KPKEG Program in Detail UL

2SE's: Strategy Executive VAPs; 55 actual Ps 2
SEl: findmove -.% initialize A select-strategy-move &check-strategy-result;
SE2: check-strategy-result &i strateil-exhausted Sinot levels-exhausted

--' chanae-tratetv-lovel & select-strategy-move &i check-strategy-result;
* SES check-strategy-result &i strateies-exhausted &i levels-exhausted

-record-position & succotd-stratezv-at-previous-depth;
SE4: best-move-condidate -> make-move &i check-terminmal-position & check-move-reosulti
SIEB: check-terminal-position &i not terminal-position Si not maximum-deoth

-I, select -strategy-move &i check-strategy-result;
SE6: check-terminal-position & ter minal-oosition-patter m -> terminal-win;
SE7: check -terminal -position Si maximum-depth Si not terminal-position

-> static -oval -strastegy;
SES: terminal -wmn(self) OR succeed -st rategy -> ref ute-stratefv-st-orevious-depth
SE9: terminal-win(opponent) -> succeed-strategy-at-orevious -depth,
SEIO: check-move -result & refuted

-N, retract-move &i continue -to-try-move-candidates-and-strateaies
SEll: check-move -result & succeed &i not depth-I

- - retract-move & refute-stratesty-at-Drevious-deth;
SE12: check-move-result &i succeed &i depth-i -> make-actual-plavi
SEI3: record-position &i Position-before -making-successful -move

-2, build-P-to-recoanize-as -terminal-position
& S build-P-to-recornmemd-tryiny-mnove-if -position-recurs-at

-ifreater -depth-or -at -depth-I1:

X US's: Updating Board for moves; 19 Ps %
U191: make-move &, move-type & location's & controls's -> location's Si controls's;
U82: retract-move &i move-type & location's &i controls's -> location's &i controls's;

2 MM's: Means to Miove Candidates; 18 Ps %.
l44C1: means-signal Si Proper ties-relevant -to-desired-moves -> move-candidlate's;

2 WBS's: White and Black Strategies; 44 Ps %
WBSI: select -strategy-move Si board-pattern -~means-signal's OR move-candidate's
WIBS2: select -strategy-move & board-pattern -succeed-strategy;

WIBS3: static-eval-strategy &i board-p~attern -terminal-win;

2 TX's: Test Examples-, 5 Ps for 3 tests 7.
TXL: test-signal -> initialize Si controls's &i location's;

Figure 0.2 VAPs for KPKEG

firings. Elements of VAPs that are not underlined correspond to actual program elements,
and behave similarly with respect to the way Psnlst considers events to be ordered.

Using the VAPs we can follow the example in Section 0.1 in enough detail to see the
way the program works. At the beginning of TEST1, the user asserts a signal that fire*
the equivalent of TXI, which sets up the board situation. Then another user signal,
'flndmovo", fires, SEI which initializes the strategy executive and starts the search process

V-5 .L2
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8.2 The KPKEG Program In Detail KPKEG

by asserting "select-strategy-move". As discussed above White starts out trying to
achieve its highest-level strategy; the level of strategy being sought is set by the
initialization in SE. The VAPs that respond to "select-strategy-move" are the WBS's,
which generate move candidates or recognize success based on board patterns. In the
present case none of the WBS's fires, since the level 6 strategy for White Is to move its
pawn onto the eighth rank. Nothing responds to "select-strategy-move", so that the
"check-strategy-result" signal from SEI is examined, according to the conditions in SE2
and SE3. The situation is that the strategies at level 6 are exhausted but that the other
levels haven't been tried yet so that SE2 is true, causing the level to be decremented to 5
and again asserting the "select-strategy-move" signal.

This time the strategy is to advance the pawn, and a move-candidate (E6-E7) is
asserted by an instance of WBSi. SE4 represents the selection of a move-candidate from
a set of them. UBI responds to the "make-move" signal from SE4, updating the board
according to the nature of the move (i.e., whether a king or pawn is moving, and the
direction of the move). The "check-terminal-position" from SE4 evokes the testing of the
patterns represented by SES, SE6, and SE7; those are patterns for the small number of
known won or drawn positions for K-P-K endgames. In the present example, SE5 is
appropriate, and sets up the strategy selection for Black, who must respond to White's
pawn advance. The program goes through the sequence represented by WBSI, SE4, UBI,
and SES. Black has moved its king to D7, and White's advance-pawn and queen-pawn
strategies (instances of WBSI) recognize that further moves are no good, so that SE2
fires, and then SE3 becomes true when no response to "select-strategy-move" is made.
Notice that only strategies not less than level 5 are considered by White, in accord with
the strategy hierarchy principle - trying a weaker strategy to refute a stronger one
makes no sense.

SE3 first causes the position before Black's move to D7 to be recorded as a known
success (via SE13). Then the strategy at the previous depth, namely the one that
proposed the move to D7, is made to succeed. The success is noted by SEl 1, which uses
the "check-move-result" signal asserted by SE4 when the move was selected. SE| 1 takes
back the successful move, evoking UB2 to restore the board, and signals that the move at
the previous depth is refuted. SE1O responds to the "refuted" signal, using the "check-
move-result" that was asserted when E6-E7 (advancing the pawn) was selected by SE4.
Generally, after a move is retracted by SEIO via UB2, other move candidates are tried
(SE4), other strategies at the same level are tried (imagine a "select-strategy-move" re-
asserted by the super-action of SEIO), or SE2 and SE3 take effect. In our example, White
abandons the attempt to advance the pawn, its level is decreased to 4, and the search
continues in a similar fashion.

We now touch on a few points about the VAPs in Figure B.2 that were not brought
out by the above. The treatment of terminal patterns recognized by instances of SE6 is
according to one of the two procedures represented by SE8 and SE9. Recall that "check-
terminal-position" is examined immediately when a new position is created in the search,
so that the "succeed" or "refuted" signal to the previous strategy will occur before any
other strategies are attempted at that new position. The terminal positions recognized by
SE6 are general, as opposed to successes of particular strategies as represented by WBS2
- the result in either case is similar, though. A different kind of terminal position leading
to the "terminal-win" signal in some cases is the maximum depth condition. Presently the

8.2 V-6



KPKEG The KPKEG Program in Detail 8.2

maximum depth is 9, and when the search is 9 plies deep, SE7 fires (if the position is not
terminal in any other sense), asserting "static-eva-strategy". If board conditions are
right, in a rather optimistic evaluation, an instance of WBS3 fires; otherwise nothing
further is done and the strategy at the previous depth succeeds for lack of refutation.
The maximum depth cutoff is intended to be used only rarely, since the domain is rich in
specific knowledge, so the present mechanism is only a stopgap, even though it Is
successful in the experiments described below. Finally, the MMCI VAP represents a set of
Ps that are evoked by WBS's to generate moves of desired classes, for instance moving
toward a square. These means to generating move candidates are used whenever the
desired move candidates cannot be easily constructed directly by the WSS's.

B.3. Full detail on selected aspects of KPKEG

As we have seen in the preceding subsection, KPKEG's six groups of Ps form the
following functional units: the strategy executive, the board-updating operations, the
means to strategies, the strategies themselves (two groups), and initialization. This
subsection will indicate subdivisions of each of these groups, except the last. In most
cases, typical Ps will be given to illustrate how certain kinds of chess knowledge are
represented. Descriptions of all of the chess knowledge in KPKEG will be included. For
the S Ps, we will give more detailed, abstract Ps which bring out issues of control. The
listing for the actual program is in Appendix A, and a cross-reference is in Appendix B.
Section 8.4 is essential for decoding the actual Ps.

There are 55 S Ps, subdivided functionally into 9 groups as follows:
SO-SI: initialization; 2 Ps. [SEI].
S3-S4, S15-S18: evocation of strategies, change of strategy levels; 6 Ps.

[SE2-SE3]
s5-s9: tree mechanics, ascending and descending in search tree; 8 Ps.

[parts of SE4, SE 10, SEl 1]
S21-S210: selection of a move from the set of candidates; 4 Ps. [SE4]
S11-$13, S23-S26N: checking the results of an attempted move; 7 Ps.

[SElO-SE12]
S30's, PN's, PWs, PV's (created by S60's): checking for terminal

positions; 13 or more Ps. [SE5-SE7]
S40's: controlling actions for terminal positions; 3 Ps. [SE8-SE9]
S50's: printing the board externally; 3 Ps. []
S60's: recording the winning (terminal) positions as Ps; 9 Ps. [SE13]

The basic control in the executive corresponds to the VAPs SE2-SE4, SE8-SE12, and
the RHS of SE5 (i.e., the second through fifth and the seventh group of S Ps). Figure 8.3
gives abstract Ps (APs) that elaborate on those VAPs. Each AP has the VAPs and actual Ps
to which it corresponds. Using the APs, we can get a more detailed picture of the control
flow. The process of finding a move starts when the initialization asserts "select-strategy
& check-other-strategy" (the latter signal is synonymous with "check-strategy-result" in
the VAPs). If a strategy produces move-candidates, S2a will select one by using first a
"max" metric, which takes the distance between two squares to be the maximum of the

0 Square brackets enclose the names of the corresponding VAPs from Figure 8.2.

V I.E 



8.3 The KPKEG Program in Detail KPKIEG

SO@: [SE2, SEIO; S31 check-other -strategy & depth & not select-strategy & not succeed
Ii not move-candidate's & not refuted

-select-strategy & check-other -strategy;
SOb: (SE3; S4] check -other -strategy & depth & select-stratefvunresaonded-tO

-> change-level;
SOc: (SE4; S5-S6] descend(move) & depth & (current-level OR level-f rom-precedlng-4apth)

& current-mover
-> make-move & check-terminal -position & erase-check-terminal-positionl

& increase-depth & establish-level-at-new-depth & mover-is-other-pleyet;
SOd& CSEIO, SEI 1; S7-S9] ascend(move) 41 depth & current-level & current-mover

-erase-stratemy-tried's & retract-move & restore-cabtured-piee
& decrease-depth & mover -is-other-player
& erase-stratenv-siEnals-from-deoth-beimf-scnded-from

Sima: [SEL 1. SEI 2; SI 1-S 13] succeed(move,depth)
-> ascend(move) & refuted(previous depth) OR make-the-move-if -depth-i;

Sib: (SE2, SE3; S15-SI8] change-level & depth & current-level
-select-strategy & check-other -strategy

&current-levl(decreased if depth - 1 OR increased if depth > 1)
OR depth (in case all levels have been tried];

S2a: [SE4; S21] move-candidate & depth & not check-move-result
& not move-offboard & not move -onto -piece -of-own -color
& not move-candiclate -whose-destination -square -is -closer -to-Dawf'sOu~enlflf-

sqae-ymx-erc-r-ae-ymxmti-n-lsr-ymnmti
& not moe-addt eul-ypeiu-etadwt-etnto-curf

lexi cal -less -or -de st iat ion -s ane -and-or in -suare -exically-loss
-descend & check-move-result;

S21b: (SE3, SEI 1; S23, S26-S27] check -move -result & not refuted & depth(one deeper)
& not move -candidate -at -depth-one -deeper
& not other -strateizes-to-be-checked-at-deth-one-deeDr-

-> rasp-move-Landidates & record-win & succeed;
S2c: (SEB, SEI I; S24] b.icceecl-strategy -> ref uted(previous dept)
S2d: (SEIO; S25] check -move -resultl(depth) & refuted & depth(one deeper)

-> oscend(refuted move);

S3a: [SE5; S38] erase -c heck-terminal -position -> select-strategy & check-other-strategy;

S4*: [SE8, S41] terminal-win(for Mover) & depth
-> refuted(previous depth) & not erase -check-terminal-position;

S4b: (5E9; S42-S43] terminal -win(f or opponent) & depth
->Check-other -strategy & all -levels -have -been-tr ie&

Figure 9.3 ANs for control in the executive

absolute values of the differences between their corresponding numerical coordinates; for
equals by the "max" metric, S2a applies a "min" metric, which is similar except that the
minimum is taken into account; when there are still contending candidates after those tests,
lexical order is used.

B.3 V-8



KPKEG The KPKEG Program in Detail 3

SOc then carries out the bookkeeping involved in descending a ply, and evokes the
Q Ps via "make-move" to update the board for the move selected by S2a. In descending,
th usual action is that the mover at the new ply inherits the strategy level from the
preceding move that it makes in the current search variation, that is, from two plies back.
The level from one ply back is used in going from depth I to depth 2. This Inheritance of
levels injects some continuity into the search, since a player first tries to continue what he
was trying on his preceding move. After the board is updated for the selected move,
control returns from the Q's to examine the "check-terminal-position" signal asserted by
SOc. Terminal positions are recognized by a set of Ps not shown (discussed below), and if
nothing is recognized, S3a fires and the strategy selection is started at the new depth, as
before.

There are three ways for the descent in the search tree to stop: the recognition of
a terminal position, the recognition of the success of a strategy, and the exhaustion of all
possibilities, which is a failure of a strategy. Terminal positions (including maximum search
depth, which is terminal in a weak sense only) are checked in response to the "check-
terminal-position" signal, asserted only when a new position is first entered from a lesser
depth (closer to the root of the tree) - not when a position is re-instated from a greater
depth (descendent node). If a terminal position or explicit success occurs, "terminal-win"
is asserted and processed by S4a and S4b. S4a specifically refutes the strategy at the
previous depth; the "refuted" signal is processed by S2d. S4b sets up an exhaustion
condition so that S2b will get control, resulting in a success at the previous depth. S2b
recognizes a failure of one strategy, implying the success of another, by noting that a
move has not been refuted by the strategy at the descendent node (that strategy has
tried all its possibilities with no success). The implied success is signalled by "succeed",
which is picked up by Sim.

SOd carries out the bookkeeping of the actual ascent to the parent node In the
search tree, evoking Q's with "retract-move" to update the board. After the ascent,
control falls back to one of two places: to S2d if "refuted" is present (from S2Ia), which
continues to propagate results back one more ply; or to S2a or SOa if there was a success
at the descendant node that refuted the move made at the present depth (S2d). S26
selects from any move-candidates that are still available, but if none are there, SOO fires
and strategy selection is evoked again.

Strategy selection is driven by Sa and SOb. SO& evokes a strategy (to generate
move-candidates) via "select-strategy" and at the same time asserts a signal to which SO.
or SOb respond. A strategy consumes the "select-strategy" signal and also asserts a
"strategy-tried" signal (not shown except that SOd erases all such during ascent) so that
no duplication can occur. Some strategies do respond with move-candidates in several
sets, iterating through SOa, but when no further response is possible, SOb fires and the
strategy level is changed, via Sib. Levels are changed in two ways depending on depth:
at depth 1, which is the depth of the player trying to make an actual external move, the
level starts out at the maximum (highest aspiration) and decreases when things don't work;
at other depths, the level starts out at the level inherited from the ancestral (parent) node
as explained above (SOc) and increases up to the maximum (in accord with the strategy
hierarchy principle). When the maximum is reached, the action represented by the second
half of Sib's RHS (after the "OR") is taken, and the "depth" signal is picked up by S2b.
When the minimum is reached (depth I only), the program has failed to find a move to
make.
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To summarize the discussion so far, there are two aspects of the strategy executive:
chess and PS control. There are several points with regard to the former. The executive
does a fairly standard tree search, but it uses success or failure of strategies to evaluate
positions rather than a more conventional materisl criterion. Strategy levels are inherited
from parent or ancestral nodes, so that some unity of play over various depths in the tree
is evident. Strategy levels start high and decrease at depth one, and start at the Inherited
value and increase at the other depths. Recognition of terminal positions occurs when a
position is examined for the first time.

PS control is primarily of a fall-back nature: a move is made, for instance, and a
Working Memory instance records it; when it ,has been processed, control falls back to
examining that record and proceeding accordingly. In addition to checking move results,
this occurs when strategy levels are exhausted ("depth". from S1b), during ascent ("depth"
from SOd - note that SOa and S2a have explicit exclusion conditions to determine the
appropriate action), when strategies are tried ("check-other-strategy"), and when terminal
positions are recognized ("erase-check-terminal-position", S3a). Another kind of control is
used for generating move candidates and for selecting strategies: When a strategy fires, it
asserts a signal that inhibits future firings in the same context. Move-candidates exist as a
set in Working Memory, so that when S2a is examined, a new one from the set is found
(and erased). When there are no more candidates, control falls back to SOa and SOb.

Continuing now with more details of KPKEG, the Ps corresponding to VAP SE6
(Figure 9.2), the S30's, encode conditions for recognizing ten terminal positions as follows:

a. A pawn on the eighth rank that cannot be captured by the enemy
king; conditions i. and j. below are excluded- this is defined to be a
win for White. (S31)

b. No pawn on the board (it has been captured), this is a draw (which Is
considered a failure for White). (S32)

c. The black king stalemated. (S33)
d. Checkmate. (S34)
e. The black king with the opposition and the white king not directly in

front of the pawn; condition h. is an exception. (S35)
f. The white king on the same file as the pawn, two or more s4uares in

front of it, and the black king not closer to the pawn than the white
king. (S36)

g. The white king on the square in front of the pawn, with the
opposition (to be defined below). (9360)

h. The white king on the sixth rank, in front of the pawn somewhere
and fairly close, and the black king not closer to the pawn. (S36R)

I. A special stalemate condition with the pawn just promoted at CS,
black king at A7, and white king controlling B6. (S37L)

j. Similar to i., but reflected to the right side of the board (FS, H7, 136).
(S37R)

These may not be correct or powerful enough from the chess standpoint (see Fine, 1941)
but they suffice for present first-approximation purposes. "Opposition" is an endgame
term that is defined narrowly as a situation in which the kings are on the same file with
one intervening square; the player not on the move has the opposition. This set of Ps is
augmented by specific patterns added as Ps, which r-acognize specific board situations that
have been determined during search to have a known eventual result.
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An example of how one of these conditions is expressed Is In FIgure 1.4. Refer to
Section 9.4 for predicate meanings.
96s "WK FRONT2. :: CHECK:TERM(DMP) & NOT SATIFIIES (O)D EQ 1) b KP NASP(CZ)

bhid the king* and the pawn to veriables:
& ISKING(A1) & HASCOLOR(AI,CI) & ISKING(A2) 6 VNEQ(A2,AI) & ISPAWN(AI)

esteblisk rank and filb for locations of white king and pawn; both on Usam fib:
& LOC(A3,S) A RF(SIRI,Fi) A LOC(AI.S2) 4 RF(S2,R2,FI)

white king two or more in front of pawn:
& SATISFIES2(RI,R2,R2 ?.GREAT RP.1)

location, rank, and file of black king:
& LOC(A2,S3) & RF(S3,R3,F3)

black king not closer to the pawn than the white king:
A NOT SATISFIES3(R2,R3,F3,MAX(ABS(R3.RI),AS(F3.F1)) ?.LESS R2-1I)

- TERMWIN(CI,'136) • NEGATECI) & NOT ERSCHECKTERM(D,P);

Figure 9.4 Implementation of terminal position f.

The Ps corresponding to the UB (updating board) VAPs (Figure 1.2), the Qs, are
grouped as follows:

QO-QOc: print a move trace; 2 Ps.
QI-Q2: initiate move retractions; 2 Ps.
Q3-Q4: move pawn forward and backward; 2 Ps.
Q7: detect illegal king move, i.e., into check; I P.
QS-Q9: bookkeepping for any capture move; 3 Ps.
Q1O-Q19: king moves; 9 Ps.

A move Is given as an origin square and a destination square. The Q's print a trace, detect
the type of piece to be moved, determine the direction of the move, change the location of
the piece, detect captures, save information about a captured piece so that It can be
restored, and update the squares controlled by a piece as it moves.

Of the two types of moves in KPKEG, the king move is more typical of the majority
of chess moves than is the pawn move. The actual move is done in two steps (P firings),
one to do the part common to all directions for the move and the other (one of 8 Ps) to do
direction-specific updating. The split into two is largely for reasons of economy of
expression. All eight directions are distinct because of the board representation, which
uses a different predicate to show the relation of a square to each adjacent square.
Figure 8.5 gives the common P and one of the directional Ps.

The M Ps, corresponding to VAP MMCI, are divided into five groups:
MI-US: generate move candidates to move toward a square; 8 Pa.
M9-M9N: special cases for moving toward; 3 Ps.
MI I-M4: handle the delayed assertion of move-toward candidates; 5 Ps.
MI 6: generate candidate to move to a square; I P.
MI 7: special case for moving to; I P.

The means to move candidates for strategies are quite Important to reducing the number
of necessary strategy Ps, since for moving in eight directions, different sets of move
candidates are appropriate. There are three move candidates in the set for movng
toward one square from another: one to a square approximately in the same direction as
the target, and two that are adjacent to the first. Figure 8.6 gives a typical means P.
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OfIl It COMMOW :: MAKEMOVE(SI$12) & LOCWADl 6 M(MN~AI) & NOT OFFIOAW fl
test that move isn't onto a controlled square:

*NOV( EXISTS(CICAZV 4 OONTROLS(A2,82) & NASCOOR(ADZ
&HA=CLOR(A2,C2) & VNEO(C 142) A, NOT RETRACT1410 1,S2))

check that the move iarf't onto a piece of the sme color.
& NOVC EXIST9(A2,C) & LOCA2,S2) & HASCOLORCAAC)& HUMOOR"=Z)J

Mobs. ours that the squa is reachib)&:
& CONTROLS(AI,92)

signal for capture check and diraction-specimc components
.CIECKCAP(AI,92) A, MAKEMOVE:A(A).Sj,2)

and do the updating common to all king moves:
&LOC(AIS2) & CONTROLS(ALSI & NEGATE(1,2,) & NOT RETRACTINO(31,S2h

move the king diagonally at t-forword:
Q16; "K DIAGLF*: MAKEMOVCK(A1,S1,S2) & DIAGLF(Sl.S2)

stablish the squares whose control will chang:
A, DIAGRF(SS3) & COWlROLS(AISa) 4 DIAGRB(SIS4)
& CONTR0LS(AIS4) & OIANKR(SISS) & COtITROLS(AS)& IE 1,1)
& CONTROI.S(AIS4) & DANKR(SISS) & CONTROLS(AIS) &FLBS,1
& O1AGRF(S2,SU) A, DlAGLF(62,S9) & DIAGLO(S2,S1O) & FILEF(S2,S1 1)
& RAKL(S2,S 12)

mmake the changes (2 controlled squares stay controlled)-
*C ONTROLSWAS) 4 CONTROt.S(AI~sg) & CONTROLSAISI) A COfITROS0(A,SII)
& CONTROL S(AI,5112) 4 NEGATE(1,,1O1,12);

Figure 8.5 Updating the board for a king move

Mli WMOVE TW ORB*: MOVE:TOWARD(0.AS2) & NOT CONTROLS(A.S2) A LOC(ASI)
daterstim. that the diwection is diagonally right-backward, using rank aid file coordinates:-

& RF(SI,R1.FI) a RF(S2,R2,F2) & SATISFIC92CF1,F2,FI ?.LESS F2) & SATISF[ES2(Rl.U2.Rl ?.OKAT 1121
easte the appropriate threesaquare@ and out up the moves:

a RANKR(SI.S3) & FILES(SIS411 & OIAGRISI.SS)
03 MOVE41IO(DS0,3) a MOVE-NOL0(DS1,S4) & MOVEMIOOkilS) & WEG.ATE~l);

Figure 8.6 M~ans for moving toward a square

The bulk of the chess knowledge in KPKEG is in the strategy Ps, the Ws and 8's,
corresponding to the WOS VAPs in Figure 8.2. As indicated In the VAPs, the knowledge Is
represented three ways: one for move-candidate generation, one for recognizing
Immediate success, and one for making a maximum-depth static evaluation. Since the three
are somewhat similar, we consider details for the first only, in Figure 9.7. Again, as for
the terminal -position chess knowledge, no claim is made for correctness of these
strategies in general. But they are adequate as a firs t approximation, and from the
present limited success, we conclude that PSs oae adequate for encoding whatever the

* correct knowledge is. The relation between the last two columns in Figure 8.7 Is that at
thisesarn& level the strategies are (intended to be) opposites: success of one refutes the
other. The levels are (intended to be) such that success of a strategy at a higher level
refutes a move from a lower level, but not vice versa. A typical strategy P Is given In
Figure .
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7. 81 Checkmate (impossible in K-P-K) Capture pawn
6 W2,862 Queen the pawn, move to 8th rank Stalemate
5 W3, B3 Advance pawn, move king off Intercept pawn by moving toward

square in front of pawn pawn's queening square
4 W4,864 Control path of pawn by moving Block pawn by moving toward

king toward the squars any square in the pawn's path
two in front of the pawn

3 W5,865 Defend the pawn by moving Attack the pawn by moving
toward it toward It

2 W6, 86 Move toward the enemy king, to Some asfor White
restrict its movement; always
fails at depth 2; try to gain
the opposition

I both W7 Any move not toward the enemy Same as for White
king and not toward the pawn;
always fails at depth 2

Figure B.7 Summary of chess knowledge in the strategy Ps

W4, *CONTR P": SELECTSTRAT(DP) & KPK:HASP(P) A, CURULVEt(OL) £SATJSFIES(LL EQ 4)
& NOT( EXISTSOO & STRAT:-TR1ED(X.,.) & SATISFIES(XX EQ V#4))

bind pawn and white king:
4 ISPAWN(Al) & ISKING(A) & HASCOLOR(AI,C) A, NASCOLOR(A2,C)

find the squae two in front of the pawn:
& LOC(AISI) & FILEF(SIS2) & FILEF(92,S3) & NOT CONTROLS(A2,93

evoke wena and indiate, th. strategy has been tried;
*MOVE:T0WARDQDAZS3) & STRAT:TRIEDCW4.0,) A, MEGATE(1)

Figure 6.8 A typical strategy P

B.4. Meaninas for KPKEg predicates

Two sets of KPKEG predicates are central to the program and to the representation
of the game, and are given here to provide an index into the following alphabetical list:

Search: ASCEND, CHANGE:LEVEL, CHECK:MOVE:RESULT, CHECK:TERMK
CHECK:OTHER:STRAT, CUR:LEVEL, DEPTH, DESCEND, MAKE:MOVE,
MOVE.CAND, REFUTED, RETRACT:MOVE, SELECT:STRAT, SUCCEED.

Board representation: CONTROLS, DIAGLB, DIAGIF, DIAGRB, DIAGRF,
FILES, FILEF, LOC, OFFBOARD, RANKI, RANKR, RF.
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The following are the types for the arguments of predicates In the description
below:

.q actor, i.e., particular piece I level (of strategy)
c color p player
d depth r rank
f file a square

ASCEND(el,*2) second to a lower ply by retracting then move from *I to at M0~
CAPTURED(g~e~d) at d, a was captured and removed from a. (9, 0)

CIIANCELEVEL1d) chang, the strategy level at d (S)
CHECKCAP(pbe) cleck if there are any capturs by gi moving onto a (Q)

CHECKMOVE:RESULT(d,si,a2) check the result of the move made from @I to 92 at d (S)
CHECKOTIIEASTRAT(d,p) check for other strategies for p at d, af ter at set ore strategy hes beew tried

(S)
CN4ECK:TERM~d,p) check it the current position (at d) is a terminal one; p2 is to move . PhWe

CONTROLLEO(g,d.a) a controlled a (see CONTROLS) before it was captured In the Werds at al. (9, Q)
CONTROLS(Ls) If controls a, in the sense that it can move directly onto a Ws but PM)
CONTROLS KIg) set up the CONTROLS instances for kin i. MX
CONTROLSP(j) set up the CONTROLS instances for pa~wn 1. MX
CUR:LEVEL(djl) l is the current strategy level at d. (S' 0, W, 6, PM)

DEPTI4(d) d is the current mearch depth. (S, 0)
DESCEN(sl,s2) move one ply deeper by moving si to @2. CS)

DIAGLB(el,e2) s2 is diagonally left and hack from sl. (Q. M, W. X)
OIAGLF~aI,s2) o2 is diagonally left and forward from al. (A Ki X)
DIAGRB(etl~a2) a2 is diagonally right and back from al. AQ Ki W, X)
OIAGRF(e 1.s2) o2 is diagonally right and forward from a 1. (Q, hi X)

CRSCIIECK:TCRM(d,p) erase the corresponding CHECK:TERM; this signals completion of the0 cPeeIN (8,
PM)

ERS:MOVES(d) ersee uneptamined MOVE:CAND'. at d. (S)
ERSU9TRATTRIEO(d) erase SYRATTRIED'a at d. (S)

FILEB(o I~s2) s2 is directly beck along the file of at. (al but PN)
FILEF(s),92) Q2 is directly forward along the fits of al. (aNl but PM)

FINDMOVE~p) find a move for p; typed by user. (S)
IIASCOLOR(g~c) I he. color c (13 or W). (all but M)

ISKING(g) if is a king. Call but M)
ISPAWN(j) I is a pawn. (all but M)

KPK:HASP(p) this is a K-P-K gane; p has the pawn. IS, W, B, PM)
KPINITWx initialize for a K-P-K Soe; x is a dummy. (S. X)
LASTPN(m) production ii is the last one added to the position-get module. (5)

LOC(gs) it is located on 9. (all)
MACE:MOVE~slis2) maske the move from @I to 2. (0)

MAKE:MOVE:K(!,2) update the board (CONTROLS) for the king move of a from @I to st (0)
MAKEMOVE:(el,s2) print the trace masae for the move from al to e2, then signal MAKEMOVE. (Q.

S)
MAXDEPTH(d) d is the maximum depth for the search. (S)

MAXSLEVEL(p,l) tis the maximum strategy level for p. (S)
MEANS;EXAM(d) signal that MOVECANDs are not to be generated by a insan (M Pal at d. but

rather the potential moves oae to be held for examination (MOVEEXAM). (Ki W)
*MEANSMIOLD(d) hold the emission of MOVECANO's ot d from a means CM Pa) until ait possiblilties

are ready. CM W, B)
MEANS:RELS~d) release the moves held back by MEANSHOLO at d Mhi
MINSLEVEL~p,l) I is the minimum strategy level for p. CS)

MOVE-CANO(d,oI,s21 the move from a Ito a2 is a condidele at d CS, hi W, U)

e The initial@ appearing at this place refer to P groups to which a predicate is relevss.
00 PMN stands for Ps i the position net generated by the RECORDOLD procesa
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MVHX)AMisI,s2) the MOve from 01ite si 1s esei fair GMMWAMe 6Ve aint6gyeIM
MEANSIXAM. (W, M)

MOVE-HISTb) a is a hot of the moves mode in asmdm ts the simeal ispft used far
external display onl. (5)

LIMOLt~D(d.l.s2) I to @2 insa potential MOVECAND ot d. goumu-led by aemum 0t
MOVETO(dfgls) generate moves Iio got a too at of (1 W. B)

kMETOWARD(dgis) generate moves toward a from torsent loatm" (14 W,1)
MOVEA(p) p is the color to move in theo current poefn (3)

MUVIN(p,,o1,s2) for external display, p is moving & from at.t 920s real game. 3)
NODECOLUTx) xais acount of the nmbes of nodes searched for extera idsphy. (0,3)

*OFFBOARO(s) a is off the board; it est asa dummy location to simpiy the board pettewm.
(9, 0. M)

PLAVER(p) p is a player, either U or W. (S)
PRINT BOARD(ss) print the board ontlsmelly x is a dummny (S)

PRINTEDBOARD(x) the board two been printed, x is a dummy; this lnused to p a @of t bedw
display twice with no interveiut chengo. (S, 0)

RANIU(.s,2) 92 is directly to the left Iof at, oan rank AQ 14 W. X)
RAfdKR( 1,92) .2 is directly to the right of at, iamis rank (0, K, W. X)

RECORMDWt.D ,92.a) ready to add a set of Pa to the position nit of termiuu pemltln9 whish
recognite that *I to s2 is the key move; d and I arn thes depth and lsol at Which
the importance of the position wore determined sand a is a Net that is the
common Part of the Me~ of the sot of Pg. (S)

RECORO:ODONE(dxu) the P whose tag (PNK PV, or PW) is.a he. been seo do iof d In thei
RECOR0OLD process; this prevents duplicationL (S)

REDORV~IN(d) the min Port of the RECOROULD process is finished oftd (3)
RECOUD:FIN2(d) finish the RECORDBLO process by erasing various intormilt datL (3)

RIECORO.PRE(d~tksls2,s3,i4,s5.p) at d and 1, at to 92 in. the hey move bssding to a* terminal position Cmes
RECORDBLD); p is to move, and o2 .A, and all give the positione of the pewai
while hing, and black king. (5)

RECORMWIN(d,I2) record the ternal position, see RECORMBLO, at is hey move @I to e2. (5)
REFIJTED(d) the strategy at d is refuted, at bst wilth respect te a pertlevior mes"

(CHECKMOVERESULT) MS 0)
RESTORE.CAP(d) restore the captured piecei removed by a captuire moes (CAPTURED), at &. (9)

RESTORE:CON(g~d) restore the CONTROLS removed by a capture moe (CONTIULED~ it wee
captured ot d (S)

RETRACTI4OLD(s 1.o2) hold the retraction (RETRACYMOVE) of the move ste t , im @b wee neve
made due to illegality. (0)

RETRACT:MOVE4sI,a2) retract the move from at to s2, restoring the board state to Its preview.
condition; the reverse of MAKEMOVE. (0, S)

RETRACTING(sl,o2) @I to *2 is being retracted; this supproe eseortain loeilty cheeks fer blo
moves. (0)

RF(s~rf) 9 hot rank r and f ile f, both numbiers. (S. K, W. 8)
SAVEiCON(bd) save the CONTROLS of 16 at d. as CONTROLLED. (0)

SELECT:STATIC(d~p) ot d, do a static strategy etimation for p. (W. U, S)
SELECT:STRAT(d,p) ot d, do a (dynamic) strategy selection, which generetes move canidates, fer p.

(S. W. B)
STATIC:EVAL(dp) signal that STATICEVAL is appropriate in the current peitions this affects h

* direction of processing of ter CI4ECK:TERM. (S)
9TRAT:TR1ED(%A~d) etrsgy x (the name of a P) has* been tried at i and L (5. W. 3)

SUCC:STRAT(d,p~kz) strategy x (the nam of a P) has succeeded1 for p ofatd fis teise in
known statically, without further eeiarch. (S, W, U)

SUCCEED(d~sIAs) at A the move atI to 92 he. suc meded in the strategic sense (S)
TERM;WIN~p,m) p is a terminal win (for White, a choe wi% fsr Blachk a drewk 0 iite by P

x; ot maimum depth this evaluation is static and net ms strictly a woin (soe
SELECT:STATIC). (S, W, Bk PN)

TES~n~x) initiate the lest problem n, in - 1, 2, 3. typed externally by the use. 001
TRACIN(a) a dummy pradicate. used to show the printing of an external teom (3,01

V-151.

ALt



B. The KPKEG Program in Detail KPKEG

WGWMlEES AM (dO) esaum the result. .t the sme evohed by P WOW (savin a at d) ueing
MEANSEXAM; WSW is a static setimotor (SELECTSTATIC) that uses simply the
existence of one of a Chse of moves (W)

W7IES:IRS(d) erase the results of the WMRES:EKAM proes. (W)
W74ES:EXAM(d&l) at d. emsine the reslute of the moon evoked by P W7 usiq MEANW(A W7

dese moves that wte not generated by the mew& (W)
WTWRES:EXAM(d) simlor to W6W:RES:EXA. (W)
WINC UM(d,1,52) ot d, W1 to .2 is a endats that h. led to a win in on dMfsali Situation at a

different depth; see RECOROBLD. (S, PN)
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C. Results of Experiments with KPKEG

KPKEG has been tested on three simple problems, called Test!, Test2, and Test3.
These are not Intended to be representative of the class of all K-P-K positions, but
KPKEG's behavior does demonstrate that it is an adequate basis for a more complete
program. Testl is discussed in detail in Section 8, and is exhibited in Figure E.I.
Appendix D examines KPKEG's behavior on Test! in detail, exhibiting: the program trace,
showing search behavior in the tree of chess moves; the state of Working Ivemory after
the run, which includes the internal board representation; the trace of P firings
corresponding to the program trace, broken into distinguishable corresponding segments;
and a control flow summary trace, which breaks P firings into groups. Appendix E contains
four more program traces, two for some experimental options on Test!, and one each for
Test2 and Test3.

Test1 is a good test because it requires more searching than the typical K-P-K
position. This searching exercises KPKEG's executive Ps and results in the evaluation of a
variety of terminal positions. It also allows meaningful comparison of effects of various
options on the search. KPKEG's behavior on Test1 has been described in some detail in
Section E.I. The traces on Test! in Appendix E are of primary interest here. Two search
options explored with Testl: (1) The procedure of decrementing strategy levels from the
maximum at depth 1, but passing down strategy levels to other depths, and incrementing
from those to the maximum. (2) The storing of winning positions for future use in the
search. The standard version of KPKEG, with both of these options turned on, finds a
move for TestI by searching 40 nodes. A version with the strategy level changed to
decrements at all levels searches 80 nodes (the first trace in Appendix E), and a version
without the position storing searches 60 nodes (the second trace in Appendix E). The
combination with both options in their non-standard setting was not tried. This Is good
evidence, at least as far as a single test position can provide, that the standard version
has the proper options.

The most significant change in KPKEG's behavior on Test! results from an
experiment not shown: if the carrying down of strategy levels from two plies back is not
done (Ps S5 and S6 become S5 modified to work at all depths so that the level from one
ply back is used), the search goes on for hundreds of nodes and fails to find a satisfactory
move for White. One critical point is the situation at node 35 (please refer to Appendix 0),
where Black is at level 5 but White responds at level 4, as in the sequence leading to node
23 (which happens to be caught by the position net, PN-5)Y in the alternate version, White
Is forced to be at level 5, and only tries to advance the pawn, failing to refute Black's
move and eventually failing at depth I with the move E4-E5. This demonstrates that the
alternative is detrimental to the evaluative effectiveness of the program.

Test2 and Test3 (Figure C.) are rather similar as starting positions, but have some
interesting differences in their search. Their shared traits are more important than their
differences. Both tests show the application of the kind of specific knowledge that is
typically applied in K-P-K positions. In particular, White searches very few nodes, four or
less, In finding a winning move. Black, on the other hand, searches many more in its futile
attempts (it would probably be more reasonable for the program to resign in situations
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S .. .. ~ IUK.. .. l.
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A ICO0E F 0N aSCUE F *ON

Figure CA1 Test2 and Test3 initial positions; White to move

whose value is known). For illustrative purposes, the search is useful because it exercises
some more of the terminal -position recognizers, and makes use of strategy Ps (Wes and
Was) for the lower levels (Test I only got as low as level 4).
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0. Production-System-Related Features of the Implementation

KPKEG's ortanization makes programming by gradually adding Ps easy. There Is a
clear division Into the strategy executive, the strategies, the means, the terminal patterns,
and the board-updating process. KPKEG was built up by leaving strategies and terminal

* patterns unspecified until the executive was in good shape. The action of the unspecified
parts was easily filled in by manual intervention at pre-arranged points. The executive
developed from an initial approximation by adding Ps to represent new cases of necessary
action and by modifying the existing Ps to be more discriminating. For Instance, there are
many ways that a move can be refuted or allowed to succeed (APs S1la, Slb, S2b, S2c,S2d,
S4a, and S4b in Figure 8.3), and these ways developed gradually as tests were tried.
When the executive was in good shape, strategy Ps and terminal patterns were added,
resulting in more executive modifications as still more was found out in doing tree search
over a wider range of positions. The options for the executive discussed in Section C
were not tried until all the gaps were filled in. Two features of this mode of programming
are very dependent on using PSs: each P does a relatively small manipulation to a global
Working Memory (half a dozen or fewer changes), and the action of the unspecified
modules is usually the firing of just one P, even in their final form.

Several kinds of control are exhibited in KPKEG: iterating through sets of things to
be tried, evoking some process and at the same time asserting a second signal to which
control will fall back, and factoring a complex selection or decision process into a cascade
of P firings. The executive iterates over strategies by repeatedly evoking the strategy Ps
to get move candidates. The strategy Ps each assert a Working Memory item that
prevents repetitions at the same depth, amounting to a simple way of keeping the context
of the generation. Within each strategy the order in which Ps fire is indeterminate, but
there could easily be more control, with nothing added to the executive. Another form of
Iteration through a generated set is in using the move candidates asserted by a single
strategy. Each time control falls back to P S21 (AP S2a), it selects (with one firing) one of
the candidates, and erases it so it won't be considered again.

The RMS of AP SOc illustrates the way control can be arranged to fall back to
process signals stacked up in Psnlst's :SMPX. First, it evokes the Qs with a "make-move"
signal, and control falls back to the stacked "check-terminal-position" signal (the second
conjunct in SOc's RHS). This results in evoking the terminal position patterns (S30's) and if
none fires, control flows to a P that responds to "erase-check-terminal-position", also
asserted by SOc (see AP S3a). When an exhaustion of strategies occurs (all levels tried at
some depth), control falls back to the appropriate place by re-asserting the DEPTH
instance (AP Sib). The "new" DEPTH is then examined in connection with instances at the
previous depth that recorded what was being tried when the descent occurred, in order to
check the results. A new DEPTH is also cesponded to when an ascent occurs (a more
specific signal is not used), and the response varies according to whether move candidates
end untried strategies exist (APs SOd, Sea, SOb, S2a) - here the response is selected from
a range of possibilites, illustrating the potential for openness of control.

Control through the factoring out of cases is evident in two places as a result of the
board representation, which distinguishes eight inter-square relations. The king-move Ps
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(QIO's) consist of one P that fires for all king moves plus a set of eight, one of which fires
to finish the move. The means Ps for moving toward some square are also eight In
number. A strategy P decides what it is to move toward and a means P fires to produce
that actual move candidates. This cascading of selections from among sets of Ps is the
essence of PS control: action sequences alternate with complex selections of what Is to
occur next, which allow potentially the application of large amounts of knowledge. As
more knowledge is applied in directing control flow, more intelligence will result In the
overall process.

Most of the chess knowlede in KPKEG is encoded in the S30s, the W's, and the ',

whose content was discussed in Section 8.3. The knowledge is exclusively in the form of
patterns for recognition (LHSs), with relatively simple actions (RHSs). The patterns consist
of testing: locations and controlled squares for the chess pieces, inter-square relations,
numerical rank and file properties, inter-piece distance, and relations of pieces with each
other and with the edges of the board. The actions are "terminal-win" signals, move
candidates, or signals to evoke means to move candidates. This simplicity is due to the
simplicity of chess knowledge (at least in K-P-K), the condition-action nature of PSs, and
the organization of KPKEG into executive, strategies, etc. Note that even though the Ps
representing chess knowledge are not independent of the containing strategic control, and
thus include control signals, the control is minimal and uniform over functionally similar Ps.
The design philosophy is to establish a flexible matrix into which specialized knowledge is
added. It is not necessary to limit added knowledge to single-P packages, as is illustrated
In several places (e.g. the W7 Ps). The general properties of KPKEG allow easy encoding
of chess knowledge, but the syntactic features could stand improvement, as we will discuss
in the next paragraph.

Several features of the PS architecture are especially awkward or inefficient for the
chess task in particular. (1) The primary inefficiency in KPKEG is in finding one match
among a set of Ps that are constructed such that only one match (or perhaps a small
number) in a given situation is likely. This is the case for most of the chess knowledge,
i.e., the strategies and the terminal-position patterns. The opportunity for savings is that
failing one match from the set might be used to reject some set of Ps from consideration.
A simple and effective remedy is to store (and perhaps represent externally) the Ps as a
tree of tests, where rejecting some branch in the tree amounts to rejecting the set of Ps
whose RHSs correspond to that subtree's terminal nodes. (2) A related problem is a
certain repetitiveness of bindings in the patterns. For instance, many of the patterns start
out by binding variables to the locations of the kings and the pawn. This problem can be
remedied in the same way as the preceding one. (3) The Working Memory for the board
representation predicates is heavily loaded, probably resulting in high costs for patterns
that access a number of board relations. Since, at present, the instances of each predicate
are implemented simply as a list, there is room for improvement. The match routine could
be modified to evoke functions to compute relations, perhaps resulting in a significant cost
saving over the present access of a long list. (4) There are probably a number of
recurring pattern expressions of a chess-specific nature that could be made more easily
expressible by syntactic conventions. These could be obtained by detailed study of
existing Ps and by analysis of chess knowledge. Further detail on this is beyond the
present scope, since it appears applicable only to chess tasks.
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L. A Comparison to a Similar Program In Usp

KPKEG can be compared in detail to a similar program in Lisp, developed by Perdue
(1975). Perdue's program, CP, can presently do tasks similar to KPKEG's, but is intended to
develop into a much broader class of chess endgames. This section will first compare the
overall organization in the two programs. Differences in chess knowledge content and in
approach to the problem give rise to behavior differences, to be discussed second.
Considering superficial aspects, such as conciseness and efficiency, also gives rise to
contrasts, discussed third. Differences in the details of representations and processing will
be discussed last.

The control organizations of KPKEG and CP are quite similar, ignoring for the
moment that the means for implementing control are radically different. The main function
in CP is Findamv (find-a-move), which controls the tree search, and calls other procedures
to recognize terminal positions, to try making moves, and to do tree bookkeeping. Findamv
is an iterative (as opposed to recursive) alpha-beta minimax procedure, looping over a
body of code that either descends or ascends in the tree according to results of
subordinate function calls. This corresponds roughly to the control parts of the S P group
(i.e., excluding the S30's), which in effect loop by re-examining the "check-other-
strategies* signal. The tree-bookkeeping functions correspond to S5-S7, and the functions
called by Findamv to recognize terminal patterns correspond to the S30's. The major
action of Findamv is to call the function Tryamv (try-a-move), which results in a new board
position. Tryamv calls several functions in turn, the most important of which are
More!,oves and Move2. Move2 actually executes chess moves and corresponds to the Q
Ps. More!Moves has a producer-consumer relationship to the strategy function RG
(recognize), and calls Genmvs (generate-moves) with the results of RG. It is "producer-
consumer" because More!Moves calls RG repeatedly, each time obtaining something new, in
much the same way as the S Ps repeatedly evoke the W's and B's. RG and its subordinate
functions examine the board and propose strategies in correspondence with KPKEG's W
and B Ps, except that RG produces an instantiated strategy descriptor rather than actual
move candidates. More!Moves takes RG's output and passes it to Genmvs, which executes
(Evals) the instantiated strategy descriptor to produce actual move candidates. Genmvs
thus corresponds to the move-candidate assertion by the W and B Ps, and also to the M
Pa.

In summary, the overall form of control organization is quite similar in the two
programs. KPKEG maintains its control with explicit Working Kemory items and by
responding to new items in Working Memory, whereas CP uses the conventional Lisp
control stack. But Ps in KPKEG group naturally into sets that functionally correspond to
Lisp functions in CP.o

KPKEG and CP differ markedly in behavior, even though the control organization can
be put into the above correspondence. CP is not strongly based on the strategy hierarchy
principle, but rather does a mini-max alpha-beta search using more conventional evaluation
procedures. Because of this and because of differences in the chess knowledge (e.g. the

0 As far as I know, the organization of the two programs was developed independently.
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patterns tested in CP's RG don't correspond exactly to KPKEG's W Ps), CP's search Is
shorter, covering around 10 nodes on KPKEG's TestI as opposed to 40. CP is designed so
that strategies tend to generate very few moves at each node, whereas KPKEG aims to
make the strategies generate all conceivable moves that might lead to the strategic
objectives at the particular strategy levels. In addition, CP doesn't search through
alternatives when backing up, but returns all the way to the initial starting position and
try new move sequences from there. Even though these differences give rise to different
behavior, I maintain that they are non-essential, in the sense that they could easily be
brought into line without changing the characteristics of the two programs on which the
following comparisons are based.

There are a number of differences between KPKEG and CP that are primarily
attributable to differences between Psnlst and Lisp, and secondarily perhaps to the
difference in programmers. KPKEG has 140 Ps, with a listing of about 900 lines, whereas
CP has about 270 functions with a listing of about 2640 lines. By these (very crude)
measures, KPKEG is much more concise, a factor of 2 in elementary program units and a
factor of 3 in size of program listing. In run-time efficiency, KPKEG is somewhat worse
than CP, using 20 seconds per node (which turns out to be 20 P firings) as opposed to
about 6 seconds. Section D contains a discussion of some possible causes for inefficiency
in the PS, and suggests some modifications. In addition, it should be pointed out that the
present PS is done by interpretation, rather than by compiling the Ps into some kind of
optimal network, which would have the potential of speeding up the recognize-act cycle
by avoiding duplication in condition testing (see Chapter VII).

The most marked contrasts between KPKEG and CP are in the relatively low-level
details of how things are represented and processed. Where KPKEG uses Working Memory
relations to represent the chess board, CP uses a two-dimensional array, accessing
squares by their coordinates. The KPKEG representation is actually dual: one way
expresses the eight intersquare relations (e.g., C3 to D2 is the DIAGRB direction), and the
second way associates coordinates to the square names (e.g., RF(F4, 4, 6)). The dual
representation is in part forced by a peculiarity of Psnlst, which doesn't allow constants to
be expressed directly in the LHS match; using the coordinates as constants Indirectly
would force a search through 64 pairs of variable bindings. This becomes intolerable
when one is testing for two squares' having some relation between them, requiring a
search through 64 X 64 binding pairs to find the right set satisfying, say, some arithmetic
predicate. (Even without the peculiar limitation, convenience in programming and
readability of Ps might recommend the dual representation.)

A related feature is KPKEG's use of Working Memory for CONTROLS relations, where
CP recomputes them each time they're necessary. CONTROLS is used to indicate that a
piece can move directly onto a square, and is involved in testing, e.g., whether the pawn is
safe on some square. For the king, for instance, CP tests control of a square by testing
whether the king is on one of the eight adjacent squares, and that in turn is tested by
simple arithmetic on the square's co-ordinates. To do this test by co-ordinates in KPKEG
would not be combinatorial as mentioned above, but would be cumbersome, requiring
testing of eight numerical predicates between the king's coordinates and the square's. In
Lisp the cumbersomeness can be packaged into one function, but to do this "subroutining"
in PSs would force breaking a single match into three, one to set up the test, one to do
the test (one of eight Ps might fire), and one to finish matching the condition that Included
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the test. Some clumsiness is still inherent in the PS implementation of CONTROLS, as Is
illustrated by the king-move Q Ps. There, eight Ps are required to do the CONTROLS
updating when a king move is made, one P for each potential king-move direction.e Note
that these eight are coded once, for each chess piece, so that there need be no concern
along these lines in dynamic augmentation situations. But the use of extensive Working

-- Memory relations like CONTROLS (as opposed to intensive recomputed relations) is a
mechanism that is essential when relations become more complex, as they certainly do In
chess, and the mechanism is provided by PSs as an essential architectural feature.

Both programs represent the board as a global structure that is updated and
downdated as moves in the search are made and retracted. CP records necessary
contextual information for the board at each depth in a stack that is correspondingly
pushed and popped, whereas KPKEG uses a depth argument that is attached to predicates
that store essential information such as captured piece locations.

CP keeps its strategies and move candidates in a similar structure, a context list
whose head (Car) is a list of untried ones and whose tail (Cdr) is the list of old, tried ones.
KPKEG's Working Memory only stores, for move candidates, the untried ones, and for
strategies, the ones that have been tried (STRAT:TRIED). Each strategy P includes a
condition to ensure that no STRAT:TRIED exists for it, to avoid duplication, whereas move-
candidates are simply erased on use (this doesn't guarantee that different strategies or
different Ps of the same strategy don't generate the same moves, which are then tried).
For each entry in CP's board-context stack, there is that pair of lists, where KPKEG marks
the elements with a depth argument. The way CP handles generation of candidates for
these lists is to generate a full list and then test whether the elements of that list are on
the appropriate context list. Under this regime, for instance, in the producer-consumer
Iteration between More!Moves and RG, a list might be produced, only to discover that all
its elements had already been added to the context list. In practice, for the sizes of lists
encountered in CP, this is apparently not prohibitively costly.

Finally, we examine the parts of CP where PS-like patterns are tested. CP uses
uniform database procedures constructed for storing properties, whereas KPKEG uses the
existing Working Memory. CP has two functions, FORALL and EX (Exists), which perform
iteration over lists and selections from lists according to specifiable Lisp CONO's,
operations that are included in the PS match. CP's patterns also make more use of
function calls to test various conditions then do the Ps in KPKEG. In CP, all of the pattern
testing is under strict control and is embedded in variable-binding contexts that establish
the data for the patterns. This is less true of KPKEG, although sets of Ps are under
control of explicit Working Memory items asserted at specific points in the control flow.
Figure E.1 gives a pattern roughly comparable to Figure 0.4, illustrating the function-
calling style of the Lisp patterns.

In PSs, control of which matches are done is potentially more flexible and efficient:
in KPKEG, selection is from an unordered set of- P conditions, whereas a Lisp function
containing a set of tests is executed in a fixed pre-determined order. The order of testing

t of P conditions could thus be rearranged dynamically as different Working Memory states

0 Some subroutining in the PS is used, however, to handle what Is common to the eight,
for program conciseness.
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(pROS (MP UK SK)
(STU UK (INK (TOPED))) 2 TOPID a eurrent board, at top of etct I
(STI OK (1K (TOPOD)))
(SiTe UP (CRR (PARMtiLISI 1U4ITE)))
(HIKE (STATVIM (TOPED)) I STRTVAL a static evaluation, the end result of [ullo Z

(co ( . . . )

((1 0EO (RANK UK) ( (RINK UP) 2)) Z UK in frent of UP I
I RANK retuns the rank value of the location of a piece I

(to (ASS (- (FILE IK) (FILE UP))) 1) 2 (a Is lose than or oeal X
Z FILE returna the Iile value of the location of a piece I

(NOT Z 9K to ave and not I away Iree UP I
(AND (9T8) Z OTII a predicate for Black to move

(a (DIST (FILE OK) tRANK OK) (FILE UP) (RONK UP)) I))))
I DIST returns distance between two squares I

(SUREII UNITE)) Z SURENIN returns a triple of probabilities I

Figure E1 Fragment of Estim function of CP

occur. It is conceivable to code a Lisp pattern matcher that has desirable efficiency
properties as long as patterns to be matched are not allowed to become too arbitrary.
Efficiency could also be maintained in more arbitrary patterns by Including heuristic
information in patterns, to guide the matcher. This would make adding patterns more
difficult, however. The PS approach is to adopt specific and perhaps stringent conventions
which allow a general procedure to compute an optimal matching strategy. This is not to
say that such a procedure has been developed yet, but there is some indication that the
problem Is tractable.

V2
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F. Extending KPKEG

This section will consider the forseeable problems In extending KPKEG to a more
complete chess program. First, we consider some topics having to do with the executive
and with the strategy hierarchy principle. Then, we consider how KPKEG might be
extended to more complex domains. These will require a number of extensions to KPKEG's

"" representational capabilities, such as more complex inter-piece relations and descriptions
of dynamic situations. In the following, the emphasis widi not be on details of such
extensions, but on their demands on the capabilities of PSs.

In the course of the preliminary experiments with KPKEG already described, several
features of the strategy hierarchy principle and the executive have come to light. In a
past try of Test I in which KPKEG arbitrarily chose to try E4-D5 as its first move at level
4, KPKEG didn't see an opportunity to take the opposition and achieve its strategic
objectives because its strategy level was too high, above the level for the opposition
strategy. In general, it seems to be the case that two things are not quite right: the
present ordering in the hierarchy may not be correct, requiring experiments with
alternative orderings; and the whole level-oriented focus may be too narrow, requiring
opening it up somehow to allow strategies to take over that look much closer to being
successful, rather than sticking to a strategy that requires more search and whose success
is not strongly indicated in the present situation. With respect to re-ordering the strategy
hierarchy, it would be easy to change the appropriate Ps to different levels by
substituting a different level constant. But attention must also be given to whether the
principle is itself unattainable with the fine distinctions between levels at present.
Perhaps fewer than seven levels is more apropriote for K-P-K, or perhaps no ordering is
correct in all situations.

With respect to the narrowness of focus, perhaps the most promising approach
would be to set up a few specialized patterns that would match and redirect the program'&
attention when the board is changed, before the ordinary strategies are evoked. For
instance, it might be useful to recognize situations where king moves result in having the
black king move out of the square so that the pawn is clear to advance; or situations
where the pawn is left open to attack in the course of some other strategic maneuvers. A
more radical change to KPKEG would be to reorganize the strategies to be much more
bottom-up, analyzing the board in terms of what looks possible, rather than top-down as
at present, setting up goals to try particular things in a predefined order. This would
probably require much better descriptive capabilities as described below.

Finally, with respect to the strategy hierarchy, on the tests tried there appears to
be no need for the standard alpha-beta minimax procedure; i.e., the search always stays In
the region above "alpha", converging on the best available move from above. A proof or
refutation of this property may emerge as the principle is exercised on chess tasks that
aren't as limited as K-P-K..

0 None of the difference of 40 nodes searched versus 10 nodes for CP are due to alpha-
beta considerations.
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There are simple variations on the present task domain that Introduce new
complexities and that may force major changes in the basic descriptive elements that the
Ps. work with. The tests used for KPKEG deal with relatively localized situations, as
opposed to ones requiring many moves to bring the pieces together for the localized rules
to apply. Such a situation is illustrated in Figure F.I.

Figure F.1 A non-localized K-P-K position

This class of situation requires at least the use of special strategies that generate fewer
alternative move candidates, and candidates that are more specifically directed toward
particular distant squares, than the present move-towards means. It also requires that the
maximum search depth be increased (from its present setting of 9) or allowed to be
changed as the situation demands. (Perhaps maximum depth is the wrong approach, but
there will. probably remain the idea that at some point the situation requires a static
evaluation such as the one done now when the maximum depth is reached.)

Tasks with more than one pawn introduce considerable complexity. A typical
situation is given in Figure F.2. Some salient features of such tasks are: the necessity
for the white king, as well as the black, to broaden its strategy to stop enemy pawn
advances; the necessity to divide the board into two or more sectors of activity that are
to some extent independent of other such sectors; and the necessity to describe relations
between such sectors, with particular attention to the ways in which individual pieces can
perform functions in more than one sector.

. . .. NPNP

up,,...

Figure F.2 A task presently beyond KPKEG s capabilities

As we have pointed out several times above, advances in KPKEGt power depend on
enriching its board representation. Three levels of descriptive organization can be
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distinguished: relations which are computed directly from the board, for Instance,
CONTROLS in KPKEG, chunks which combine several relations, usually labelling commonly
recurring or important combinations; and board sectors. which are the semi-independent
units of analysis described above in connection with more complex endgame tasks. For
KPKEG, which already has retations to a limited extent as Working Memory items, It is

* feasible to have relations, chunks, and even sector divisions computed when the board Is
updated, by Ps that recognize conditions that make or break the descriptive units. These
Ps would not need to be specifically evoked, but would work in a bottom-up fashion (the
considerations of ef ficiency discussed in Section D would apply here). Note that in already
having somec relations, and in the proposed updating capability, KPKEG is superior to CP,
where additional ad hoct procedures and calling conventions would be required. CP and
other similar program structures would probably find it difficult to direct their activity in a
recognition-oriented bottom-up mode, since the structure lends itself so easily to the
contrary top-down mode. It is envisioned that having better descriptive capabilities would
prove advantageous in expressing strategy Ps and similar patterns, in changing KPKEG to
be more bottom-up as just described, and in allowing patterns such as those constructed
by KPKEG itself to recognize terminal position classes instead of specific positions.

Several specific features of KPKEG are troublesome with respect to more ambitious
applications to chess. One is the problem of using the present Ps for a game in which
Black has the pawn. The Ps do not mention Black or White, using a Working Memory
Instance (KPK:HASP) to determine which color the pawn is. But Ps that test board
configurations rely heavily on the orientation of the-board: "forward" Is always towards
White's eighth rank (Black's home row). A solution might be to transform the entire board
representation so that it would be reversed with respect to the external game but would
Internally match the white-pawn assumption. Another feature of KPKEG is the
repetitiveness of the search. The specific strategies may be at fault for generating
duplicate moves; the strategy hierarchy, or its implementation as seven levels, may be at
fault; or it may simply be necessary to implement a more general mechanism to prune
duplicates. The general mechanism might consist of Ps that would record the results of
specific moves in specific situations so that all future searches could take advantage of
past effort. This, of course, has benefits beyond simply preventing duplicates. It also
raises an issue that is pertinent even to the present, limited P-building scheme. That is,
how can the number of Ps added be ultimately controlled, so that the set of Ps converges
to a more-or-less stable size, or at least somehow avoids all possible board placements for
each pattern? Perhaps the convergence will occur when more powerful descriptive
devices are used, e.g., the chunks mentioned above. Using more abstract descriptors of
the board in this way would result in Ps with greater generality, and in fewer distinct Ps
overall. An alternative is a scheme of generalization that might collapse a set of existing
Ps Into one according to a general procedure. At present, only indications of the need for
further research can be put forward.

K . Finally, we briefly consider some requirements for improved chess programs as put
.1 forward by Berliner (1973, 1975a). The basis for the improvements to be considered Is

the idea of a causality facility whose purpose is to determine why a search fell short of
aspirations. It must differentiate between failure for superficial reasons (a particular
move, for instance) or for deep ones (inherent features of the situation). The first specific
improvement comes from the idea of building a refutation description as a result of a
search that failed strategically. The refutation description includes features of the position
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end of the search that the causality facility proposes as essential to the failure. It is used
by move generators that try to counter those features, thus giving the program a way of
restricting available move choices. For K-P-K, the implementation of this idea would result
In searches with fewer branches than in KPKEG, but with the option of generating specific
extra branches to meet specific demands. Since move-generators are Ps in KPKEG, the
immediate approach to try would be to build specific Ps sensitive to elements of a
refutation description in Working Memory. The second improvement comes from the idea
of lemma. Lemmas are the followup of a causality analysis, functioning to reject lines of
play on the basis of a description of a difficulty that is known to be fatal to all such lines
of play. The PS approach to this involves building a P to act as a "demon" to recognize
such situations and immediately refute moves that don't surmount the difficulty.

We can now review the progress KPKEG has made toward its aim of establishi g PSi
as a viable architecture for chess programming, especially in comparison with Lisp and
other conventional architectures. The standard variety of search in a tree of moves has
been readily implemented, using knowledge in Ps to significantly reduce the amount of
search. Modular sets of Ps cooperate smoothly to achieve an overall organization similar
to a subroutine hierarchy, but with more flexibility and openness than subroutines. PSs
are a concise and easily augmentable way of representing strategic knowledge in chess.
PSs are also appropriate for complex selections and behavior that frequently requires
complex choices. The present implementation has been useful as a pilot study of the K-P-
K task, lending itself to explorations of various options and to development of control
knowledge incrementally. Explorations of options take place usually by simple
modifications in RHSs of Ps and by splitting an existing P into two or more finer
discriminations, for action alternatives. The PS approach shows significant promise for
bottom-up action, i.e., action intimately connected to the immediate problem-solving
situation, which seems desirable in comparison to top-down hierarchically-controlled
direction of action. There is the possibility of syntactic modifications to improve efficiency
and smoothness of expressi6n of chess patterns. Finally, approaches to more complex
chess tasks are well within current PS capabilities, with natural and immediate application
to several proposed mechanisms for improving the state of chess programming technology.
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Chapter VI

MiliPS/WeIox

A Natural Language Input Toy Blocks Problem Solver

Abstract. The MiliPS/WBlox production system is a combination of two major systems, one
for processing a simple subset of natural language and the other for solving problems in a
simple toy blocks domain. The emphasis of the natural language part is to study some
problems of ambiguity and to illustrate a direct, non-syntactic-parsing approach to
understanding natural language. The blocks problem solver deals with simple blocks
manipulations, but deals with them in a general way. It features a simple goal-subgoal
mechanism and conventions that allow choicepoints for a backtracking search. The blocks
manipulations are a close imitation of Winograd's Planner system.
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MiIIPS/WBiox

A. Introduction

MiliPS is a production system (PS)e implementation of an extension of MILISY (mini-
linguistic system), a mini-program used to illustrate natural language processing in the CMUA[ course. MILISY takes in facts about a toy blocks scene in restricted natural language,
builds up a database of those facts, and answers queries about them. This chapter
presents MiliPS in two versions. The first version, consisting of MiliPS alone, augments the
language-processing aspects of MILISY, while the second, consisting of a further
augmentation of MiiPS plus another system, WBlox (W for Winograd), emphasizes block-
manipulation problem-solving aspects.

MiliPS aims to make the language processing more complete than MILISY, In beingable to give information on and query more features of the blocks scene. The language
that MiliPS understands is composed of descriptive attribute values (adjectives), nouns,
main sentence function words, prepositional phrases representating relations between
objects, and subordinate clauses that can be used to further refine descriptions of objects.This language can be expressed as an ambiguous context-free grammar, but MiliPS does
not proceed by extracting the grammatical structure of its input as a parse tree.
Ambiguities are resolved by flexible use of features of the scene, essentially as soon In
the process of scanning the input as is logically possible.

The blocks manipulations that constitute WBlox are based closely on the problem-
solving part of Winograd's SHRDLU program (Winograd, 1972). That subsystem of SHRDLU
was coded in Micro-Planner (Sussman and Winograd, 1970; henceforth, referred to as
Planner), a language specifically designed to make certain heuristic search operations
automatic. WBlox moves single objects (rectangular blocks and pyramids) between
locations in the scene without spatial rotation, finds locations to put them, builds stacks of
them, and packs them compactly into a space if necessary. WBlox uses a hierarchical goal-
subgoal structure to break big operations down into more primitive ones, with a set of
Indivisible primitives consisting of moving the hand to specific locations, grasping objects,
and letting go of objects. At certain key points in the problem solution process, arbitrary
choices are made, requiring WBlox to record its choice and the context, so that corrections
are possible later in response to unforeseen difficulties. The particular approach to the
search through the space of choices in W8lox is intended to imitate the Planner approach,
not to represent the best scheme for PSs, which it certainly isn't.

The toy blocks domain has features that are abstractions of a much more general
domain of discourse. It is composed of obiects that have certain non-changeable
attributes, and that enter into relations with other objects. This certainly models
(abstractly) the physical world in which humans move, but it also goes much further,
representing important aspects of human sociocultural organization, of economic systems,
and of numerous more abstract formal (or informal) disciplines such as computer
programming. (A piece of a computer program has attributes, e.g. what it is intended to
do, and relations, e.g. dependence on other code for its inputs; there can be several pieces
of code competing for the same space within a "block" of computer storage, etc.) Of

. PS will abbreviate production system, plural PSs; P will abbreviate production, plural Ps.
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course, how relationships and attributes are structured In real domains does not
correspond to how they are treated in toy blocks, but it is to be hoped that some of the
more general techniques that work with a blocks domain might carry over, requiring only
modification of the detailed semantics of specific relations and attributes.

That correspondence to more important problems provides some motivation for
pursuing the present study. More motivation comes from the desire to develop a flexible
PS-based approach to natural language processing, and to test its feasibility on a
significant and classical Al task. WBIox also provides the opportunity to compare a PS
program to a functionally similar one written in Planner. It may also provide future
comparisons to other Al programming systems and proposals, and act as a benchmark.

For those familiar with Winograd's (1972) program, I will summarize the primary
differences between the MiliPS/WB~ox system and SHRDLU. The blocks part of SHRDLU has
direct analogs in WBlox, except that WBlox doesn't do quite all of the bookkeeping and
memory functions (such as remembering all the steps of a plan so they can be "executed"
at the end of planning). This only means that MiliPS can't answer questions about why it
did various steps in performing a particular command, and when it did them. The language
understanding part of SHRDLU is much more capable than MIiiPS. The internal
representation is not as rich in MiliPS, especially in semantic attributes, e.g. "manipulable",
end the language doesn't give full access to featues of the representation that It does
have, like size and location. It recognizes only the imperative form of verbs, and can't
deal with other more descriptive references to the 'commands that it can do. It doesn't
Interact to resolve ambiguities as SHRDLU did, but simply gives an error message and waits
for a corrected version of the sentence. It is unable to dynamically define new words as
SHRDLU was apparently able to do. Finally, there is very little in the way of language
generation. Its replies are mostly fixed, and the ones that aren't fixed are descriptive,
giving (stupidly) all the attributes' values for an object or all the relations it has with
other objects, in order to tell the user about the object. On the other hand, it is quite
capable of handling most of the ambiguities and reference problems that SHROLU did,
except references to objects in other sentences of a conversation, using, e.g., pronouns. It
has captured many desirable features that go with a problem-solving system such as
WBIox, and is a satisfactory first approximation.

The approach here has been in a way opposite to Winograd's. MiliPS started out as
a comparison of PSs to MILISY, a program with very modest aspirations and serious
deficiencies in dealing with its model of the blocks scene. MIliPS first overcame those
deficiencies, and went rather far beyond any conceivable extensions of MILISY within Its
own control structure, which was a more traditional phrase-structure transformational one.
Any comparison of PSs with that structure is not possible now because it would require
either large extrapolations in MILISY's abilities or actually trying to extend the
Implementation to compare with MiliPS. After MiliPS had supposedly been refined to a
stable version, the blocks manipulation task came along, and the urge to use MIliPS as an
interface to a blocks problem solver was irresistable. But only a minimal sort of extension
to MiliPS could be justified since the blocks manipulations were more central to the goals
of investigating the properties of PSs. Thus the language is only a convenience in the
final MiliPS/WBIox system. Winograd on the other hand concentrated on linguistic issues,
and tacked on the blocks program as an easy means toward illustrating the power of his
linguistic understanding system.

A. VI-2
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The structure of this chapter reflects the dual history and forced juxtaposition of
two lines of research. Section 8 and Section C are devoted solely to describing MIiPS: its
overall structure, the input language, how the language deals with describing all the
desired features of the limited blocks scene, and the system it uses to disambiguate
complex descriptions. The latter section gives more complete details of the actual PS
structure. Section D and Section E do corresponding things for the WBlox system,
touching only in passing the nature of the extensions to MiliPS that were required. Near
the beginnings of both descriptions, some typical sentences and behaviors are discussed.

VI-3
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B. Overview of MilIPS

This section gives a general overview of MiliPS, postponing details until the next
section. Section aLI first discusses a few of the tests given to the program, with only
vague descriptions of the processing done. It then gives a precise description of the tosk
domain, Including a grammar for the input language and a systematic presentation of
semantic capabilities. Section 6.2 uses very abstract Ps to describe the way the

* program works and outlines the processing of an input. Several levels of semantic
processing are distinguished. Section 6.3 discusses PS control and organization, low-
level PS features, representation, and the expected extensibility of the present approach

* to syntax and semantics.

69.1. Features of the task

MiliPS has been tested on a set of 25 sentences, forming a continuous conversation
about a single growing scene. The full dialog is given in Appendix C, along with trace
Information that will be explained in Section C. The following sentences wi~i Live the
reader some idea of its capabilities.

MiliPS starts out with no initial scene, building up everything from descriptions of a
scene by the user.

INPUT 1: (A LARGE GREEN BLOCK IS ON A TABLE)
In response to the first part of 1, MiliPS creates a block, adds "size large" and "color
green" to its internal representation. It creates a table after scanning the rest of the
Input, and adds "color red" to its representation. Finally, it notes the relation *on"
between the two new objects.

REPLY 1: (OKAY)
MiliPS indicates with the first reply that it has used everything in the input and hasn't
noticed any unresolved ambiguities, inconsistencies, etc.

In three test sentences (not shown) MiliPS has been told about a ball on the block,
and Is able to determine that the description in 5 refers to that particular ball.

INPUT 5: (THE BALL ON THE BLOCK IS SMALL)
The relation "on the block" is necessary because there is a second ball in the scene. The
effect here is to add "size small" to the internal representation for the ball.

REPLY 5: (OKAY)

The first five inputs describe a scene, and the next five primarily ask questions on
that scene.

INPUT 7: (WHAT IS BLUE)
The query asks for all objects that have the color blue. MiliPS processes "what" by
forming a set of all the objects in the scene; "what" is essentially a very ambigous noun
phrase. Then it applies any further predicates in the sentence as restrictions to that set,
and if anything is left when the end of the sentence is reached, it describes it as its
answer.

REPLY 7: (THE BLUE BALL) (THE SMALL BLUE BALL)
In describing objects, it uses whatever attributes it knows about that object, which happen
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to be size and color, taken In that fixed order. Note that its two descriptions are not
necessarily unambiguous, and In this case would be Insufficient as references in an Input.
That is, in order to refer to the first bell, an input would have to include some relation that
didn't also hold for the second (which relation may in fact not exist).

INPUT 10: (IS THE BOX ON THE TABLE NEAR THE BLOCK)
MiIPS's scene is sufficient to determine that after "box" th, question Is about a particular
object, the only box in the scene. The relation "on the table' is already true of the box,
so it is redundant; if the question ended after *table*, MIIIPS would answer "yes!. MiliPS
notes the redundancy and continues on, willing to abandon that answer if something
negative comes along. The second relation, "near the block", is in fact Inconsistent with
both preceding objects, i.e., it can't be referring to either the table or the box.
Inconsistency can mean that the system has definite information to the contrary, or It can
mean, as in this case, that no information exists one way or the other.

REPLY 10: (NO INFORMATION ON RELATION NEAR)
It really means "on the relation near between those two objects". Note that It can do no
deduction on other information that it has about the objects. For Instance, It might
reasonably deduce that nearness held if the block were in the box.

Once again, some declarative inputs will be skipped, to get to a sentence with new
features.

INPUT 22: (WHERE IS THE BALL IN THE BOX ON THE RED FLOOR THAT IS RED)
"The ball" is ambiguous to start with, as is "the box". A unique box is determined because
the floor is; unique as described. When the floor is found, the system knows that there is
an unused relation, "on", and backs up in a list of the current objects to resolve the box
ambiguity. The same process applies to the "in", but the ball remains ambiguous. The scan
through the sentence continues, and "that is red" is found to be redundant with respect to
the floor (the program only checks semantic redlundlance, not the superficial redundlance
that "red" has already been used to describe the floor). The redundance leads the
program to look back in the list of current objects for something that redness can apply
to, and finds the main subject, the ball. The end of the sentence Is reached, so a reply Is
constructed.

REPLY 22: (THE LARGE GREEN BALL IS NEAR IT) (THE SMALL RED BALL IS IN THE LJN-
RED BOX)

A *where" sentence prompts MiliPS to give the relations that an object has with others,
and also the relations that other objects have with it. In the first reply above, "it" refers
to the small red ball (the program doesn't keep track of the proper order of its replies,
though it easily could). The "un- red box" is one that MiliPS has only been informed of as
being not red. Making the reply use a subordinate clause was not considered important
enough to warrant the further necessary Ps, so the "un-" form was adopted.

A final query exercises the ability to extract questions and use relations that are
separated from the objects to which they refer.

INPUT 25: (IS THE BALL NEAR THE GREEN BALL IN THE BOX THAT IS NOT ON THE RED
TABLE BLACK)

Here the box is not disambiguated until the end of the clause that follows it, and the
subject ball is not disambiguated until the box is. The "in the box" relation restricts the
subject ball, and "near the green ball" stands by itself and also restricts the subject ball.
(It was somewhat troublesome to construct such a test.)

REPLY 25: (NO INFORMATION ON COLOR BLACK)
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The final word in 25 expresses the question. MiliPS knows the ball is red, but cannot
deduce that it is thus not black, and instead says it doesn't have positive or negative
Information.

The tests given to MiliPS are all expressed in a language with fairly rigid form,
which can be described with a context-free grammar. Since grammar was not deemed of
primary importance, a simple form with adequate power for the task at hand was
preferred. The language is adequate in the sense of being able to express descriptions of
objects, their relations, and their attributes, and it is sufficiently ambiguous to offer
significant problems of referent determination. As others have pointed out, a strictly
grammatical approach to processing natural, language cannot suffice to explain or
understand ordinary language use by humans, so the actual approach taken on the given
grammar is one that perhaps will work in a situation where the language's apparent
grammar is much more complex, but where grammar is largely disregarded and
understanding is driven by semantics and pragmatics. MiliPS puts each word scanned into
a word class, and simply checks the word class of the preceding word to see if the
grammar would allow such an adjacency. No more global context (phrase structure or
parse tree) is used in this simple error checking, except that in a couple of cases the main
sentence type is used to help determine the exact word class. Almost complete reliance
for detecting anomalies is thus on the semantic phase of the analysis. For more detail on
the structure built to represent the input, and to verify that it isn't a parse tree, see
Section B.2.

The input language for MiliPS is given in Figure B.1. There are six major types of
sentences (<S>'s), which are given in the first line of the syntax. <SD> Is a simple
declarative sentence, <SE> tells MiiPS of the existence of a new object, <SQD> is a query
about a definite object, <SQE> is a query for the existence of some object as described,
<SQW> is a query that seeks an object (or all such) satisfying a description, and <SQWR>
asks the relative location of an object.

The two main subcomponents of the grammar are object descriptors, <OBJ-DESCR>,
and predicates or relations of objects, <REL-PRED>. "Predicates" are attributes inherent In
an object, while "relations" place the object in the toy scene, giving adjacency,
containment, etc. relations. A glance at the last few lines of the syntax gives a good idea
of the limitations of the domain of discourse.

Needless to say, this grammar is highly ambiguous, in particular with regard to the
referent of a <RELPHR> or <RELCL>. The universe of discourse consists of a "scene" with
five kinds of objects, which have attributes size or color, and which can be in certain
relations to one another. Any object can usually be described fully using the appropriate
combination of attributes and relations. Exceptions can easily be generated by describing
duplicates of some objects, but these are ambiguous in this context anyway. MILISY
doesn't have the property that an object with a unique description can be described in its
input language (it doesn't have subordinate clauses or the ability to conjoin relational
phrases). MiliPS corrects this defect, while introducing possibility for ambiguity.

Ambiguities are resolved in a "natural" way. A phrase applies to the object
Immediately preceding it, unless it is inconsistent with it, in which case it applies to the
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42, 1= -4D>IdCEId QD I SOISQ 4 v. 1dQWO3
403, : cOBJ-DESCR2, IS cREL-PRED>
WSE) THERE <COPS, <INDEF-OBJ-DESCR>
4003, is ISDEF-O0J-DESCR> .CREL-PREO
.cSQ>: IS THERE cINDEF-08J-DESCR2 cREL-RELCL3,
4SOW2.: W1HAT <OPT-AELCLi- 4COP)- AEL-PRENi
.dQWRX. :3- WHERE IS <DEF..OBJ-DESCR)P
<c6.1-DESCRa, in 'INOEF-OBJ-OESCRi. I 4OEP.OSBJ-OESCRi,
.COP> 13 IS I IS NOT
cREL-PRENi If'CRELPHR6 I -cAV)-
,cREL-RELCLi- 19.RELPHRi. l cRELCL>
-OPT-RELCL2- 1:mREICL). I empty
cINDEF-OBJ-DESCR> :. A <AVPHRi ct<N> cMOD-SEQ>
-cDEF-OBj-DESCR3- :w THE <AVPHRp <%, <MOD-SEQ>
<400-SEQi3 :36.RELPHR, <MOD-SEQ> I .CAELCL> .cMOO-SE03- I empty
cAVPHRi, ' CAV. <AVPHR> I empty
<RELPHRv. : REL)i .OBJ-DESCR>
<RELCLo If CRELPRON> <COP> <REL-PRED,

.CN3, s-BALL I BLOCK I BOX I FLOOR I TABLE
,cAV> :- LARGE I MEDIUM I SMALL I RED I GREEN I BLUE I BLACK
4RELi - IN I ON INEAR I UNDER
-cRELPRON)i WHI1CH I THAT

Abbreviations in grammar names: S - sentence; D - declarativei E - existentiski Q - query;
W - what; WA - where; OBJ - object; DESCR - descriptor; REL - relation or relative;
PRED.- predicate; CL - clause; OPT - optional; COP - copula, DEF - definite;
INOEF - indefinite; MOD - modifier, SEQ - sequence; AV - attribue-vaue (value of en
attrbute, iae. of size or color); PHA - phrase; N - noun; PROW - pronoun;

Figure 6.1 The input language for MiliPS

preceding object, and so On.* This *backup" occurs only past objects whose referents
have been uniquely determined. Also, a phrase that is consistent with an already-uniquely
determined object is said to be redundant and may be used to restrict the referents of a
previous object (more precisely, the most recent one that satisfies the following condition),
If the phrase is consistent with it and if that previous object is not uniquely determined.
Amibiguities for referents in <SQW> and <SQD> are handled somewhat differently, since an
Inconsistency might be the purpose of the query, that is, to determine If some property or
relation holds. These will be discussed in detail below. Note that several consecutive
prepositional phrases or subordinate clauses can apply to the same object, without a
separating "and" where it would ordinarily occur in human communication.

The database consists of a simple record of properties and relations of objects
described in input sentences. It is stored as a particular set of Working Memory predicate
instances, which set is left intact across sentences. In declarative sentences, <SD> and
<SE>, using the indefinite "a" determiner causes creation of new objects. No attempt is

0 This is not an inconsistency in the database, which would be analogous to logical
Inconsistency in theorem-proving systems, but rather a disagreement between an
Interpretation of an input and the database.
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made to keep the database consistent, and no inference is done to answer queries; only a
simple lookup of the facts specified is done in this case, and also in the case of the
processing of relations and properties for ambiguity resolution. In particular, negationsi of
any sort are recognized only if explicit (following MILISY conventions here). There is no
inherent reason why a more sophisticated data-base regime could not be implemented, but
the focus of the current work is on certain of the l anguage -processing aspects.

MiliPS's first reaction to an input is to scan across it, left to right, noting word
classes and, near the beginning, assigning a type to the sentence. The sentence types,
which correspond directly to the main grammatical classes descendent from <S>, are used
in minor ways to guide the classification of words. In particular, how "a' is treated
depends on sentence type: in a declarative sentence, it is indefinite, and results in creating
a new object to which it then refers; in A <SQE> query, "a" really means "any", and Is
treated as if it were "the", which turns out to be the right way. Sentence type is used In
a more significant way in treating unusual semantic occurrences, namely, inconsistencies,
redundancies, unresolved ambiguities, and phrases that have no referents.

For declarative sentences, of type <SD> and <SE>, the response to the whole input
is to add to the subject of the sentence the relation or attribute-value that follows the "is"
or "is not". For these, it is known that at some point new (and thus inconsistent)
information is to appear, so it doesn't treat it as an error. The presence of the
Inconsistency actually is a helpful cue to the processing, allowing it to be done bottom-up,
rather than doing a more directed, top-down search for something new. If there is no
Inconsistency, there is either a redundancy, which is accepted without comment, or an
ambiguity, which is an error.

Queries of type <SQD> and <SQE> ask definite questions, namely specific relations or
attributes of a particular object. For these, inconsistency becomes a definite "no or "no
information", and can sometimes be detected before the end of the sentence is reached.
Redundancy can be turned into either a positive or negative answer, depending on
whether the redundancy holds with respect to the subject or with respect to a lesser
object and is at the same time inconsistent with the subject. Ambiguities or null referents
In these are errors.

For <SQWR>, which asks "where?", MIiPS simply odvputs a list of of all the relations
that pertain to the subject. No "unusual" occurrences are allowed. A sentence of type
<SQW> desires ambiguities or null references, since it asks for which set of objects in the
scene satisfy some description. It starts by assuming the full set of scene objects, when it
recognizes "what", and as each relation or attribute-value in the sentence applies, the set
Is narrowed down. If the result of the restrictions is the empty set, "nothing" is answered.
Otherwise, the object or objects in the set are "described" by adding the full list of known
attribute -values to a corresponding noun.

There seem to be six kinds of completeness that are desirable in a system like
MiliPS: completeness of reference, completeness of description, completeness of query
logic, complete ability to manipulate the model, and complete symmetry of input-output
behavior. Completeness of reference means that any object that -c describable uniquely
using the attributes and relations given, can be described in the language. MiliPS has this
kind of completeness, although the particular set of relations it has could be augmented so
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that scenes that are presently relationally equivalent could be further distinguished.
MIiPS also lacks certain kinds of reference to which humans arm accustomed, such as being
able to refer to the time recency of an object, as in "the third ball" or "the block
mentioned before the red one". Completeness of description means the ability to describe
a new object sufficiently so that it will be unique with respect to later attempts at
describing it, i.e., so that it can be the unique referent of some phrase. MiliPS has this
kind of completeness also - it allows descriptive relational phrases to be strung together
Indefinitely, e.g., In <SD> type sentences.

Completeness of query logic can best be described in terms of possible
arrangements of definite and indefinite- items in an abstract notation as follows: having an
object x related to object y by relation R will be denoted xRy; similarly, x has a value v
for attribute A is represented xAv. A query logically can have a "?" in one or more of the
three positions of either the xRy or xAv triples, plus the forms xRy? and xAv? are allowed,
to give a total of eight possibilities for each form of triple. For the xRy form, they are
(using x and y as definite objects, and "on" as a particular typical relation): xR! (what is x
on top of), xy (how is x related to y), ?Ry (what is on y), ??y (what has any relation to y),
?R? (what is on anything), x?? (where is x), ?"? (what relations do you know), and xRy? (is x
on y). For the xAv form, they are (using color as a typical A, red as a typical v, and x as a
typical object): xA? (what is x's color), xv (what of x is red), ?Av (what has color red), ??v
(what is red), ?A? (what has color), x? (what are the properties of x), ??? (what does
everything look like), and xAv? (does x have color red). For the present, we ignore the
further complications of numerical and other forms- of quantification, keeping the logic
within a propositional system.

MiliPS does not have all of those forms of query completeness, but some are
included in more general cases, as the following enumerates. The forms xRy? and xAv? are
gotten with <SQD> or <SQE>; note that here and in most cases, if a "v" is given, the "A" Is
Implicit, for instance, "is x red" rather than "does x have color red". Thus <SQD> and
<SQE> include x?v. The <SQW> sentence type gets queries of the forms ?Ry and ?Av, and
also, because of the 1-1 mapping between v's and A's, ??v. <SQWR> answers the relational
variety of x??, and includes, but gives much more than is required, for x?? (for Av), xR?,
xA?, and ??y. MiMiPS has ??? for xAv variety, by giving it "what is" (not allowed, by the
strict grammar above, but the program accepts without specific modi'ication), and this also
answers but gives extra, for ?A?. ??? for xRy and R? can be obtained by asking "what is"
and then "where is x" for each thing that it gives as its reply; this gives a lot more
Information than is desired by the exact query. Thus, a user of MiliPS can find out
everything about the scene, but only in sometimes cumbersome ways, and only if he or
she does the computing necessary to reduce voluminous answers.

For MilIPS, completeness of manipulation involves being able to make changes to
blocks configurations after they have been described. This would include being able to
undo the effects of mistaken inputs, e.g., to remove a newly created object. MiliPS doesn't
have manipulation capability at all. Completeness in symmetry of. in..I ut-ou behavior
means being able to describe things in the same way that things can be recognized in
inputs. This also is beyond MiliPS. It has internal representational features, such as color
and size, that can't be used explicitly in inputs (e.g., "what color is the ball?"). Finally,
completeness of definability and aupmentation which deal with defining new words and
otherwise adding to a program's language capability, is lacking In MIliPS. The
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completeness scheme just presented has not been discussed or applied elsewhere, to the
best of my knowledge, so at the moment it is difficult to say precisely how MiliPS
compares to other systems.

8.2. The ornanization and components of MiliPS

MiiPS processing is driven by a left-to-right scan across an input. At each scan
position, a word is given a lexical class, adjacencies are checked to insure local
grammaticality, and appropriate semantic processing, in a hierarchy of several possible
levels, is done. The processing is thus bottoM-up, with the number of levels above the
lexical level that do processing dependent on particular conditions. Each level recognizes
its applicability and acts accordingly, and its output may result in fulfilling the conditions of
the next higher level. At each scan point, the maximum that can be known about the
intention of the input is actually known (how this is useful is discussed in Section 9.3).
The following paragraphs give general information about the processing and organization,
filling in details on each of the levels.

The main components are represented as very abstract Ps (VAPs)* in Figure 8.2.
In order to define and clarify those components, we will abstractly follow through the
processing of Test 2, for which a detailed trace appears in Appendix D. Test 2 is "A BLUE
BALL IS ON THE TABLE". The test is started by a "scanned" signal on the left end of the
Input string, a marker position to the left of "A". VAP SN then acts to cause "A" to be
scanned. The "scan" signal is processed by an instance of VAP GRI, which in this case
notes the initial "A" as signaling a sentence of type <SD>. "A" is classified as an indefinite
determiner (its "word-class"). Next an instance of GR3 fires, verifying correct grammar for
the word - in this case, "A" signals a noun phrase is starting, so that the grammar check is
for correctness of a noun phrase at this point. A noun phrase is considered grammatical if
it Is preceded by: the word "THERE" if this sentence is type <SQE>; a relation word, i.e., a
preposition; a copula ("IS" or "IS NOT"); or the left end of the sentence. When the
determiner is processed, initialization is done for a new noun phrase (VAP NPI). At this
point nothing further can be done, and the scan resumes because of the "scanned" signal
previously asserted by SNI and stacked according to Psnlst's event order mechanism.

"BLUE" is tagged as an attribute-value word by an instance of VAP TG. This leads
to the grammar check for attribute-value, which is a set of cases similar to the ones listed
above for noun phrase. This particular case of attribute-value, because an indefinite
determiner has preceded it, is not processed as in FR2, but is stored as a future restricter
on the new scene object to be created when the noun of the phrase is scanned. The scan
continues, reaching "BALL", which is tagged as a noun by an instance of TG. The grammar
Is all right because it is preceded by an attribute-value. Specific noun processing is now
done (VAP NP3), influenced in this case by the indefinite determiner. A new object, BALL-

" 1, is added to the scene, and the remembered attribute-value "BLUE" is added as its color.

Once again, the scan continues, on to "IS". The word is tagged as a copula, Is
checked for grammaticality, and its action signalled (NP2). A noun-phrase boundary
necessitates checks that all referents are determined for current objects (VAP BR8), since

9 See Chapter IV for a description of the VAP notation.

VI- 1B.2



8.2 Overview of MIMlS tAIIPS/Welog

SN: scmnned(prsvious) &i next-position - , scan(next)S s.canned(nexth (4 PsI
TG: *can &i particular-word -> word-classi (22 Ps)
ER-. error -at-position -~collect-inout-ua-to-error-for-reolI [4 PSI
ET: interesting-event -P rint-external-trace-niessane (9 PS]

GRI: scan &i particular -initial -word -> word-class &i sentence-type; 17 PSI
GR2: scan &i particular-word & sentence-type -)word-class; (4 Ps]
GR3: word-class & lexical -adjacency &i context -)word-class-action; (27 PSI

where word-class -action w (determiner, copula, attribute-value, predicate, noun,
new-relation-open)

NPI: determiner -> initialize -new-noun-ohrase (4 Ps]
NP2t copula -> noun-phrase-boundary; (2 Ps]
NP3. noun -:, creat2-now-scene-obiect OR restrict-referents; (7 Ps]

FRI: question-word OR definite -determiner
-> setuop-Dossi bi Ii ties -from -all -scene -ob iect% (4 Ps]

FR2: attribute-value -> restrict-referents; (2 Ps]
FR3: restrict-referents &i sinaie-matchina-Dossibility -> refers; (1 P]
FR4: restrict-referents -> delete -non-matchini.-oossibili ties: (8 Ps]
FR5: predicate -> check -predicate-restriction; [I P]

BRI: refers(new) & new-relation-open -> check-relation-restriction; [2 Ps)
6R2: check-relation(or predicate)-restriction & new-object -> add-relation(predcate); [2 Ps]
BR3. check-relation(or predicate)-restriction &i feasible-to-restrict

-), restrict -referents; [6 Ps]
BR4: check-relation(or predicate)-restriction &i relation(oredicate)-is-redundant

-> backup -redundant -rel ation(predicate); [2 Ps)
BR5: check-relation(or predicate)- restriction &i relation(Dredicate)-is-inconsistent

-.) backup-inconsistent -relation(predicate); (4 Ps]

BR6: backup-redundant-relation~or predicate)
&i some-Rrevious -obiect -ambizuous-and-feasible-to-restrict

->restrict -referents; [10 Ps)
BR7: backup -inconsistent -r elation(or predicate) &i preceding-object

-check-rel ation(predic ate)-restrict ion; (3 Ps]
ORB: noun -phrase-boundar y

-> ensure -all -refer ents -found &i Update -current -current -ob iect -pointersj (5 Ps]

*MS: lnconsistent(or redundant)-relation(or predicate) & sentence-type
-add-relation(or predicate) OR answer-question OR error; (8 Ps)

VR: se-ntence-boundary & sentence-type - , reply OR describe-object; (23 Ps]
* DO: describe-object &i attribute's &i relation's -> reply, (15 Ps]

Figure 8.2 VAPs for MiliPS
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restricting phrases are not allowed to restrict things across copulas, except In one case
determined by special sentence type (<GSQW>). Because of this completion nature of a
noun-phrase boundary, the only current object that is really current is the main noun of
the sentence, so 8R8 also includes the action of making other nouns non-current (there
are no such others in the present example; they occur, for instance, in case there are
relation phrases in the sentence). If there were some definite noun for which a referent
had not been determined, an error would be noted at this point, keyed by the noun-phrase
boundary.

The description of the remainder of the sentence, "ON THE TABLE*, will be
abbreviated somewhat, hitting only the new points exemplified. The relation "ON" is noted
as referring in part to the current object, which is the main noun in the sentence, and also
in part to an unscanned object, so it is left open (to be caught later by VAP BRI). The
determiner "THE" is definite, causing the process of referent-determination to be initialized
(FRI) by collecting a set of all the scene objects as possible candidates. Then "TABLE" is
scanned, noted as a noun, and used to restrict the set of referents for the current object
(VAPs NP3, FR4). In this particular scene, there is only one table, so that all objects
except the table are ruled out by the noun "TABLE". This triggers FR3, which leads to
BRI, and now the relation ON is completed, making it (BALL-I ON TABLE-i). This in turn
triggers the check for relation restriction, and VAP 6R2 is applicable as a special case of
restriction, simply adding the relation to the new object BALL-1. In most cases, it really
would be a restriction, since it would be the case that the preceding noun would still be
ambiguous, with a set of possible referents, and the new relation would serve to narrow
down those possibilities. After the new relation is added, the scan continues to the end of
the sentence, and a sentence boundary is signalled. This first acts as a noun-phrase
boundary (BR8), making the subject noun the only one current. It then triggers the main
sentence actions according to cases of VAP VR, which in this case causes the formation of
the standard reply, "OKAY".

There are several aspects of the components of MiMiPS as outlined in the VAPs that
have not been touched on by the above example. First, a "predicate" is recognized as an
attribute-value preceded by copula, and is so tagged by the grammar check (GR3). It is
further processed as a restriction similar to the restriction done when a new relation is
formed as in the example above (FR5). That is, a predicate is an attribute-value that is
placed after the noun that it restricts. The relative pronoun that precedes the copula (as
in "which is" or "that is") is not used in this predicate detection, but its own grammar
adjacencies must be correct, i.e., it must follow a noun or another predicate.

Second, the VAP MS represents what is done as a fairly high-level semantics
process, namely it processes redundancies or inconsistencies as recognized by other
semantic Ps according to sentence type. Some sentence types, as sketched in Section B.1,
actually thrive on such anomalies. Third, the action of the BR VAPs has only been briefly
touched upon, so we now turn to more detail on that.

As we mentioned at the beginning of this subsection, the semantics can be seen as a
hierarchy of levels. These levels are reflected in the organization of the VAPs: the FR
VAPs treat ambiguities of reference of noun phrases; the BR VAPs treat the assigning of
relations and predicates to their proper objects, so that the best use of their Information
content is made in resolving ambiguities that couldn't be done previously by the FR's; MS
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ambguiiesbythe B~;adVR and DO do the generation of replies based on the outcome
of the other levels. As mentioned before, the main data structure used by the MR4 to
represent ambiguity is a set of possible referents for an object (noun phrase). The BR's
us* a structure composed of such sets: a linked list with the most recently-scanned object
as the current one.

In finding a place to apply a new relation or predicate, the 8W. always use the
cu.rrent object. If it is already unambiguously determined, an attempt is made to apply the
relation or predicate to a previous object in the linked list. If the relation or predicate Is
redundant, a check is made before going ahead and trying to apply it to a previous object
(BR6). That is, a check is made for the proper sort of unresolved ambiguity at some
previous point in the list of objects. The check prevents irreparable damage being done
or the basis of a feature whose resolution is not very urgent. If it is inconsistent, the
application of it to some object is more urgent, so the backup to a previous object is tried
regardless of what the result might be (VAP MR). When such a backup is done, the linked
list of objects is updated, making the preceding object the current one, and discarding the
former current one forever (no later relations or predicates will be able to refer to it - to
allow that would allow a strange sort of cross-over of reference, rather than the more

* ordinary nested reference, where a phrase refers to a close object, a later phrase refers
to an object more towards the beginning of the input, and so on). Finally, the reader will
notice that there is always a feasibility check before the actual restriction of the set of
possible referents is done (VAP BR3). This is because the restriction process is
Irreversible, and maintaining that irreversibility seems desirable, the alternative being
some kind of backtracking mechanism. If the restriction process were allowed to go
unchecked, it might apply a restriction such that the entire set of possibilities would be
thrown out, rather than recognizing a genuine inconsistency and acting accordingly. It
seems reasonable to try to anticipate such conditions than to let them happen and then try
to recover.

As support for the claim that no parse tree is formed, I now summarize the
Information that is kept as the scan proceeds across an input, and emphasize how that
Information is used to avoid referring back to the actual text after it has been seen once.
The type of the sentence is kept (<SD>, <SE>, etc.), providing guidance for a few grammar
decisions, but for the most part being used to make main semantic decisions. When an
Indefinite noun phrase is being scanned, the unused attribute -values are kept until the
noun is reached, at which point they are added to it. When a relation is scanned, It Is
remembered until the noun phrase that follows it has been completed, at which point a full
relation is formed (the noun phrase providing its second argument, in effect). The
definiteness or indefiniteness of a noun phrase is incorporated into the representation and
processing of the noun phrase immediately, even though the noun phrase is at that point
quite incomplete. That is, the determiner sets up a group of noun-phrase anticipations.
Question words and noun phrases are converted into sets of po;%sible referents, discarding
the lexical forms without further ado. For objects (representing noun phrases), the linked
list records order of occurrence in the input, but objects are really semantic entities, no
longer attached to lexical forms as would be the case in a traditional parse tree. This
structure of semantic entities is the sole source of elements that are processed in making
use of inconsistencies and redundancies. At no time does the scan back up and re-scan
some portion of the input in order to try to assign to it a different interpretation, as Is
done In more conventional parsing programs (e.g. Winograd, 1972).
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8.3. Production system and natural language task issues

This subsection discusses two independent sets of issues. The first set pertains to
Implementing various control and organization structures in PSs, to representational
features, and to how the PS implementation compares to MILISY. The second set bears on
the task and on more general processing of natural language: the use of adjacency checks
instead of a full grammar, the determination of referents, and the need for a more
sophisticated data base.

The main control mechanism is the left-to-right scan across an input. At each scan
point, the processing is bottom-up, based on successive recognitions of specific P
conditions. This leads naturally to a vertical organization, in the sense that at each point,
the maximum is known: all levels (lexical, grammar, semantics, pragmatics) have a chance to
react as fully as possible. This allows the surface structure of the sentence to be
discarded. Such vertical organization is less likely in systems where syntax and semantics
are more sharply separated, and is of course ideally suited to the recognition-driven
nature of PSs. There is a potential for top-down operation, since Ps could set up
anticipations that might affect future recognitions.

Ps can be grouped conceptually in modules that treat similar features of the internal
representation. The modules correspond to levels in the hierarchy (lexical, grammar, etc.)
and to reasonable units within those levels. Generally a module acts by firing a single P,
so that a module tends to represent with Ps the cases that elaborate the knowledge in the
module.

At a somewhat lower level in organization, the scan uses the Psnlst :SMPX event-
stacking mechanism to maintain control. It emits at the same time both a "scan" signal and
a "scanned" signal, the latter being stacked until the former is examined ("scan" enables
the lexical classification Ps). When "scanned" is examined, it moves the scan pointer
forward or signals an error in case the "scan" signal has not been consumed.

There Is another issue with respect to the initial left-to-right scan, namely, the way
that a large number of Ps have the "scan" signal as a condition element. This gives a
strong top-down flavor, or at least makes the Ps look like a big subroutine, rather then
having them driven on more bottom-up specific recognitions. This may have an efficiency
cost, but that is less important than the inflexible subroutine style. A more accurate model
of language processing by humans, and a more suitable one for PSs, might be to have the
Input string encoded in some way such that only one element at a time would become
available to the lexical Ps. Note that this is enhanced by the vertical organization
discussed above, since that organization distributes the computation roughly evenly over
the words. These elements would be quite specific and would presumably have very few
occurrences in LHSs of Ps. (This would also work fine as a model of lower-level
processes, where parts of words (phonemes or whatever) would be recognized to form a
symbol representing the whole word, or the best guess at what the whole word is.) A
further alternative might be to break the lexical processing into a hierarchy, with fewer Ps
responding to "scan" and lexical classes of items, and with other Ps responding to the
outputs from those lowest levels.

The tests for arammatical adiacencv are carried out in similar fashion for all of the
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classes in MIMiS: there is a set of Ps that recoginize correct adjacencies, plus a single P

whose condition Is the negation of all of the correct conditions, which thus recognizes an
error condition. This is quite clumsy if the grammar is extended, because a now P must be
complemented by an extra condition in the error P. One alternative is to use sequenced

control signals as is cone for the control of the scan, where the second signal would be
deleted by each correct adjacency P, but would otherwise be recognized as an error. A
second alternative Is to implicitly order the Ps by special case, that is, a P that Is a special
case of another is before the other in examination order. Then the error P could be one
with a single condition, keyed to the signal that initiates the grammar check it would
always be more general than the specific adjacency tests because they would Include a
test on the initiating signal plus the actual adjacency conditions.

Two peculiarities of Psnlst are used to advantage in MIliPS. First, the F Pa (FR
VAPs) in some cases fire "simultaneously" a number of times, both in generating
possibilities for referents and in erasing those possibilities after further restrictions have
been found. Without the automatic multiple-firing mechanism, some further control would
be necessary to ensure iteration through all such firings. Second, Ihe 0 Ps (DO VAPs) for
describing objects are such that a set of objects can be described in mparallel" by having
the Ps at each step fire a multiple number of times, one for each element in the set. This
Is similar to the multiple firing of the F Ps, except here there is a succession of such P
firings by different Ps, whereas in the former case only a single P fired multiply. Here
also, some explicit iteration control would otherwise be necessary. This kind of behavior
is evident in those tests in Appendix C that involve describing several objects.

The primary representational issue in MiPS is the choice of representing things as
Ps or as Working Memory structures. In particular, the way MIiPS keeps the scene
representation in Working Memory violates the principle that long-term items be stored as
Ps. As it is, WIiPS erases its entire Working Memory between inputs, except for the
Instances of a few select predicates which are its database and which stay around for the
duration of a conversation (e.g., for the full set of 25 inputs on which MIiPS was tested).
To best represent the scene as Ps, some kind of discrimination network seems appropriate.
This would necessitate radical changes to the present process of referent determination,
since the present one forms a set of all objects in the scene, stored in Working Memory so
easily accessible, and restricts the possibilities as more information comes In. The
opposite method would be used if the scene were stored as Ps. As the Input were
scanned, a description would be formed, and as soon as the description became specific
enough to evoke a scene object, a P would fire and supply a name to the description,
thereby giving the system access to further information about it, to be confirmed or
rejected by further inputs. The case of having evoked more than one such object would
have to be considered, and some means of matching the objects in order to further
discriminate them would have to be supplied.e It seems that having conflicts between
objects with respect to partial descriptions arise in this form and be treated according to
a general matching discriminator is more satisfactory than the present Working Memory
database from the standpoint of adding further contextual cues to the discrimination, e.g.,
time of creation and scene configuration dynamics. It seems more satisfactory in part
because of apparent problems in getting hold of a large set of objects in Working Memory
end examining them in such a way as to find descriptions that are indistinguishable and to

0 Cf. the canonization of objects in GPSR, Chapter IV.
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find how partial descriptions of them might conflict. Storing them as Ps makes the conflicts
fall out more naturally in the course of normal task processing, and sets forth a process
whereby such conflicts are resolved incrementally. Some of the apparent difficulty with
using Working Memory may be due to the nature of PS architectures or of Psnlst. Since
discrimination nets are usually built to use a minimal number of tests to distinguish objects,
it is likely that the P storage would use less computer memory overall, especially If there
is some way of avoiding duplication of conditions in Ps by sharing the overlapping parts.
The problem of how to store long-term information is of minor importance for the present
study, which focuses more on natural language processing, so the present stopgap seems
acceptablel other chapters of this thesis do focus on such storage problems.

Three other representational and low-level PS issues can be mentioned. Words are
represented two different ways in Working Memory, as a consequence of limitations in
efficient match power in Psnlst, namely limitations in the way constants are used in LHSs
(see Section C.2). Also, many very similar Ps in the lexical recognition process could be
reorganized into a set of Ps that simply recognize an element as a member of the set, plus
a single P, keyed to membership in the set, that does the more complex actions now done
in each P in the set. Augmentation would then be extension to that set rather than
addition of a P. Some of the Ps in the description process (DO VAPs) could perhaps be
more optimal by combining their actions into a single P with more actions and conditions.
This is an instance of the general operation by which frequently-recurring P firing
sequences are collapsed into a single firing that removes the necessity for intermediate
communication signals, but that is more special-purpose. The specific case at hand is that
two P firings are required to get a size-color attribute-value description constructed,
where one would suffice. (At present, I am restricting such collapsings to Ps within the
same module, but an automatic collapsing process might detect others.) Finally, the use of
a near-total erasure of Working Memory between each input sentence has avoided the
problem of inter-sentence confusion of data. Otherwise, special erasure Ps that would
embody specific assumptions of what needs to be erased (and that would consume more
run time) would be needed. The massive erasure is however unattractive from the
standpoint of modelling a memory that fades over time, which is probably of concern to
psychologists.

Several diffe-ences between the original MILISY and MiliPS are worth noting. MiliPS
employs a single uniform mechanism to implement processing that was done by MILISY in
two distinct phases: a syntactic parser and a set of semantic transformation rules. The
use of PSs for both functions (although the functions have been radically redefined)
Indicates their flexibility and power over the particular special-purpose mechanisms in
MILISY. MILISY constructs a phrase-structured tree representation of an Input (or
several, in case of ambiguity) and processes it semantically by rewrite operations capable
of doing certain tests on the tree structure. It is not apparent whether Its rules could be
augmented to perform the semantic disambiguation that MiiPS performs, or not; the fact
that MILISY might generate many possible parses before finding an appropriate one makes
It more cumbersome at best. MiiPS makes significant extensions in MILISY's behavior,
especially in its ability to disambiguate, to handle subordinate clauses and phrases, and to
answer "where" questions. MiliPS is about five times slower than MILISY (16 seconds
versus 3 to 4), but MILISY would undoubtedly worsen in its performance on the more
complex MiliPS tests. MiliPS is run by a PS interpreter, and compiling the Ps is expected
to more than compensate for such speed factors. MiliPS has a listing about 2 to 3 times as
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long as MILISY's. But both of these comparison measures are less then satisfactory
because the two programs have diverged functionally.

Several issues can be raised in connection with the language task, which don't bear
directly on the implementation as a PS. The local-adjacency nature of the sntacics
checking In WMS may work only because the task is suitably restricted.* Certainly, the
present language doesn't contain all the basic components that unrestricted language does.
but If the abstract toy blocks world does represent a significant portion of what natural
language is about (objects, their relationi., their attributes) then there might be some
justification for trying to extend the approach to more demanding tasks. It is hard to
envision a syntax system that requires less effort to carry out, except none at all. The
weak syntax checking done here is justified as being a source of redundancy, preventing
the system from taking action on too little input or on input not adequately structured,
avoiding the possibility of irreversible undesirable actions on its enivironmentoe There
are alternative approaches to doing the same kind of adjacency tests, which might turn out
to be more suitable for other grammars, especially larger ones. One is to have Ps that
reject bad adjacencies, rather than requiring a positive approval action. Another Is to
have more expectations set up, mixing top-down and bottom-up, rather than the pure
bottom-up here. The possibilities for the kind of word following some word may be fewer
than the possibilities for word classes preceding some word, and a mixture of the forward
and backward strategies might minimize the number of required tests.

With respect to the process of referent determination, the present process forms a
set of possibilities as soon as it sees a determiner -function word, whereas waiting for
slightly more input would allow the process to start with an initially much smaller list. For
example, the phrase "the" might refer to many more objects than "the blue". This strategy
seems to be quite easy to implement as an extension to the present process. (This Is a
consideration regardless of whether the scene is in Working Memory or stored as PS as
discussed above.) The overall conceptual structure of ambiguity, inconsistency, and
redundancy developed here, with the idea of keeping a linked list of current objects,
seems general and natural, and thus worth pursuing in more demanding tasks. There are
some choice points within that process that are currently not necessary, but might become
so later. In particular, MiliPS makes use of redundant information to restrict wherever it
can, but that restriction might turn out to be invalid after more input is scanned. This
possibility doesn't arise in any of the present tests, and may be very rare in general.
Also, the possibility of mutual disambiguation is not considered here, though it probably Is
necessary in general. By this, I mean for instance that two objects that are related to
each other in some way might be ambiguous unless in both cases the relationship is
considered. Another kind of disambiguation that is not handled arises when an unresolved
ambiguity can nevertheless be used to resolve a previous ambiguity, such as might be the
case In the phrase "the block on the table*, where there are several tables but only one
block on any table.

0 But see Hays (1964) for a scheme with similar emphasis, proposed by a theoretical
linguist.
00 Pratt (1975) gives efficiency as a reason for using syntax; i.e., syntax is applied to ease
some of the burden on semantics and pragmatics; such a consideration is not evident here
because all of the ambiguities are among syntactically correct forms.
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The specific organization of how redundancy and Inconsistency are treated can
probably be streamlined and made more flexible, now that the tests given to MIliPS have
brought out a number of cases that were not envisioned in the original structure. For
instance, having action depend on sentence type might be replaced by a more general
component dependence, where components are present over a large set of sentences, i.e.,
where sentences can be classified more parsimoniously by using component features than
by assigning each a distinct type. The present task is certainly restricted In that each
lexical word can be interpreted in only one sense, whereas in general discourse, words
must be disambiguated by lexical context or even more global considerations. Finally, the
present system of disambiguation and referent determination assumes sentences are self-
contained, for instance, with no pronouns or other (elliptical) references to phrases in
immediately preceding ones. It is possible that most intra-sentence processing would stay
intact in the face of that bigger demand, with only the need for "epicycles" to handle
larger units of text. Certainly it is not hard to imagine that structures could be left open
or with changeable default values, in the expectation that later inputs might fill them In.
The present philosophy at the lower semantic level might be successful at larger levels: all
Input is converted to some internal form (for instance, surface structure of a string is not
used after it has been passed in the scan), and any revision in initial expectations has to
be done on that internal form without recourse to the raw external form. That is, a
faithful internal representation should be amenable to mapping or restructuring In
emergency situations. A form of such mapping is exemplified in the flexible way that
MiIiPS resolves inconsistencies using only its semantic representation.

The database inferencinp capabilities in MiliPS have been intentionally kept very
weak, partially because they were weak in MILISY and partially because of the emphasis
on other aspects. Class exclusions on values of attributes, and relations between relations
are not used. For instance, knowing an object is red doesn't give the system the ability to
use that it isn't blue - "not blue" is only known if there is explicit information. The set of
relations between objects might just as well be nonsense syllables, since they don't
interact and are not intended to be adequate in terms of representing all spatial
properties.
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C. Details on MiliPS

C.1. The tasks given to MiliPS

The entire list of sentences given to MiMiPS is given in Appendix C. Included is the
input text, a program trace that tells major events in processing the text, and the state of
the database portion of the Working Memory, from which it can be deduced what the
lasting effects of the text were. In this subsection, we first examine the program trace to
make that appendix comprehensible. Then we point out other appendices that the reader
might find to be of interest. Finally, the full set of sentences is described briefly in terms

of what features are illustrated by various subsets of sentences.

ISA (BLOCK-I BLOCK) (TABLE-1 TABLE)
HASAV (BLOCK-I SIZE LARGE POS) (BLOCK-I COLOR GREEN POS) (TABLE-I COLOR RED POS)
HASREL (BLOCK-I ON TABLE-I POS)

2 INPUT TEXT IS " A BLUE BALL IS ON THE TABLE"
ADOING COLOR BLUE (POS) TO BALL-1
ADDING BALL BALL-I
OBJ-2 REFERS TABLE-I
ADDING BALL-I ON TABLE-I (P0S)
REPLY ((OKAY))

ISA (BALL-I BALL) (BLOCK-I BLOCK) (TABLE-I TABLE)
NASAV (BALL-I COLOR BLUE POS) (BLOCK-I SIZE LARGE POS) (BLOCK-I COLOR GREEN POS)

(TABLE-I COLOR RED POS)
HASREL (BALL-I ON TABLE-I POS) (BLOCK-I ON TABLE-I POS)

Figure C.1 Program trace and database for Input 2

Figure C.1 gives a segment of Appendix C. First, a display of the database is given.
From it, we see that there are two objects, indicated by ISA, namely, BLOCK-i, a block,
and TABLE-I, r table. The attributes of BLOCK-I are color green and size large, given by
HASAV, and similarly the table has color red. The next line, HASREL, tells that BLOCK-I is
on TABLE-I.

The next segment in the figure gives the trace that the program emits as it scans
the sentence. The first two trace lines, starting with "ADDING" show what the program
does when it scans the phrase "A BLUE BALL*, namely, it creates an object BALL-i (the
second ADDING) and makes its color blue (the first ADDING). The next event of note
happens when it gets to "TABLE", which it knows refers to TABLE-i, the third program
trace line. After that, it finishes up processing the "ON", which was left hanging until the
object following it was scanned. It notes that it adds the relation (BLOCK-I ON TABLE-i)
with the last ADDING line. Finally, its standard reply is made.
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The database after the run Is given, showing that It has added an Instance to each
of ISA, HASAV, and HASREL.

5 INPUT TEXT IS * THE BALL ON THE BLOCK IS SMALL
08.1-I AMBIG 02-1 BALL-I BALL-2 .
0BJ-2 REFERS BLOCK-I
RELRESTR OBJ- 1 82-1 ON BLOCK-I PO
01.1-I REFERS BALL-2
PREDINCON O*-I 57-1 SIZE SMALL POS
ADDING SIZE SMALL (POS) TO BALL-2
REPLY ((OKAY))

Figure C.2 Program trace for Input 5

Figure C.2 gives the program trace only, for a more complicated example, to show a
few other features of what the program emits. The first line after the input text shows
the status as of the second word, which has been tagged internally as B2-1 (decoded: the
second word, which starts with B, the first token for such a word). The phrase "THE
BALL" has also been named OBJ-1, and the main point of the message is that OB.-1 Is
ambiguous, referring at least to BALL-i and BALL-2 (in this case, those are the only
referent possibilities, but in general, more would exist, with the same message printed).
Continuing, the next trace message says that OBJ-2, the name given to the second noun
phrase "THE BLOCK", has a unique referent, BLOCK-i. This means that the ON relation left
hanging can be completed, noted by the "RELRESTR" line. After the restriction has been
done, the ambiguity for OBJ-I has been resolved, making it refer to BALL-2. The scan
continues, reaching the predicate "SMALL". It notes that this is inconsistent with the
subject BALL-2 (referred to as OBJ-i), in the line starting with "PREDINCON". In that line,
S7-1 refers to the seventh word in the text string, which starts with S, namely "SMALL".
Since this is a declarative sentence, the inconsistency is taken in stride, that is, it Is added
to the subject as a new attribute-value, signalled by the ADDING line.

Appendix D gives a rather complete trace of the behavior of the PS on Input 2,
Including each P firing and the changes it made to the Working Memory. The reader
should be able to follow it by using the description of that test given in Section 8.2. At
the end is a full display of the Working Memory. To understand the meanings of
predicates, consult Section C.2; the program itself and a cross-refererce are given in
Appendix A and Appendix B. As mentioned above, Appendix C gives the program's
behavior for the full set of tests. In addition, the portion after the third segment, tests
11-15, gives a summary of the control flow between groups of Ps (according to the first
letter of the P name) for that test segment.

The full set of sentences is divided into five segments, for ease of debugging and
presentation. The tests are given to the program via the X Ps, given at the end of
Appendix A. The first segment, tests 1-5, consists entirely of declarative sentences,
describing an initial scene. The second segment is four queries and one declarative
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sentenice. The queries illustrate some of the simpler descriptive capabilities of the system.
The third segment has as its main mew feature the use of "NOT"M, both in declarative and
interrogative sentences. It should be clear from these tests that the way the program
encodes and uses negation is rather primitive. The last two segments are similar. They
illustrate the processing of much more complex sentences, with numerous ambiguities,
Inconsistencies, and redundancies to be resolved.

C.2. Meaninas for the predicates in MiliPS

The descriptions in this subsection are given alphabetically by predicate. The
predicates for the residual database are ISA, HASAV, and HASREL Lexical classifications
start with the letters "IS".' Sentence types start with "GS". See the beginning of Appendix
D for a sample of how an input sentence is represented internally. The trace itself in that
appendix and the display of the entire Working Memory after the program finishes on that
test should provide some clues as to which predicates might be of interest.

Predicate arguments in the following descriptions are typed according to the
conventions:

a attribute: COLOR, SIZE
0 object: BALL-I, 8LOCK-3, etc.
p position in string: TI-I, 135-1, etc.
r relation: IN, ON, UNDER, and NEAR.
a sign: POS or NEG
t temporary object token: OBJ-1, OBJ-2, etc.
Y value- LARGE, RED, etc.
w, x, y, z arbitrary.

ADDAV~o.) add now attribute values for t to now object . Me)
ANSPR)EO(o,a,v,s) answer a question according to the result of testing whether the predicets

(a.v,S) is true of 0 NV. M)
ANSPREDF[N(a,v,s) the predicate represented by (sav,s) in the final word of a sentenci (V, A)

ANSP REOPED(o,e.Y,s) a potential ANSPREO is redundant. W, M)
ANSQFL~o2.r,o2,s) answer the question according to whether (oI,r,o2,9) isea true relation, MV

ANSRELINC(oi~pr,o2,o) the relation (ol,v,o2,o) is irnconsstent, so *mswer accordingly (depening on
sent. nce type) (V, M)

ANSAELRE(ol,r~o2.sl a Potential ANSREL is redundant (V, Mt)
AVRESrR(f,p,a,v.s) restrict the possibilities for I by applying the restriction that it be (a, v, s). (F.

A)
COOSIGN(s) a 9a the aetn of th. most recent copula (R, G)

CIJAOBYJ~ 2t? t1 is the current object, and 112 io the previous cuffent one. 11 and 112 nay be
oleo *I and o2 by type (A, R, N'l, F, B, Mt, V, G)

CUROBJPt 0It?1) t1 arid 12 or@ previous CUROBJ pawe (8, Mt, V, G. N)
DLFOET(p) a definits determiner is at p IN, G)

DErFNO(t~p) findc possible referents (rlNopoSS) tor t, at p (F, N)
OESCQAV(o,,x) describe o by attachn to the list x the value for s of the attribute @6 it any. (0)

DESCRIBE(o) describe oi by finding and concatenblint sil of the (a. Y. a) propertis for a. (0,
V)

DESCRIBEDNo,skv, ) a has been (partially) described using (a, v, a) (0)
OESCPNX((st,@2) .2 follows @I in the predetermined order of deerbing the attrbuts of en

object (DESCRIBE) (D)

0 Letters in parentheses af ter a oefinition are initials of P groups in which the predicate is used
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ocSCRPINRAMOM x is thme final Output Phrase descrbinmg (DESCRIBE).. (Y. 0)
DETSEEN(p) at p there ina determiner, either definite or indefinite. (A, N)

ENDMARK~p) p marks the leftI or right end of the. input string. IS, T, C, A. N)
EQxHM(p) the word ot p is equal to xxxa (T, G)

ERROR(p~a) an error has occurred ot p; x is. alit to be added to the reply. (E. 3, A, , P, 14
F, 9, M, V)

ERRORS(p,m) error scan from right to leftI is at p, collecting a list x. (W
ERRREFO,p) for reference in came of error, t is at p. (E, B. , K6)

FINDAMIGP0tl,p,sav,s,t2) link backwards by CUROBJP relations to find a place with remaining sligtufle
to attach a redundant (a. v, 9); 12 is where the searcm started, IleI the curnt
place in the search, and p is time location of the (a, v, a). (3)

F1NDAMBIGR(t1,p,r,o,sft2) like FINDAMBIGP, but for a relation Cr, o, s). (B)
F[NOPOSS(t,o) o is a possible referent for t. (F, 8, V, M)

GSO(z) a is a sentence of type SD. a declarative sentence (N K, V, G)
GSEW z) is a sentence of type SE, declarative starting with "therse. (K, V, 0)

GSQOC: z is a sentenos of type QD, the question form of a D type of declaraive (090).
(A KG)

GSQEW z) is a sentence of type SQE, the question form of the E type of delrative
(GSE). (G, N, F, M, V)

GSOW(z) z is a sentence of type SOW, the question form starting with "whalt (N, F, 3,
K, V, G)

GSQWRWz z is a sentence of type SOWR, a question sterting with "where'. CM, V, 0)
GTYPEDWz z has been typed according to GSO, GSE, etc. (G)

I4ASAV(o,6.v,s) a has value v for attribute a, sign a. (E. F, B. V. 0, K, N)
NASREL~oI,r,o2,e) o I has the relat ion r to @2, sigun a. (E, F, 8, V, M)

HASRELN~t,rsa) t has tim. relation r, sign a, to some object yet to be seen in the input. (3, R)
INOEFDET(p) an indlefinite determiner is at p. (K, G)

ISA~o,w) o is on objoct of the class w. (E, F, D, N)
ISAV(p,a.,o~) the attribute value (a, v, a) at p checks out grammatically; continue to process It

as such. (A, N, F)
ISAVW~p,ekv) the word at p is an attribute value Csav)i this signals the need fi a graomwa

check. (A. T)
ISCOP(p,2) the word at p is a copula, sign a. (G, A, R, N, T)

ISDEFMt t is known to be a definits object by its determiner. (A, N)
ISINDEFMt I is modified by an indefinite determiner. (A. N)

ISNOUN~p,w) the noun ot p, word w, is grammatically all right; initiate further processing on It.
(A. R, P, N, G)

ISNOUNW(p,w) the word at p is a noun, wi this signals the need for a grammar check. (0 ,T)
ISPRED(p) the AV at p (see ISAV) is a predicate, whi mens it follows a copubs (A, R, P.

F)
ISREL(p,w) thm. relaion word w at p is all right grammatically; continue to process It. (R, N)

ISRELPRON~p) the relative pronoun at p is grammatically all right; initiate the normal processing
for it. (P. N)

ISRELPRONW(p) the word at p is a relative pronoun; proceed by checking whether it Is
grammatically oil right. (P, T)

ISRELW~p,r) the word at p is r; this signals the need for's grammar check (R, T)
LEFTOF(pl,p2) p1 ai to the lattI of p2 in the input string. CS, T. E, G, A, R, P. N)

MAKISA(p,w,tl,t2) make ti at p into an ISA; its word is w, the previous object is 112- (N)
NEWAV(t,a,v,s) record (a, v, a) so it can be attached to the actual object that t represents,

when it becomes determined (N A)
NEW08O8J o is a new object (now ISA). (F, B, N)

NPBOUND~p) a nouni-phrase boundary is at p. (8, S, N)
NPBOUNOL(p) delete the NPBOUND signal for p. (8, N)

NPGCHK(p) check that it is grammatically correct to start a noun phrase at p. (N)
NRESTR(t,p,w) restrict the possibililies for t at p to be nouns of cleas w. WF. N)

NULLAEF(t,p) the aet of referents for t at p is empty. (F, V)
OCHK~t,p) check if the possible referente for t have been restricted to a unique of null set.

(F)
OLOAV(p) the AV at p is old, ISAV has been responded to. (A, F)
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Ot.DREFMt the REFERS for I has been examined (B)
OLDREL(p) the relafton ot p has been prioasli ISREL hog been responded t. (R)

PREDINCON(t,p,a.v,o) the predicate (s, v. a)is inconsistent with t ot p. (8, M, E)
PREDINCON T(t,p,a.v,s) print a t race for and assort the corresponding PREDINCON. (E, 8)

PREDREDUN(t~p,&.,e) the predicate (a, v, a) is redundant for t at p (8, M, E)
PREOREDUN T(t,p,a.Y,s) print a trace for and assert the corresponding PREOREDUN. (E, 8)

PREDRESTR(t,p,kv,s) restrict the possible referents for t at p according to whether (a, v, e) Is tnmoe.
(F, E)

PREO1RESTRT(t~p.a.v,9) print a trace for and assert the corresponding PREDRESTR. (E, 8)
PREDRESTRCHtK(t,p,a,v,s) check whother the corresponding PREDRESTR should be appliid (%, F)

QNOUN(p) the noun at p is a question noun. (G, T)
QWFIND(t,p) find poOsblo referents (FINOPOSS) for t, at p. (F, G)

QWRDESCR2(o) initioto the second stop in the reply generation process for QWR senteonces (see
GSQWR and OWRREPLV2). (V)

QWREPLV~o) use the results of the DESCRIBE process to wake a reply for a QW sentence
(see GSQW). MV

QWRPIIRASE1(o,x,w) the current phrase in building the first part of the QWR answer (see
QWRPEPLVI) for object o is x, with word w used to separate further edditions
to x from the present x. (D)

QWRPHRASE2(o,x,w) like QWPPHRASEI, but for the second part of the QWR answer (OWRREPLV2).
(0)

Q)WRREPLVI(o!,r,o2,s) include Cr, o2, a) in the first kind of reply for a OWR sentence. the first kind
gives relations of the main object *I to other objects. (D, V)

QWRREPLV2(o l,o2,r,s) include Cr, oil, a) for o2 in the second kind of reply for a QWR sentence; the
second kind gives relations of othrr objects o2 to the main object at. (D, V)

QWRREPLV3Co) generate the third kind of reply for a QWR sentence, which coveris the case
where o has no relations to other objects. (0, V)

REFERSO,o) t refers to 0; t may also be of type o. CF. 8, M, V, N)
RELINCON(t,p,ro,a) the relation Cr, o, a) in inconsistent with t at p. (B, M. E)

RELINCON TC,p,r,o,s) print a trace for and assert the corresponding REL(NCON. (E, 13)
RELREDUNCpr,o,s) the relation (r, o, a) is redundant for t at p (B, M, E)

REIREDUN T(t,p,ros) print a trace for and assert the corresponding REIREDUN. CE, B)
RELRESTR(t,p,r,o,s) restrict the Posaible referent. for t at p according to the relation Cr, 0, 8. (F. E)

RELRESTR T(t,p,r,o,s) print a trace for and assert the corresponding REIRESYR. CE, B)
RELRESTRCHK(i,p,r~o,s) check whether the corresponding RELRESTR should be applied (13)

REPLY~m) x is a list of words constituting an external reply. CV, E, D)
SCAN(p) the scan is positioned at p CS, T, G3)

SCANFIN(p) the scan is finished at p. CS, V)
SENTBOUNOWz the serntence boundcary has been reached for sentence I. CV, 5)

SENTENCEWi z is the current input sentencep CS, G3, N, F, B, M)
TEX(TT~) x is the list of words in the input string. CS)

TRACING~x) an indicator that a program trace ia being printed; x is a duimmy. CS, E, F)
WORDEQ~p,i,) the word at p is equal to X. CT. G, E, N)
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MIIPS/ wlox

0. Overview of WBIox

WBlox is a PS that solves blocks manipulation problems, taking commands from an
augmentation of MiliPS and performing actions on the scene in order to fulfill the
commands. This section and the next give an overview of the WBlox part of the system
and then more details, respectively. Section D.1 presents a few examples of the
problems solved by the system. Section D.2 sketches the changes made to MIliPS in
order to handle the expanded task domain. Section D.3 discusses the goal-subgoal
mechanism used to solve problems, and describes the way backtracking works, allowing
choices to be tried, undone, revisecd, and tried again. Section D.4 through Section 0.6
discuss issues with respect to the particular PS implementation, and with respect to
Implementation-independent features of the task domain that were elucidated by the
present work. Section 0.7 compares PSs with the original Micro-Planner Implementation.

D.I. A few examples of WBlox tasks

WBlox starts with a toy blocks scene identical to that used by Winograd (1972),
namely, a tabletop with a box and a variety of rectangular blocks and rectangular-based
pyramids. The test sentences given to the MiliPS/WBlox system were designed to test the
blocks problem-solving capabilities and exercise as many of the Ps as possible. This
contrasts with Winograd's apparent preference for exercising only the natural language
capabilities (though not necessarily exhausting all of them) and only using those parts of
the blocks program that were evoked as a result of that. Thus what is presented here and
more fully it, the next section and Appendix H is a more complete demonstration of the
blocks problem-solver designed by Winograd than was given by him.

The first input sentence is a simple command to put one object on another.
INPUT 1: (PUT THE SMALL RED BLOCK ON THE BLUE BLOCK)

The MiliPS part of the whole system recognizes that the small red block is not already on
the blue block, i.e., that there is a serious inconsistency in the sentence. Because it
involves a relation that can be associated with the PUT command, that inconsistency
becomes the intent of the sentence, and is given to the problem-solving part of the
system. In the initial scene, the small red block has a pyramid on top of it, so that the
first problematic part of this command is to find another place to put the pyramid. This
evokes the goal to GETRIDOF the pyramid. GETRIDOF in general first searches on the
table for an empty place, then looks at blocks in the scene to see if space is available
there. In the present case, it has no trouble finding space on the table, and proceeds to
move its hand to the pyramid, grasp it, lift it to some random location within the clear
region on the table that it selected, and let go of it. Now the pyramid is out of the way,
so the program looks for space on top of the blue block. The blue block is all clear, and is
big enough to accommodate the red one, so the program goes through a sequence of
grasping, lifting, and so on, similar to that for the pyramid, to put the block In that clear
space.

REPLY 1: (1 (OKAY))
The MiliPS subsystem responds OKAY after checking that what was commanded has
actually been accomplished by the WBlox PS. Outputs are tagged with integers ("I" here)
In case there is a set of replies, to provide a sequencing for them.
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We now skip over two inputs, one asking a question and the other commanding that
a green block be put in the box.

INPUT 4: (PUT THE GREEN BLOCK ON THE BLOCK IN THE BOX)
Looking at this superficially, it is ambiguous in a couple of ways. At the command level, It
appears ambiguous because the system knows two ways to PUT, namely IN or ON so that
the Input may be requesting a PUT ... IN or PUT ... ON action. This ambiguity Is resolved
by normal processing of the sentence: the IN phrase is needed to resolve the reference to
*THE BLOCK", so that only ON remains as a candidate f or the main command action. The
superiority of the bottom-up approach over a top-down one is evident here, and the
difference between the two can be accentuated further by adding more relations. The
second ambiguity is presented by 'THE GREEN BLOCK" There are two green blocks in the
scene, but fortunately, both are referred to in this sentence: one is in the box, so It Is the
second block, which forces the ambiguity of the first one to be resolved in favor of the
other one. This other green block is not on the first one, the one in the box, so that the
inconsistency is taken as the intention of the command, and the WBlox part of the system
can work on the specific problem posed. This problem is solved directly by moves similar
to those used in the first INPUT above, since no other objects are in interfering locations.
The program's reply is the same as in the preceding example.

For the next example, we skip a few inputs that had no effects of concern to us at
present.

INPUT 12: (PUT A SMALL PYRAMID AND A SMALL PYRAMID AND A GREEN BLOCK AND
THE SMALL RED BLOCK ON THE LARGE RED BLOCK)

Several things of note occur in the input. The use of "A" in a command causes the system
to choose from among a set of existing objects that match the given description, rather
than creating a new object as was the case in MiliPS alone. In fact, in this case it chooses
two pyramids, taking care to make the choices distinct. The use of "AND" means that all
conjoined objects are the main ones for the command, that is, the command works with a
set of objects. The command is to put the set on the large red block, since the final
phrase, starting with "ON", is inconsistent with the scene.

From the point of view of the problem-solving system, this command presents
difficulties because all of the specified objects will not fit on the large red block unless
some of them are piled on top of each other in some way. WBlox does not recognize
ahead of time that the area isn't sufficient, but rather, attempts to put them on, trying a
couple of variations in arrangement (which exhausts the possibilities in this case), before
dlecidinmg to try the necessary packing operation. When working with a set of objects,
WBlox tries to place the largest first, then the next-largest, etc. In this case, after placing
three of the four objects, the space is filled, so it backs up and tries to put the third
object in a different location. This fails because the third object filled up the only
available space. It then backs up further and tries to put the second object in a different
location. Now the second and third objects used up a rectangular region on the large red
block, each filling up half of it, and the program always tries to pack objects closely
together when it is putting a set of them somewhere, so that there is really no alternative
place to put the second object either - packing implies using the lower left-hand corner of
the region. (The program doesn't reason in this way, exactly, but tries to locate space and
finds only the point already seen.) So it backs up to the first object, and can find no
alternative place for it either, for similar reasons. Thus it has backed up to its starting
place, and now it pursues an alternative strategy, called the PACK strategy, which says
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place an object, then try to put one other object on top of it, then place the next object,
and so on. It puts the first object on the large red block, then puts the second object, a
pyramid, onto the first object, then puts the third object onto the large red blocki, and the
fourth on top of the third.

REPLY 12: (0 (FAILED TO PUT PYRAMIO-3 ON) (1 (FAILED TO PUT PYRAMID-I ONJ)
(2 (OKAY))

The program replies that the two pyramids aren't strictly on the large red block as It had
expected, and then says OKAY anyway, because some of the things it expected were
fulfilled. (The first two replies are tagged identically because they were noticed
"smultaneously" ) The two pyramids were in fact placed on the two blocks that were
placed on the large red block (pyramids being preferred by PACK f or placement on top of
just-placed blocks, since nothing can be put on a pyramid).

This time inputs not shown have had the system put some more things in the box,
and had it add some new black blocks to the scene. It has just picked up one of the black
blocks.

INPUT 18: (PUT IT IN THE BOX)
"IT" always refers to the object in the hand of the model, by convention. There Is no
trouble understanding the input, but severe problems in carrying it out. The program fails
to find enough clear space in the box to put the block that it's holding, so it tries a drastic
strategy: clearing out all the things in the box, and putting them back in in PACK mode,
placing them all as closely together as possible. As above, the PACK operation includes
putting every other object on top of one just placed rather than on the box proper. It
succeeds, after about 65 subgoals and 70 primitive grasp, lift, and let-go actions (about
ten times more than required for INPUT I above). The program responds simply OKAY as
above.

The final example we consider here consists of building a stack of objects.
INPUT 19: (STACK UP A LARGE RED BLOCK AND A SMALL BLOCK AND IT AND A

SMALL PYRAMID AND A BLACK BLOCK AND A LARGE GREEN BLOCK AND A
SMALL PYRAMID)

In stacking up a set of objects, the program first chooses the largest block as the base of
the stack and places it on the table. As its next step, which is repeated until all the blocks
have been placed, it selects the largest block that hasn't been placed and puts it on the
top of the stack (the block in the set of things to be stacked that has nothing on top of it).
In this step, if the largest block that hasn't been placed is too big, it is left out, and the
next one selected instead. Also, if there are two or more blocks that are the next-largest,
and if one of them is already in the right place, it is left there and the process continues
to the next (the program also notices if the base of the stack is already on the table when

* it starts). After all blocks are placed, the program selects the biggest pyramid from the
set that will fit, if any, and places it. Any other pyramids must be left out.

REPLY 19: (1 (LEFT OUT PYRAMID-3))
The program checks for completion of the command by checking an internal
representational set that records stacks of objects. This stack record is kept for all object
movements: whenever one object is put on a block (table and box are excluded as stack
members, by this definition) it becomes a member of the block's stack, or if the block
wasn't in a stack, a new stack is created with both objects in it. For this reply, the
program noted that one of the pyramids is not in the same stack as all the other objects
that it was to stack up. This is right, because the command was not completely fulfillable,
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given that pyramids can't support other objects. MiliPS could in principle recognize such
ill-formed commands, but it doesn't.

0.2. Changes to MiliPS for the WSlox task

Appendix E gives the portions of MiliPS that changed In converting it to translate
the external language into inputs for WBlox. This subsection describes the changes,
following roughly the order of their appearance in that appendix. Most of the changes,
702, were additions of Ps, and the rest were minor changes to existing Ps, usually
changing one condition or action element. No Ps were deleted. There are three main
kinds of changes: lexical and grammatical changes, which are rather minor; changes to how
relations are handled, adding two new varieties of relations, indirect ones and computable
ones; and changes to main sentence semantics in order to interface to the blocks problem-
solving Ps. After describing the changes, the varieties of blocks commands are described,
along with details on main sentence semantics for them. Finally, the changes in internal
representation of the scene are sketched.

In the tuini Ps (T Ps) are all of the changes that effect modifications to the
acceptable language. The system now knows about PYRAMID where it used to treat BALL
To make that change, only two Ps were changed, one a T and one an N the N that handles
creation of new scene objects. The word IT is recognized as a noun phrase, and Is taken
always to refer to the object in the model's hand. This requires only a single P, which
does all the actions necessary to make the system believe that a noun phrase just went
by. This approach was taken as the easiest way to ensure that objects in the hand could
be referred to uniquely, the problem being that such objects don't have the same relations
to other objects that other objects do. It was easier than adding the code necessary to
make use of phrases like "in the hand" or "that you are holding". IN and ON are now
tagged as indirect relations, to be discussed below, and TO THE LEFT OF, TO THE RIGHT OF,
BEHIND, IN FRONT OF, ABOVE, and BELOW are recognized as computable relations, also
discussed below. The new prepositions UP and DOWN are also recognized, but they are
only lexically treated as relations, and are otherwise just complementary modifiers for
command words.

The G Ps have a number of changes relating to maim grammar t.pqs. These changes
also carry over into N Ps end B Ps, some of which are discussed here, others later. First,
blocks commands are a new type of sentence, the imperative, or <Sl>, called GSI internally.
In such Imperatives, "A" is taken as meaning a choice is to be made, as opposed to the old
action of creating a new scene object. The actual choice is made by B Pa. The
Imperatives start with a particular set of command words, PICK, GRASP, STACK, and PUT; G
Ps recognize these and assign the imperative type to the sentence at hand. At the same
time, these words set up expectations of complementary modifiers, for Instance, PICK
expects UP somewhere, PUT may be followed by DOWN, ae. "AND" is recognized as a
noun-phrase boundary and is used to conjoin only main sentence objects In imperative
sentences. The grammatical-adjacency tests for noun phrase were rewritten to make
control cleaner and augmentation easier - augmentation now requires only the addition of
Ps, not also the addition of negated conditions in a P that recognizes bad conditions.
Similar changes could have been made to other such Ps, but one Illustration is sufficient,
end the others didn't require modification anyway.

112 VI-30



kIIIPS/Welox Overview of Welox 0.2

In the Ir Ps, the relation restriction process, by which relations are used to restrict
possible referents, is split into two stages to handle a peculiar kind of ambiguity in
imperatives. The command PUT expects some kind of inconsistency to occur, so that It can
turn that into a command to be fulfilled, but this can interfere with the determination of
referents when there is a relation that might be interpreted as both a valid restriction and
an inconsistency. That is, a relation might be true of one possibility, while another
possibility exists for which the relation is nut true. Given the two distinct interpretations,
the process assumes the relation is to be used as a normal restriction, but saves the other
possibility as something that can be used in case no other inconsistency can be found.
Test sentence 16 ilustrates this kind of "backup.

The way that the new classes of relations are handled shows up in changes to F Ps
and 8 Ps. Computable relations are the ones that depend on exact locations in the scene,
for instance, IN FRONT OF (that locations are now exact is discussed below along with
other representational changes). When these relations are completed, that is, have definite
objects to which the relations are to be applied, a B P evokes a set of F Ps that assert
temporary relations into Working Memory that represent specific computable relations.
For instance, when "TO THE RIGHT OF THE LARGE PYRAMID" is scanned, assuming only one
large pyramid, a computation is made to determine all objects to its right, and temporary
representations of all of the resulting TORIGH4TOF relations are asserted. These relations
are used to restrict other referents in a way similar to ordinary relations and to Indirect
relations, to be discussed now.

Recall that the "check -relation -restriction" process (see Figure 8.2), which Is 8 Ps,
checks to make sure a relation restriction is applicable before going ahead with it. In that
process, when a relation that is tagged as indirect is encountered, Ps are evoked to
compute temporary indirect relations from the specific relation that is the subject of the
check. Indirect relations are the transitive closure of a relation, and are computed by the
810 Ps. For instance, given "IN THE BOX"# a transitive closure is computed using ON, by
asserting indirectly-IN for all objects ON objects in the box, and for all objects indirectly-
IN, and so on. The relation ON is also given the same treatment, propagating indirectly-
ON's. The actual referent -restricting Ps (F Ps) are augmented by a set of Ps that use
these Indirect relations in a way similar to the way the restrictions for normal relations
were used before. The indirect relations are erased from Working Memory after each
input sentence is finished (along with everything else except the representation of the
scene). An alternative that would have required fewer added Ps would have been to
assert normal relations and some record that certain normal-looking relations are really
temporary, so that they could be explicitly erased at sentence boundaries. These
temporary relations would then enter perhaps into blocks manipulation updating
operations and into the process that describes the scene and its objects - it is not clear
that this is desirable.

Now that there is provision for such indirect relations, any further classes of
relations that are to be treated as temporary need not require further Ps to be handled
properly. The present program has an example of this, in that computable relations are
kept in the same form as are indirect ones, and don't require mechanisms beyond the
initial assertion. Ultimately, if the scene should be represented as a more long-term entity
in the Ps themselves, all Working Memory relations would be temporary, so that further
decisions would have to be made as to differential treatment of types of temporary
relations.
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The M Ps have two types of changes, reflecting new main smantic SDI M. The new
<S> imperative sentence class occurs in several P conditions that went to restrict the
class of sentences to which they apply. The M60-M8Os are specific Ps added to process
<S>-specific information and issue commands to the blocks problem-solving Pe. Within
these, redundancies and inconsistencies are treated according to the new conventions
required for imperatives, to be discussed further below.

The V Ps also have a couple of modifications and augmentations. There is a set of
Ps that handles reply teneration for imperatives, which includes checking that commands
were actually carried out. Replies themselves are now numbered, so that textually
Identical descriptions can be distinguished, for instance the two "LARGE GREEN BLOCK's in
the reply to the sixth test sentence. The count of replies is initialized at the beginning of
the scan by a T P.

There are f2ur commands that are extracted from input sentences and issued to the
WBIox Ps. The PICKUP command is obtained from sentences of the form, "PICK... UP...
", where either "..." may be empty in particular cases. For this form, referents of objects
must be exact. The program checks that it is not already holding in the hand the main

' object in the sentence. This form will not take compound phrases, since the hand can only
hold one thing at a time.

The PUTDOWN command is obtained from sentences of the form, "PUT... DOWN ...
", where either "..." may be empty. As for PICKUP, referents must be exact, and further,
the object referred to must be in the hand. Actually, all such forms can simply be
expressed as "PUT IT DOWN".

The PUTON command comes from forms *PUT . . . . The PUT can be matched to
either ON or IN (the latter only goes with the BOX, and becomes a PUTON that is processed
specially in some cases). This form may take compound main nouns. The system
processes all such as a set, applying a single relation to them all. The specific relation to
be applied to the main noun or nouns is obtained from an inconsistency in the sentence.
At present, this is restricted to IN and ON, but in principle it should apply to any relation,
with the intent of the command to make that relation true (the restriction is inherited from
Winograd's program). The explicitness of inconsistency considerations here makes that
kind of extension quite feasible, whereas it is not clear that such a general mechanism
would arise naturally from Winograd's treatment (whatever it was in this case). If an input
contains a redundancy but no inconsistency, or if it contains neither, it is a redundant
command and requires no action; the program in the latter case will complain, but In the
former will say OKAY.

The STACKUP command comes from sentences like the PICKUP one, with STACK
instead of PICK. These forms must have compound main nouns, and the referents must beexact.

Finally, we sketch the representational changes necessitated by the addition of
manipulations to the scene, done by WBlox. The primary change is that objects have
specific spatial locations and sizes, according to a standard three-dimensional coordinate
system. As in Winograd's system, an object can't be rotated, and is always rectangular
end aligned with the coordinate axes. The location of an object Is the location of Its
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lower-left-hand corner (minimum x, y, and z values). There is now a hand In the scene,
represented as a point with neither size nor attributes nor relations to other objects,
except that it can be grasping or empty. All relations are now assumed to be positive
(POS), where in MIiPS, distinction was made between POS and NEG. To have negatives
would be to allow a certain vagueness that doesn't fit with exact locations (although
ultimately it might be desirable, for a fully general system), e.g.. "NOT IN THE BOX" would
have an object seemingly floating freely at any location not on the box's surface. (This is,
I believe, independent of whether "NOT" can be handled in inputs, which it now cannot
be.) There is a new structure that is kept track of in the scene: the stack. A simple stack
is just a set of objects, one on top of another up to some height. The generalized notion
of stack here is that an object is in a stack whenever it is on top of an object in a stack.
A stack is created whenever an object is placed on top of another that is not already in a
stack (except the table and the box). Thus stacks really include tree-like structures of
blocks - all blocks in such a structure are in the same stack.

D.3. The main components of WBlox

For the most part, the WBIox Ps work independently, as a submodule, of the MiliPS
system. The language produces a single command or a set of instances representing a
command on a set of objects, which evokes specific WBlox top-level Ps, which in turn
evoke the full problem-solving system. When the problem solving is finished, the top-level
goal succeeds and control falls back to some checking signals, left around when the WBIox
Ps are evoked, which evoke a process that checks the results and forms a reply.

There are four top-level operators that are evoked from outside the WBIox system:
PICKUP, which commands a specific block to be picked up; PUTDOWN, which commands a
specific b'ick to be put down on the table or wherever there is space available; PUTON,
which commands that an object or a set of them be put on some other specified object
(PUTON includes putting things in the box); and STACKUP, which commands that a set be
stacked, one on top of another.

There are eight subordinate operators that are used by the top-level ones and by
each other as subgoals to accomplish particular action sequences. PUTONI puts a single
object on another object; PACK puts a set of objects onto an object, under the constraint
that they are to be packed as closely as p, ssible. GETRIDOF involves finding some unused
space to put an object and going through the actions that put it there. CLEAROFF uses
GETRIDOF iteratively to clear everything off some object. PUT takes an object and places
it at a specific location. GRASP attaches the hand to an object, sometimes necessitating a
CLEAROFF so that it can do so, as well as an occasional GETRIDOF for what the hand is
already holding. RAISEHAND computes a location above where the hand Is, and moves It
there. MAKESPACE tries to clear away just enough objects from a surface to free up
space to fit a particular object.

The preceding set of operators all make use, ultimately, of a small set of primitive
operators. which do the actual changes to the scene model and which do not further evoke
other actions. MOVEHAND moves the hand from one location to another, doing all the
necessary updating to object locations, to IN and ON relations, and to stack structures.
MOVEHAND fails to do the motion if the location moved to is not clear to the extent
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required for the object that the hand is grasping. UNGRASP causes the hand to let go of
an object it's holding. The converse of UNGRASP is to assert that the hand is grasping, an
action that is a subpart of the GRASP action and not separated as a named primitive. The
most complex primitive in the system is FINDSPACE, which is sometimes entered at one of
its subordinate steps, LOCATESPACE. FINDSPACE scans the surface of a specific object to
find an open region suitable for placing another object. It is the only primitive that fails
explicitly with a signal that is then processed in specific ways by the evoking process.
Further levels of primitiveness can be imagined, but they weren't implemented here or In
the original system being imitated. For instance, MOVEHAND could involve computing actual
trajectories for the motions, so that no collisions with other objects occur. These
considerations are simply assumed to be always solvable and not touched on further here,
although it is conceivable, for instance, that the trajectory computation might not be
possible without further rearrangements of blocks.

Figure D.1 gives an outline of how the blocks commands interact. The components
of the outline structure in the figure are the operators. Arguments for the operators are
given in parentheses, and comments are given in square brackets. In form, the structure is
an AND-OR graph, with connections of nodes to other nodes in the graph indicated by
comments "above" and "iterates". This connection notation is modified to mean a copy of
the structure with modifications, when such modifications are also given in the comment,
e.g., "without MAKESPACE" is such a modificational comment. In numbered sequences, AND
is implicit between steps, e.g. I AND 2 AND 3 under PUT. OR is given explicitly and means
the step in question has alternatives, if the OR is between two steps with the same
number, or it means the sequence of steps preceding the OR has the steps following it as
an alternative, if sequence numbers differ directly before and after the OR. One ambiguity
with this definition of OR is under PUTIN, where I is to be alternated with I AND 2
following the OR, not I AND 2 OR second I AND 2. The comment "primitive" indicates
primitives in the above categorization of operators. The comment "iterates" means that
the iteration is to be through the set in the immediate vicinity, until the set is exhausted.
Details on how the various selections and primitives work, and on how sequencing is done
In particular cases will be presented in Section E. The remainder of this subsection makes
general comments on organization.

Most of the components given in Figure D.A work within a set of conventions that
make up a oal-suboal mechanism. The top-level goals are commands from the input
language via MiliPS. Subgoals arise as the components or operators encounter difficulties
In being immediately applicable. Specific problems that can arise are encoded as Ps that
recognize difficulties, and that then construct the appropriate subgoals. Sequencing of
both the AND and OR types is by using a couple of specific goal-related signals, one of
which (the predicate NEXT) specifies what to (:o if a subgoal succeeds (AND), and the other
(the predicate NEXTF), what to do if e subgoal fails (OR). If neither NEXT nor NEXTF is
given, the goal that evoked the subgoal succeeds. There is a small executive (5 Ps) that
processes success and failure signals according to these conventions. The primitive
operators in the system are not treated within these goal conventions because their
operation is immediate, so that sequencing can be done with ad hoc evoking-process-
specific signals. The same executive-avoiding mechanics are used for steps within goals
that don't cause difficulties otherwise.

The justification for including the executive and goal-sequencing conventions Is that
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I PICKIJP(object)
I GRASP(obiact)

I OETRIOOF(object in hand)(if such axiat@)
1 FINOSPACE~on table)lchoicspoint *whic location on tale]
OR
I FINDSPACE(on block)[choiospomnt *block ad locetionj
2 PUT(object,location)

I GRASP(obect)(sbovej
2 MOVEI4AN0(ocation, offset by sit* of object)(prmWtuveJ
3 UNGRASP~primitivsj

2 CLEAROFF(obiect)
1 GETRIOOF(selectsd object on top of obj)(abovel
2 Ct.EAR0FF(obiect)[iteratobl
3 aseort CLEARTOP(primitivel

3 MOVEI4AND(to cantor of top of object)X(p rmitivej
4 aesert GRASP INGfprin~t i vs

2 RAISEHAND()
1 MOVEHAND(to location of maximum height above present lacation?(lpirmitivel

2 PIJTDOWN(object)
1 GETRIDOF(object)[abovoj

3 PUTON(object I or set of obioctfeobiect?)
I PIT0N I (objocf I or selected object from set,object2)

1 CLEAROFF (object I abovsj
2 FINDSPACE(for object! on object2)[primitive; choicspoint - location)
OR
2 MAKESPACE(for objectl a n object2)(only if PUTON is for ens object)

I GETRIDOF(selocted object on object?)
2 FINOSPACE(f or objectil on object2)
OR
2 repeat MAKESPACE(f or object I on objet12)[9bove)

3 PLJT(objoct Llocation found)[abovel
2 PUTON(remnainder of set,obioct2)Iitersteal
OR (after all choicepoinfa within PLITONI have been tried)
I CLEAROFF(object2)[abovel
2 PACK(set of obiocto,object2)[aet excludes all objects on object? before]

I LOCATESPACE(f or selected object - object!I, on abjoct2)(printiiive, choicepoint -locetloni

2 PUT(objectl at location found)[abovel
3 PUTONI(enother selected object on object I)[bove; only if fit is possible)
4 PACK(roimainder of set,object2)[iterates)

4 PUTJN~objectl or set of objectsbom)[coms from MifiPS ao PUTON, step I here)
I PIJTON(objectl or set,boOlabove; only first 1-2 sequene withoot MAKESPACEJ
OR
I CLEAROFF(box)[above; but first add what's already in box to et)
2 PACK(overyfhing now in eet~boii)(abovel

5 STACKUP(sot of object.)
I PLJTON I(selected object~table or current top of *tack being built)
2 STACKUPf trae.)s

Figure DA1 The components of the W9lox goal-subgoal system

in all but the simplest problem situations goals of the same type are evoked recursively,
though there are intervening levels of goal structure between th. recursive calls. That is,
goals do not directly evoke themselves as subgoals, but most situations give rise to
recursive nesting in some way. If in these nesting situations, a particular goal process
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relied on ad hoc signals for sequencing, there would be more than one instance of some
signals, causing confusion between the two processes. Thus, goal status for separate
invocations of the same goal are distinguished with an extra argument that names the goal.
Also, the NEXT and NEXTF sequencing predicates contain within them inactive versions of
signals that are to be asserted, so those signals are effectively hidden and can't interact
with information from active goals. If the Psnlst interpreter distinguished between
matches to a P on the basis of recency of data being used in a match, and fired the P only
using the most recent data (saving others until they eventually become the most recent),
then the goal executive mechanism would not be necessary. (This architectural variation
has been seriously considered as an interesting PS alternative.) But Psnlst, given a P with
any match at all that it has come to consider for recency reasons, fires all the
Instantiations it can find, old and new alike. The recursively-nested structure of Planner
control isolates separate goal contexts effectively, although it hides them much more
opaquely (making access to other contexts impossible) than is the case in the present PS
implementation.

It is fruitful to briefly compare the present solution of goal-subgoal management to
that found in the more general situation, namely in GPS (the General Problem Solver, a
version of which is described in Chapter IV of this thesis). The present system is very
specialized, with Ps that recognize specific differences, obstacles to success with a goal,
and that construct and evoke specific appropriate subgoals to treat those differences.
Thus a single P firing combines the workings of the GPS match and the table of
connections, between differences found and operators that might reduce them. In all
cases, a difference has a unique operator that is effective. Differences are local features
of the scene, so that there is no need for GPS's general match, which would want to work
on two different versions of the scene (actual and desired). The closest analogue In GPS
would be the performance of matches to a described, abstract object, which contains only
a few features of the scene that are relevant to the main goal. But with the present high
degree of specialization goes a loss of flexibility in applying operators and in using
methods. The operators are very specific, and are encoded to include their own fixed
subgoal sequencing. The lack of general treatment of goals and methods means that the
executive doesn't evaluate progress and shift problem-solving efforts accordingly. There
is also no provision for recognizing infinite loops of goals. Certainly, looping in blocks
problems is possible in general, but it may be that the present restricted operator
structure can not give rise to loops, although it would if it persisted in a reasonable way
in trying to attairn a goal.*

One detail in the dynamic behavior of the system that is hinted at in Figure D.1 by
the comment "choicepoint" is the management of alternative selections within operators.
Winograd's original implementation made use of Planner language primitives to ensure that
all such alternatives would eventually be explored, according to a strictly depth-first
search organization. That is, whenever at certain goal points alternatives existed,
information as to the nature of those alternatives was recorded, and if some failure
occurred at some later time, the system would back up, undoing all effects in between the

* Example: if an object, A, is to be put on object B, but has object C on top of it (I.e., C is
on A), and if the only available space to put C to GETRIDOF it is on the targeted space for
A on B, and if the only available space to put C is back on A when the program attempts
to MAKESPACE on B to put A, then there is potential infinite oscillation.
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failure and the most recent goal with alternatives, and would choose another alternative on
which to base forward action. PSs have no such mechanism built into the architecture, so
it has been neccessary to adopt conventions for setting up necessary information so that
alternatives can be explored in a similar way, and to code those explicitly wherever
necessary. On analysis of the structure of the task, it was decided to designate only a
very few locations in the search as such choicepoints. The reason why this required
analysis is that the Planner code for the blocks problem solver makes very frequent use of
the particular primitive that achieves this mechanism (THGOAL), but only a few uses of It
are actually necessary to ensure proper backtracking, the others being used to provide
other functions of THGOAL. Section D.7 will go into more detail on how the final search
behavior differs.

The primary function of choicepoints in WBIox is to record the current state of goals
with alternatives, and to record which alternatives have already been tried. The only
choicepoints in WRlox involve locations where objects are placed. If there seem to be
other meaningful alternatives in terms of the task, they have here been reduced to
location choicepoints. Further, the only part of the system's actions that is recorded so
that it can be undone in the act of backtracking, is the sequence of primitive actions
performed, along with, for some goals involving a set of objects to be iterated through, a
record of the state of the iteration (i.e., which things in the set have been tried). All other
goal information, for instance the goal-subgoal structure and what has succeeded or failed,
is irrelevant to the backtracking and is simply disregarded in backtracking. That is, for the
most part when the system backtracks, it simply reverses the sequence of hand motions
and grasping and ungrasping actions that it has done since the most recent choicepoint.
Whenever one of the primitives is performed, it records an event time, an integer that is
incremented each time such an event occurs, and when a choicepoint occurs, the current
event time is associated with it so that the backtracking can reverse the right actions.
Each primitive action is also responsible for asserting an element that says what its
opposite is, so that the action can be undone. The action reversal goes through the same
mechanism that is used in the forward direction, e.g. the MOVEHAND primitive is evoked, so
that all the proper bookkeeping is done automatically (invisible to the backup controller).

Further details on the implementation of choicepoints will be given in Section E.
Even though choicepoints have been fairly easy to implement, reducing backtracking to
manageable proportions, the strict depth-first variety of backtracking used here and in the
original program is not considered the best way to proceed, either in this task or in
general. The particular position that the PS philosophy implies on this issue is discussed
further in Section 0.4.

D.4. Production system issues

The next three subsections consider the issues that arose in WBlox with respect to
PSs, with respect to the language used to converse about blocks, and with respect to the
problem-solving operators. Included in the first is a discussion of the suitability of
backtracking as a method within a PS implementation, and what an alternative problem-
solving structure might look like. Also included are features of control and organization,
and a discussion of some time and space efficiency characteristics of the system. Then
(Section D.5) we go on to consider in detail the extensions that would be necessary to
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bring the system up to the level of competence of Winograd's system on the natural
language side. Finally (Section D.6), there is a discussion of some details of the blocks
problem-solver, independent of the implementation as a PS, which suggest difficulties and
possible significant improvements in its abilities.

The most important issue with respect to PSis is the suitability 9f the b r-c k lkn
method inherited from the Planner version of the problem-solver. Backtracking implies

that there is provision to ultimately try all possible variations in sequences of problem

operators in attempting to solve a problem, if that should be necessary. These alternative
sequences are tried in depth-first order, and in Planner there is little program control
over which alternatives at any point are tried first. In the toy blocks domain, this has
proved to be no strain on the control capabilities of PSs, although analysis has simplified

somewhat the amount of backtracking that is really necessary, and, further, certain

features of PSs as a language, to be discussed in Section 0.7, remove some of the
control needs that backtracking is used for in Planner programs.

Nevertheless, for this domain it seems feasible to adopt a strategy that requires no

backtracking or backup of any kind. Such a system would always work forward from its

present situation, adjusting to problematic situations by applying problem-solving methods

that attack those problems directly, after analyzing to find the real causes of the

problems. For instance, instead of doing backtracking within GETRIDOF, which searches

among alternative locations for putting an object in an out-of-the-way place, problem

operators could be applied to do direct blocks rearrangements to alleviate shortages of
available space. In such a scheme, the history of the choices made in attempting to solve

a problem becomes global, and is no longer associated with particular choicepoints in the

goal structure. For instance, all operations that have been performed on an object, and in

particular where it has been placed, would be available for examination by GETRIDOF in

the process of finding somewhere else to put it. Such a strategy might produce plans for

actions that are non-optimal in the sense that the same object is handled several times,

each shifting it to a new location, but it is judged easier to analyze such plans after the

main goal has been achieved, to smooth out such (rare) rough edges. I don't know of any

real exploration of the consequences of such a strategy, although the approach is similar

to the kind of Information-gatnering discussed by Newell and Simon (1972, chapter 12) in

connection with human problem-solving behavior in playing chess. Such a scheme is not

foreign to the constructs included in the Conniver programming language (Sussman and

McDermott, 1973). A primary component of such a strategy is a fuller system for

analyzing and describing what is problematic about a situation, and for linking such a
description with available methods.

Further analysis of how things are tried in the present backtracking structure could

improve WBlox's problem-solving ability, or at least efficiency, and perhaps eliminate or

minimize the amount ot backtracking necessary. WBlox includes all of the selection that

was used by Winograd to improve the search behavior, with perhaps minor improvements

in a few places (to be discutsed in Section E). For example, it orders sets of objects so

that the largest object . considered first, in plecing them somewhere. But further

orderings could improve the process even more, for instance, allowing GETRIDOF to always
make best use of available space by using the sma let space large enough to

accommodate an object. More details on where this is possible will be given in Section

0.6. PSs are advantageous in this kind of improvement due to the power of selection

inherent in LHSs of Ps. "
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The present Implementation of choiceoints (see Section D.3) Illustrates how PS.
might be applied to problem-solving situations in which backtracking is necessary, either
because not enough analysis has been done to allow more intelligence to be built Into the
problem solver as discussed above, or because genuine choices do exist. In such a
geeral case, the PS architecture allows several variations on the scheme, according to
task demands. One is to use P kemory instead of Working Memory to record the
choicepoints, to save Working Memory space (and matching overhead) and perhaps to
avoid interference between similar information at different choicepoints. In recording
cholcepoints, there is always a choice between storing what has been tried and what
remains to be tried, which in WBlox was resolved in favor of storing what has been tried.
When the task requires much more of the choicepoint mechanism, namely keeping track of
entire memory contexts to return to, as in Conniver (Sussman and McDermott, 1973), PS8
offer at least two alternatives also. Presumably, it is not best in such cases to use
Working Memory to store the alternative data contexts. Ps can be used to store entire
states as RHSs or sets of RHSs, to be made current by the proper evocation into Working
Memory. Ps can also be used to store update information, so that going from one state to
another previosly-stored one is done by a sequence of P firings, each making Incremental
updates to the current Working Memory state. For both of these, some method of storing
path information, or other evocation cues, must be adopted, so that states can be
accessed. For this, in principle, either Ps or Working Memory could be used.

The overall control ortanization of components of WBIox is as a hierarchy, along the
lines given in Figure D.1. The processing is directed by explicit goals in Working Memory,
and Intra-goal sequencing is done by specific ad hoc control signals. In terms of modules
of Ps, which conceptually means Ps that share common knowledge assumptions, the entire
system is divided roughly according to the first letter of Ps' names, but in the WBlox part,
modules are larger than is warranted by conceptual organization: all of the higher-level
goal parts are in the W module, and the primitive operators are in the Q module. But given
that, It is still the case that generally, the action of a module consists of firing very few Ps
(one, two, or three, usually), which perform some actions and pass control to another
module's Ps. This is true of most of the modules in the MiliPS part, and is at least partially
true in the WBiox part. In W9lox, on the average, one W P fires, then about three Q Ps
fire, then control goes back to a W P. This is based on figures given in the control flow
summary trace in Appendix H, after the first program trace segment. This supports the
claim that PSs lend themselves easily to a modular organization of knowledge, and are the
right level of conciseness to express incremental applications of such knowledge modules.

PSs are used to advantage to do a variety of complex selections within single LHSs.
Several processes order a set of objects by size by using an LHS that performs a match
on the set and selects the largest for its next action. Some of these make the selection
under the constraint that the object will fit on top of some other object. (Details on which
ones make such selections will appear in Section E) The MAKESPACE process selects an
object that is the smallest one large enough to accommodate another object. FINDSPACE
uses single-P selections to find greatest lower bounds on a region along X and Y
dimensions, and to find least upper bounds on the two dimensions. That is, given a point
In a clear region, it selects the object that forms the closest boundary of the region in a
particular direction. It also uses such selections to shift its attention from a point that Is
obstructed by an object to the nearest point on its boundary, which may adjoin on a clear
region suitable for further examination. (FINDSPACE will also be discussed further below.)
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All of these selections would be clearer to express If Psnlst had an additional simple match
primitive (see Chapter VII). As it is, the expression of such selections is sometimes
awkward and repetitious. But at a higher program-organization level, it might be better to
have a selection module or goal, rather that having each problem operator do Its own
selections. Having the separate selection would be warranted if it were to become more
complex, e.g., based on history or on considerations other then simple local ones or on
interactions with other goals.

A variety of control gdevicgi are used in W9lox. Iterations in PUTON,
STACK, and PACK are controlled by signals that record the processed elements In the sets
that the operators are working on. Simple match conditions exclude these tried elements
from being considered in the selections involved in these processes, and the signals ore
noted in the same way as primitive hand actions, so that backup can take them Into
account. FINDSPACE uses modifiable defaults in computing boundaries of a region, which
means that as a first attempt at a boundary a default value is used, and then Ps may or
may not fire according to conditions, to update those default values. Later Ps make use of
the existing values without then having to be concerned with where they came from.
Double signals for controlling steps in a process are used in several places: In FINDSPACE,
in some grammar adjacency checks, and in checking the results of the whole blocks
process. That is, a P evokes one step of a process and at the same time asserts a signal
that at the proper time (when it pops out of the examination stack for events, :SMPX)
evokes a P that asserts a signal that starts the next step of the process. This device
avoids having the next step evoked prematurely from intermediate results from the
preceding step. A disadvantage is that the control signal must be Included in the Ps of the
second process that may accidentally suffer from premature firing, or usually all of them,
to avoid having to know too much in advance. In the cases at hand, this Is not a serious
problem, since the second step is one P or a small number of Ps.

The generation of the transitive closures of the IN and ON relations takes advantage
of Psnist's ability to fire a P on several sets of data "simultaneously". In this case, a set of
Ps amounts to a breadth-first assertion of the indirect relations in the scene, since at each
Iteration of the set, all the existing indirect relations are extended by another link In the
chain or network. This process simply continues until no more new relations are assorted,
at which point control falls back to another signal and processing continues (see the 810
Is).

Bookkeeping after hand moves is done under the control of specific signals. When
the hand moves holding an object, relations that the object had are no longer correct, and
now relations may now hold, so that checking is done in two distinct steps. Without
specific control of these t'vo steps, for instance, newly added relations would be deleted
by the step that deletes the existing relations in preparation for any new ones. The
program actually started out without specific controls, and was found defective.

As was the case for MRiiPS alone, everything in the Working Memory Is deleted
between input sentences, except for instances of special (by convention) database
predicates. This removes the need for more careful u and resing of unnecessary
elements, preventing interference between sentences (which wouldn't necessarily occur),
but is unsatisfactory in being rather arbitrary. More reasonable schemes such as having
elements automatic ally deleted after being unused for some number of recognition cycles
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are recommended by this as wel as other PSe implemented so far, but cannot be explored
in practice within the present scope. Another ad hoc mechanism in Wmox is the PSMacro
MAKE[NSTL (see P WO), which converts the value bound to a variable In an LHS match to
be an assertion at the top level in the RHS. This circumvents a deficiency In the Psnlst
language (not allowing variables in predicate position, and not allowing matching of nested
structures), but is justified in two ways: it is used sparingly, and it Is very convenient in
converting data that would otherwise require a set of specific Ps, one for each type of
conversion done, according to the particular predicate in the assertion.

Over the 24 tasks given to Wi~ox, run times range from about two minutes up to
about 40, with all but one actually under about 10 minutes, and with the aver"e at 4.5
minutes. (There is good reason to believe that the 40 minute figure may be inflated by
computer system characteristics at the particular time the run was made, by as much as a
factor of 2, based on average run time per P firing, which is ordinarily about 1 second, but
in that case close to 2.) The PS uses a total of about 48K words of Lisp cells, and one of
the longer tests (19) uses about 5.5K for its dynamic Working Memory, of which about 2K
is taken up by the residual database portion. Of the 48K in program, 27K is for the Mi"iPS
part, 21 for W81ox. The full PS has 408 Ps, including 3 test Ps, of which 278 are in MiiPS
and 130, in WBlox. Since the old version of MiliPS has 193 Ps, including 5 test Ps, 85 Ps
were added to bring MiliPS up to handling the richer input language. Test 19 has a
Working Memory of slightly over 400 instances, of which the database is about 100 items.
In that test, even though the total number of items is large, no single predicate has a largo
number of instances, the most heavily loaded (with about 40) being UNEVENT and NEXT,
which are concerned with backup information and goal sequencing, respectively, and which
could easily be stored as Ps if it were necessary to reduce the size of Working Memory.

D.5. Extendina the language system

There are a number of specific features that could be added to the present system,
If It were desirable to bring it to the level of competence of Winograd's original system.
In fact, many of the features discussed here go beyond the original, but seem to be within
reach of the PS. MiliPS is much weaker than the original in its ability to generate
interesting replies. MiIiPS has no capabilities to answer "why" questions, which involve
knowledge of the problem-solving history that has preceded the question. Some related
aspects are being able to use past tenses, being able to deal with queries about actions,
and being able to use relative time descriptions such as "the first thing you touched after
stacking up the red blocks". MiliPS doesn't know certain verb forms that bear on relations
that it has, e.g., "what does the box contain". It also needs to be able to understand some
variants on relational phrases, for example, "the block that the pyramid is on", and to be
able to deal with the converse of being "in" or "on", namely the support and containment
concepts. MiliPS has very little in the way of treatment of pronouns or references that
depend on the history of the conversation. MiliPS doesn't handle "and" in a general way,
restricting its use to conjoining subjects of commands. The present language can't deal
with certain aspects of the internal representation: sizes, locations, and stacks.

MIIIPS lacks an ability to handle numbers, as in "stack up three blocks" or
"supported by three boxes", and it can't answer "how many" queries. This involves being
able to recognize plural forms of nouns, to enforce agreement between nouns and verbs,
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end to recognize more general uses of conjunction, which ot present Is limited to the main
nouns of the input. MliiPS would have to be extended to handle negation, which In
particular involves some extra Ps in the referent-determination process, that would
restrict the set of possible referents in an opposite fashion to the present positive
restrictions. This suggestion assumes that It is more reasonable and general to assume
that all database attributes and relations have a positive sign, as was assumed here, rather
then allowing both signs as in the original filiPS. If general propositional logic Is
expressible in natural language, to process it in the present framework would require
manipulation of sets of possibilities and their complements, and possibly saving partial
results for use in restoring previous interpretations on the basis of new input. For
example, in "on the block or to the right of the block", the first candidate relation might
make the set of possibilities empty, so that the second alternative would have to be tried
with the set that existed before the first phrase was seen.

tAIiPS is less interactive than SHROLU, specifically lacking the ability to lay out
choices in an ambiguity situation and allow the user to specify in a simple way which one
was intended. It can't augment its language ability as could SHROLU. SHROLU was able to
attach proper names, e.g. Superblock, to objects, and it could converse about a previously-
unseen concept like "ownership" or a new structure of blocks like *steeple*.

IAiIPS lacks an ability in many cases to rule out interpretations purely on the basis
of semantics, as opposed to pragmatics, as was used in the original blocks system to rule
out having the table try to pick up blocks, for instance. An exhaustive examination of the
possibilities of occurrences of various kinds of relations in commands, namely whether a
particular phrase is used as a restriction of possible ambiguity, as a redundancy, or as an
inconsistency to be applied elsewhere, leads to some cases that weren't judged to be
common enough to warrant attention in MiliPS, but that might be desired in a fuller system.
One case contains phrases that are all inconsistent with the main noun, but that are at
varying levels of specificity with respect to being turned into the command relations to be
fulfilled by the system. For instance, in "put the pyramid in the box on the red block",
suppose the scene contains no pyramid in the box, and that there is a red block in the
box. In this example, both relations are inconsistent with the main noun, and both could
thus be commands, but the second is more specific and consistent as a command with the
first, and should thus be preferred. A second case involves a redundancy that might be
inconsistency with the main noun, but is subsequently superceded by a real inconsistency.
Thus bindings of relations to be command relations has to be tentative in some cases, with
possible updating after more of the input is seen.

How feasible is it to make these extensions? Adding to the grammar of the language
accepted is relatively easy, involving just adding grammatical classes and figuring out the
appropriate adjancies to be checked. Eventually, under pressure from complex languages,
it might be better to systematize and generalize to the extent of using some kind of case-
based structure for grammar expectations, analogous to the current way that a "pick"
command expects to contain an "up" somewhere. Also as structures get more complex, the
variety of sentence types might be systematized so that processing depends not on those
types but on classes of types or on attributes of types, e.g., sentence types in which an
indefinite determiner should be taken as a choice, as in present imperatives. The
plausibility of being able to extend the present system Is supported by the completeness
assertions in Section 6.1, and also by the relatively clean system of treating things as
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ambiguities, redundancies, or inconsistencies. The number of Ps estimated to be required
for such an extension is in the vicinity of 200-300.

0.6. Blocks DrOblem-solvina issues

The present blocks operators closely parallel Winograd's, but it is useful to discuss
them with a view toward extension, and for the purpose of raising more general problem-
solving issues. One feature that was discovered in the course of testing was the
possibility of interference between goals. The particular Instance of this phenomenon
occurs In a few situations where the program finds space to put an object, then evokes a
subgoal to grasp the object, and in the process of grasping it, manages to place another
object in the target location. This occurs in the problem-solving connected with inputs
18.0 and 24 (five times in the latter), which will be discussed in Section E, and it occurs
only within a CLEAROFF operation, which has GETRIDOF as a subgoal, which in turn evokes
PUT which evokes GRASP, which may evoke another GETRIDOF to place some object that is
in the way of the GRASP goal. Apparently no other locations in the goal-subgoal structure
have such a combination where interference can occur. The trap is that the FINDSPACE is
done before it is certain that all other objects are in a proper location for the follow-up
operation. This problem was corrected accidentally by the program itself without specific
modification, due to the iterative structure of CLEAROFF: it checks the existing situation on
the object being cleared off each time it iterates, essentially double-checking previous
attempts, and not assuming that those previous attempts were successful. MOVEHAND
checks the target location for clear space for an object being grasped, and does nothing If
the location is occupied. In the original program, if such a thing occurred, the failure to
PUT the object in the space would have caused a failure, with backtracking to try to do
something (blindly) to correct the error. Even though in the specific goal structure here
the problem is not serious, it is the case in general that some provision should be made
for such interfering goals, at least providing for some communication of intentions. In the
particular space problem here, one solution, used by Sussman (1973, Section 4, pp. 88-90),
is to esablish "ghost" objects that occupy space but can't be manipulated as ordinary
objects. There is one other approach in the present case, a trivial change that rearranges
the sequence of operators so that the FINDSPACE is done after the GRASP Is finished,
which Is the subject of an experimental patch to the WBlox system, discussed In Section
F.3. But the general problem of goal interference deserves further attention.

As discussed above, backtracking is considered not the best approach, especially for
PSs, where it is possible to add as much guidance as desired. For the toy blocks domain In
particular there are improvements that might eliminate the need for it altogether. A
couple of things should be investigated as improvements along this line. Both
considierations deal with the placement of objects in empty spaces, which process grows
as the factorial of the number of objects to be placed, under the backtracking strategy
used in the original blocks system. Several processes presently choose to work first with
the largest object in the set of objects that they're working with, but the way that
largest" is determined is by taking the sum of their length and width, which is the metric

used In the original. This might be improved by using area, by using the larger dimension,
or by some measure dependent on context (for instance, when putting objects in a space
narrow in width, width would be a more important consideration). Choosing the right
largest object is important because such routines as PACK assume that using the largest
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object first will guarantee being ae to fill the space, if any arrangement at AN satisfles
that goal.

The second consideration to eliminate backtracking Is probably more lmpotant,
hamely, using available empty spaces, particularly on the table, more effectively. This
assumes a more global view in FINDSPACE, which will be discussed below. One trick Is to
use a space for an object that is just large enough to accommodate the object, but that
minimizes the extra space that is wasted because the object doesn't fill it completely.
Some cqre must be taken here with shapes of spaces, since in the present system, spatial
orientations of blocks can't be changed (for instance, they can't be rotated 90 degrees).
Care is necessary because two spaces might be equivalent for one object, but for another
object, only one of the spaces is right due to its shape. Another consideration Is that
before spaces are filled in some processes, a better idea must be obtained on what
objects in the scene will ultimately have to be moved to allow the main goal to be attained.
In some cases, this requires a rather exhaustive pro-examination. For Instance, in
STACKUP, it may be necessary to move only small objects off of blocks that are to go near
the base of the stack, but later it may be necessary to get rid of a larger object that is
presently on top of one of the blocks to go near the top of the stack. Along the lines of
allocating space optimally, there are conceivably a number of heuristics, applicable In
special situations, which could help guarantee a minimum of backtracking, for instance,
taking account of specific sizes and shapes to fill odd clear regions. In some cases, It
might be possible to anticipate the need for PACK, rather than trying the ordinary PUTON
first, such as when a set of objects has too much area to fit on a surface without it Note
that In the present task, there are no esthetic considerations, nor are there practical
constraints such as putting tall blocks toward the rear of the scene so that they're loss
likely to get knocked over in moving the arm around. These constraints might be applied
to distinguish apparently equivalent locations under the criteria above.

Two things about choicepoints in WBIox deserve mention. First, they are not exactly
the same as the ones that are logically present in the original program (by my examination
of the Planner programs; it is difficult to tell exactly because the THGOAL primitive Is used
in many places that aren't choicepoints in the sense used here). In two places In the
original, a set of objects was processed using the backtracking mechanism, rather then
sorting the set by size as was used in other places in that program, and which
corresponds to the selections used in Wglox. That is, an object would be picked at
random, say from all those on top of some block, and if later processing based on that
choice failed, backup would come back and cause another to be picked, and so on. Also,
for the goal Interference problem discussed above, the original would have failed some
subgoal, causing backtracking, rather than letting the iterative nature of an operator do
the double-checking as in WOox. These differences will be discussed in more detail In
Section D.7. The choicepoint mechanisms in WBlox are presently distributed in specific
form In several places, rather than having a general mechanism used by the various
operators that need choicepoints. The same approach is used to record specific primitive
events that are backed up (undone) when a failure occurs. If there were a common
process used by all choicepoints, perhaps some of the work now done in various places
that requires things to be expressed with several Ps could be expressed more concisely,
particularly things that have to do with evaluating whether to go ahead with a particular
choice or whether to reject it, say, because it duplicates a previous one or because a
numerical limit has been exceeded for such attempts.
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The present FINDSPACE r returns the first suitable region found after a
random selection from the points on a surface have been examined. At each such random
point, a process applies to try to find the largest clear 'region surrounding the point.
Although details appear below (Section E2), it suffices here to point out that such a
random basis leads to a program that is hard to debug because behavior is rarely
reproduced reliably. It is based on the FINDSPACE in the original program, but in the
course of development, several minor Improvements have been made, and some major
possibilities for further improvement are now evident. FINDSPACE could function best by
searching a grid of points in the region, where the grid need not be any finer than the
size of the object that is to be placed. For the smallest block in the present scene, the
grid for the table would be 100 points, ranging down to less than 20 for a majority of the
blocks. Most of the grid points would be rejected immediately due to being located inside
an object already on the table. More would be included in regions already found, so that
the actual work of examining the space around a point would probably be required for
fewer than the maximum of 10 random points that are now examined. The process would
then be guaranteed to find space if it existed, rather than the present arbitrary cutoff
after 10 points (which are generally not in 10 distinct clear regions). The most sensible
strategy would be to find the clear space once (especially for the table and the box, which
usually have a lot of space and are used frequently as locations for other objects), and to
keep the list of regions globally available and updated when objects are moved.
Alternatively, rather than updating, a new invocation of FINDSPACE could first check grid
points in regions that existed at the previous invocation.

D.7. Comparison of WBlox to the orizinal Planner version

The two programs are apparently quite similar in behavior, although there are a few
minor differences that arose to keep mechanisms within WB1ox similar in design philosophy.
There is one major qualification to comparisons of this sort: detailed behavior traces are
not available for the original program, especially on the kinds of tests that are used here
to verify that everything in the program is in good working order. Also in at least one
case the program code was too obscure to attempt to duplicate its actions too closely, so
an Informed guess was made as to its function.

One behavior difference has to do with where choicepoints occur in the program. In
the original, as mentioned before, when MOVEHAND failed because the movement caused
one object to overlap the space of another, a failure resulting in backtracking occurred,
whereas WBlox recovers by iterating the main goal that gave rise to the MOVEHAND
command. (Actually this would apply to PUT in the orginal, which duplicated the overlap
check in MOVEHAND, but not in WBIox.) The failure in the original could thus result in
retrying some choicepoints before getting back to finding another place to put the object.
The CLEAROFF operation in WBIox applies a selection by size to the objects on top of an
object that need to be cleared off, whereas the original simply had a loop that selected at
random, subject to backtracking choices. Thus W9lox has no choicepoint in CLEAROFF,
where the original did. Similarly, in MAKESPACE, WBlox uses a selection by size, where
the original relied on backtracking to correct any stupid choices.

The PUTON operation in the original program, when working to put & set of objects
on another object, simply tried once to put the set on, in some arbitrary order, and on
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failure proceeded to try to PACK them on. WBIox selects items from the set by size,
largest first, and when PUTONI fails, tries to find alternative locations If possible before
giving up and using PACK.

There are two differences in the hierarchical structure of the blocks operators,
between the two versions. GRASP in WBIox does GETRIDOF, for an object in hand, before
doing CLEAROFF of the object to be grasped; the two operations were done in the
opposite order in the original. (WBlox follows Winograd's book here, which disagrees with
the available Planner code, Card, at al., 1972, which was used to obtain details.) UNGRASP
In WBlox includes support checks that were part of PUT in the original. UNGRASP refuses
to let go of an object if it is unsupported, whereas the original would refuse to PUT it at
an unsupported place. It turns out that UNGRASP never fails anyway, In WBIox, since
other operators are sufficiently careful where they try to put things. As mentioned above
parenthetically, WBlox has no check for object overlap in PUT, but only In MOVEHAND,
whereas the original had it (redundantly) in both places. One minor difference between
the two $s that when the original does select objects from a set according to size, It sorts
the whole set once, and uses the sorted list result thereafter, where WBlox simply selects
the largest remaining object each time it examines the set.

The basic strategy in programming the present version was to take advantage of
the selective power of the PS rather than to rely on a weak and inevitably stupid process
such as backtracking to arrive at an appropriate sequence of actions. It is probably true
that PSs are more suitable to situations where specific knowledge can be applied to help
the program make appropriate selections, than to situations where the only available
method is a weak exhaustive search.

Superficially, the two versions have some similarities. The lengths of the listings of
the two programs are almost identical, both around 950 lines, although the PS listing looks
more densely packed onto the page. The original program consisted of about 105 Planner
theorems and Lisp functions, whereas WBlox has 130 Ps. But in the computer, WBlox uses
21K words, where the Planner version used 8.8K. One of the larger scenes for WBlox
used about 2K words, where the original used 1.3K, but for a slightly smaller scene, so the
two are similar in scene storage. A major contrast is run time, since the original ran in 5
to 20 seconds, as compared to about 60 times that for the PS. This Is distorted in
Winograd's favor by several problems given to WBIox that were intended to cause
considerable problem-solving, perhaps a factor of 5 to 10 times more than any of the
original ones. Thus the adjusted efficiency difference is within the order-of-magnitude
improvement that is expected to result from efforts to compile Ps.

On a statement-by-statement basis, the main conclusion reached by comparing the
contents of Planner theorems and Ps is that a Planner theorem, with several conditional
accesses to its database, and with backtracking ultimately trying all the possible paths of
execution through such a procedure, corresponds to several Ps, with each one
representing one of the conditional steps in the Planner theorem. (To explain why the
numbers above are so close, it needs to be pointed out that there are not many Planner
theorems that convert to several Ps.) Figure D.2 gives a direct contrast between the
two modes of expression. Alternatively, if actual conditional cases are few, a set of Ps can
represent all the conditions and actions for all the possible execution paths through the
theorem. For this alternative, some cases can usually be logically excluded, because some
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combinations of conditions, corresponding to paths, are not meaningful. Also, some of the
Planner backtracking search is invisible at the surface level in P LHSs, hidden within th&PS
match.

theorem TC-Cleartop(consequent Cleartop(x)h
begin; local variable y;

if not Support(x,?) then assert(Cleartop(x)) also succeed(theorem)
Loop;

If goal(Support(x, 4-y)) then goal(Getridof(y),use(TC-Getridof)) also go Loop
else ussert(Cleartop(x)) also succeed(theorem)
end;

W3: clearoff(g,x) & supports(x,y) & not supports(x,obiect-bigger-than-y)
& not supports(xob iect-same-as-y-and-lexically-ireater-than- ¥)

-> newgoal(g1) & getridof(gl,y) & next(gl,"clearoff(g,x)");
W6: clearoff(g,x) & cleartop(x) -> succeed(g)

% cleartop is asserted automatically by MOVEHAND 2

Figure 0.2 CLEAROFF expressed in simplified form as a Planner theorem and as Ps

The Planner goal primitive, THGOAL, serves three functions. The first corresponds
to a condition within an LHS, i.e., an access of Working Memory, so that a Planner user is
sometimes evoking an explicit primitive where a PS user need not do so. Note that this
puts failures to match the database in Planner into the backtracking mechanism, where in
PSs it is simply a failure to match a P. The latter seems to have some advantages in
clarity of expression, since it ties condition elements together into coherent units rather
than having an unbroken string of them. The second function of THGOAL in Planner
corresponds to evoking subordinate problem operators by RHS actions in Ps, except that
Planner generally uses explicit references to appropriate theorems, where the selection is
done by recognition in PSs (recognition of a signal or a goal). This can include iterating
through a variety of methods (which is different from choicepoints within a method). The
third function corresponds to setting up choicepoints in PSs. The PS expression of this is
more complex than for Planner, but it has much more flexibility and selectivity. For these
three functions, PSs thus provide means that are more direct, more flexible, and more
explicit with regard to intent. That relatively little explicit mechanism in PSs was
necessary to duplicate the problem-solving search built into the Planner language indicates
that the Planner approach is not precisely suited to the domain at hand, and even lends
Itself to using blind search where slight additional knowledge (selectivity in making actions)
can be quite effective in producing adequate problem-solving behavior.
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This section presents enough details to give the reader a fuller picture of the Inner
workings of WBIox and to allow the reader to understand the corresponding complete
detail in the appendices. First, a segment of program trace is explained, so that details of
the program's behavior (Appendix H) can be followed. Section E.2 gives details on each
of the problem operators. Section E.3 discusses the particular aspects of tasks, and
describes a peculiarity of the backtracking mechanism along with an experiment that
modifies the behavior to be less strange. Section E.4 gives details on WBlox'S
predicates, which are important for reading the actual Ps in Appendix F.

i. An example in more detail

Figure E.1 gives the program trace for test sentence 1. The first six lines give a
trace of the processing of the input, similar to that for the old MiliPS program. The main
thing to notice is that there remains an inconsistency at the end of that processing, and
that it then becomes the intention of the command. The top goal for the problem-solving
system is on the "STARTING" line, which says it is to put BLOCK-i onto BLOCK-5. The
part of the scene that is pertinent to this command is that on BLOCK-i there is a small
pyramid, PYRAMID-i, and that BLOCK-5 has nothing on top of it. The first action taken to
achieve the PUTON goal is to establish the subgoal G-1, to CLEAROFF BLOCK-i - objects
with other things on top of them can never be moved, in this model of toy blocks. The line
after the G-I line is indented, to indicate that the goal established there is a subgoal of
the previous one. Goal G-2 is to GETRIDOF PYRAMID-i, which at the start was on top of
BLOCK-i.

The next five lines give the trace of FINDSPACE working. it selects several points
at random on the table, to try to find space to put PYRAMID-i, finally settling on the
region on the table with lower left-hand corner at point (600 0 0) (using standard X-Y-Z
Cartesian coordinates) and with upper right-hand corner at (1200 600 0), as indicated by
the line starting "FOUND REGION". To go through that more slowly, "REJEC'ING" indicates
that the given point is within some object already on the table, so it can't be considered,
but FINDSPACE uses that point to shift to the point on the boundary of the obstructing
object that is closest to the first, and then looks for a clear region at that boundary point,
as indicated by the "LOOKING AT" line (when it follows a "REJECTING" line). In this case,
attention shifts from (780 721 0) to (780 600 0), where the first happened to be inside
the box, and the second is on its lower boundary. Considering the boundary point doesn't
help, because the clear region found according to FINDSPACE's limited capabilities is too
small to fit the pyramid, as noted by the "REGION AT" line. The next attempt with a new
random point on the table is successful, finding the large region with lower left-hand
corner at (600 0 0). Using the FINDSPACE result, GETRIDOF establishes a new subgoal, G-
3, to PUT PYRAMI-1 at a random point in that clear space.

PUT has GRASP as a subgoal, and GRASP in turn wants to CLEAROFF the pyramid
before it grasps it; the CLEAROFF goal succeeds immediately, since the pyramid has
nothing on top of it (the program does not make use of the fact that pyramids never have
things on them). The line starting with (0) is the first primitive hand movement, which
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I INPUT TEXT IS * PUT THE SMALL RED BLOCK ON THE BLUE BLOCK
OBJ-1 ANBDIG S3-I BLOCK-i PYRAMI-I ...
08J-1 ANBIG R4-1 BLOCK-I PYRANID-3 ...
OBJ-I REFERS BLOCK-i
O3.-2 AMBIG Ba-1 BLOCK-I PYRAIO-2 ...
03J-2 REFERS BLOCK-S
RELINCON OBJ-1 BS-1 ON BLOCK-I POS
STARTING OT PUTON BLOCK-i ONTO BLOCK-I
GOAL 0-I CLEAROFF BLOCK-i
* GOAL 0-2 GETRIOOF PYRRIO-I
REJECTING (786 721 8)
LOOKING AT (788 600 0)
REGION AT (609 606 6) TOO SMALL
LOOKING AT (76 9 6)
FOUND REGION (680 S B) TO (1286 666 0)

* . GOAL G-3 PUT PYRAMIO-1 (988 451 1)
* . . GOAL 0-4 GRASP PYRAMI-1
* . .. GOAL G-5 CLEAROFF PYRAMI-i

6-S SUCCEEDS
(6) MOVING HAND FRO" (9 166 466) TO (156 150 260)
(1) GRASPING PYRAMID-I
C-4 SUCCEEDS

(2) LIFTING PYRAIIO-I FRO" (10 10 100) TO (96 451 1)
TAKING PYRiIO-1 FAO STACK-3

STACK-3 DISMANTLED
(3) LETTING GD OF PYRAMID-1
ADDING PYRAMID-I ON TABLE-1 (PO)
6-3 SUCCEEDS

6-2 SUCCEEDS
C-1 SUCCEEDS

FOUND REGION CLEARTOP BLOCK-S
GOAL C-S PUT BLOCK-I (466 640 466)

GOAL G-7 GRASP BLOCK-I
. COAL G-6 CLEAROFF BLOCK-I

C-6 SUCCEEDS
(4) MOVING HAND FROM (958 561 10) TO (156 IS@ 166)
(I) GRASPING BLOCK-1
0-7 SUCCEEDS

(6) LIFTING BLOCK-I FROM (160 180 0) TO (40 646 400)
(7) LETTING GO OF BLOCK-I
ADDING BLOCK-I ON BLOCK-S (POS)
MAKING STACK STACK-4 BLOCK-I BLOCK-I
9-S SUCCEEDS

CT SUCCEEDS

REPLY (1 (OKAY))

Figure El Program trace for WBlox input sentence 1

moves it from its starting location to the center of the top of the pyramid, which point is
computed from the location of the pyramid (100 100 100) and its size, also (100 100 100).
The next line, starting with (1) to indicate another primitive hand movement, shows the
hand actually grasping the pyramid. The numbering of the hand movements reflects the
Internal bookkeeping (the actual value is called EVENTTIME) that is being done in case
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backtracking is required: only the hand movements and some assertions that keep track of
what's been tried in connection with commands that have multiple inputs (PUTONSET,
STACKUP, and PACK) are recorded in this way and subsequently undone in case
backtracking occurs (the latter do not appear in the program trace, so there will appear to
be gaps at times). When backtracking is going on, the program trace prints again those
hand movements, but reversed to show their undoing, with the same numbers attached.
That backtracking is occurring is thus evident by the descending numbers for those
movements. Only a few of the tests given to WBlox require backtracking, as will be
discussed in Section E.3.

After the grasping movement, the GRASP goal, G-5, succeeds, and control returns to
the parent goal, the PUT goal G-3. The six lines in the trace up to "G-3 SUCCEEDS" show
the completion of the PUT operation, with a hand movement lifting the pyramid to the
target location, and with a further hand movement to let go of it. The other lines show the
bookkeeping that is done as a side effect of the movements. First, when the pyramid is
moved, it is no longer on BLOCK-i, so that the stack composed of the pyramid and the
block, STACK-3, is no longer a stack. Second, when the pyramid is let go, the program
notes that it is now on the surface of the table, and records that fact internally.

The remainder of the trace shows little that is new, as the program proceeds to put
BLOCK-I on top of BLOCK-5. In this case FINDSPACE doesn't need to go through the
process of looking at random points because the target block is all clear. When BLOCK-I
is finally placed on BLOCK-5, a new stack is created, and both blocks are added to the
stack, STACK-4. If any other blocks are added to an existing stack, i.e., are put on top of
a block in an existing stack, the attendant operation consists of just noting the addition.
This trace has illustrated most of the variety that the reader will encounter in looking over
the program traces in Appendix H.

Other features of the material displayed in the appendices include run statistics,
production-firing traces, displays of the residual Working Memory instances which compose
the program's database, and diagrams of the scenes. All of these except the last should
be familiar from the descriptions given of the old MiliPS program. An example of a
diagram of a scene is given in Figure E.2.

The diagram shows only the horizontal plane of the scene, with the Y dimension
somewhat compressed. Scattered throughout, at points approximately corresponding to
actual locations of lower left-hand corners of objects, are markers for the scene objects.
The object markers are systematic abbreviations of the objects' names and attributes as
follows. Each marker is four characters long. The first character is the first letter of the
size attribute-value for the object, if any, e.g., L for LARGE, or just the character "". The
second character is the first letter of the color attribute-value, e.g. R for RED, or "+" if it
has no color. The third character is the first letter of the kind of object, e.g., B for BLOCK.
The fourth character is the number of the object, i.e., the thing following the "-" in the
object's name, e.g., 5 for BLOCK-5. Two exceptions to the above rules are observed: "X"
Is used for BOX, so as not to conflict with BLOCK, and no string is given for the table,
whose location is (0 0 0). A full example is "SRP3", standing for "small red pyramid,
PYRAMID-3". As to the spatial location of these four-character markers, two things need
to be explained. When two objects are at the same X-Y plane location, but one is above
the other (Z dimension), this is indicated by placing the marker for the higher one above
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Figure E.2 A display of the scene after the first command

the marker for the lower one, in the diagram. But having one marker above the other can
also indicate that two objects are adjacent on the same plane, so when such ambiguities
arise, the display of the database must be consulted, in particular the LOCAT predicate.
Also, when two objects are too close together, i.e., would be displayed at the same place'
In the diagram, the second one is shifted to the right until the first open space occurs, and
is placed there.

The system's behavior on Test I is displayed in complete detail in Appendix I,
Including details of each P firing and a display of Working Memory after the sentence has
been processed.

E.2. Details on components

This subsection will give details on the cononents of WBlox that do a significant
part of the problem-solving. The primary concern is to present information on the parts
of the program that use selections (analogous to sorting), iterations through sets, and
choicepoints. For more detail, the reader should consult the listing of the actual'Ps,
Appendix F, in conjunction with the information given in Section E.4. Examples of where
most of the capabilities are exercised will be discussed in Section E.3.

CLEAROFF is a simple iteration of the GETRIDOF operation. CLEAROFF has two
components, one to select the largest object on top of the object to be cleared off, and
one to recognize success and end the iteration. The selection of the largest object is on
the basis of the sum of the length and width of the object, and ties are broken arbitrarily
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by using lexicographic order on the objects' names. The selection results in establishing a
subgoal to GETRIDOF the selected object.

GETRIDOF makes three attempts within the W8lox choicepoint nmechanism to find a
suitable location on the table at which to place the object to be gotten rid of, and failing
that, attempts to place it on some other object that may have enough space. Whether a
location is suitable or not depends on whether the whole process backtracks to the
particular choice of location or not. GE'RIDOF uses FINDSPACE to locate clear spaces of
the required size, and for the table has to allow the possibility that FINDSPACE will return
a location that has already been tried. Such a duplication is counted as one of the three
attempts because it is possible that only one suitable location on the table exists. If
FINDSPACE fails to find a region on the table, three attempts are considered done, and
GETRIDOF goes immediately to the consideration of other objects. GETRIDOF chooses the
non-table objects on which to try to find space arbitrarily (lexicographically on the name),
from the set of objects (except boxes and pyramids) that are large enough to
accommodate the object to be disposed of. When all the available choices fail to survive
later actions, GETRIDOF causes a backup to the previous choicepoint, if any.

FINDSPACE is driven by randomly selected points on the surface on which it Is to
find space. The only exception to that is when the surface is completely clear. The
random point is not chosen from the entire surface, but from a surface whose upper and
right-hand boundaries have been trimmed by a fraction (presently two thirds) of the size
of the object to be placed (clearly most points in this edge space are unsuitable because
the object if placed there would protrude over the edge of the space, but some part of
the space must be included so that random points near the edge are considered). In
attempting to find space, ten random points are tried, and then the procedure fails.
FINDSPACE works solely with the length and width dimensions, due to a restriction on the
task environment, namely that an object on top of another must have its entire bottom
surface in contact with the supporting object. This restriction guarantees that the space
directly above any clear region on an object is clear. A random point is first examined to
determine whether it is inside some object, and if so, it is replaced by the point that is
closest to the random point on the boundary of the obstructing object.

Using the given point, FINDSPACE then establishes lower boundaries on the clear
region aroung the point by finding the closest object in both the X and Y dimensions
Independently. This suffices for the present task but is not the best imaginable procedure
because the result is a point that may be adjacent to clear space in one direction or the
other, so that the region found might be expandable either way with possible contraction
in the other dimension. A more exact procedure would take into account interactions
between the X and Y bounds rather than considering them independently. (The code for
doing this in the original program was rather obscure, so I tried to imitate the best guess
as to what it did.) After establishing the lower bounds, the region at the lower boundary
point is examined to see if it is big enough. This is done by an easily-expressed PS
pattern that tests whether any object overlaps the space defined by the point augmented
by a region of the desired size. If a fit is possible, upper bounds for the region are found
by again testing X and Y coordinates independently, locating the closest objects in back of
and to the right of the given random point. The final augmented region is used to
determine the location returned by FINDSPACE, by taking the lower left-hand corner in it,
by taking a random point that will still allow the object of the desired size to be placed, or
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by computing the point such that the object will be centered within the space. Thee
options ore chosen according to whether the space is to be packed, Is on the table, or Is
otherwise on a block, respectively.

PUITON can come from the IMiPS part of the system as a single assertion or as a set
of similar assertions. In the former case, it is immediately converted to a PUTONI goal. In
the latter case, a set is formed of the objects to be PUTON and the goal becomes a
PUTONSET goal, to put that set on the target object. Before starting, PUTONSET sets up a
choicepoint, so that in case there is a failure to put on the whole set of objects (resulting
in backtracking to the choicepoint), an alternative strategy can be tried, to CLEAROFF the
target object and to then PACK the set of objects onto it. PUTONSET iterates over the
set, establishing a PUTONI goal for each object selected. The selection is by the size of
the object and, within sets of equivalent objects by size, arbitrarily by lexicographic order
on the name. Each object selected is recorded so that future selections don't use the
same object. That record is subject to backup, so that there is also recorded something
allowing that record to be undone, similar to the undoing of a primitive hand action.
PUTONSET is also used to do the first part of a PUTIN goal, but for PUTIN the action taken
when there is a failure to put all the objects on is to add objects that are already in the
box to the set of objects, to CLEAROFF the box, and then to PACK the set onto the box.

PUTJONl includes no selections of objects from sets, but does involve setting up a
choicepoint, recording the location of the clear region found by FINDSPACE. When
backtracking occurs, PUTONI retries F|NDSPACE to see if there are any alternative
locations. It will try up to three times to find locations, and then will fail. In case PUTONI
falls and Is not a subgoal of the PUTONSET procedure, it evokes MAKESPACE, which tries
to remove objects from the target object until space can be found. MAKESPACE takes off
objects according to size, preferring the smallest object larger than the desired space, but
if none of those exists, removing the largest object and iterating that removal until %pace
does exist. PUTONI has one other variation, namely, it checks to be sure that the target
object is In fact larger than the object to be placed, and if it isn't, fails.

STACKUP, like PUTONSET, takes a set of objects (blocks or pyramids), selects from
the set according to size, records the selection so that it can be undone in backing up, and
uses PUTONI as a subgoal. But in addition to the size criterion, STACKUP must first use
blocks, and if any pyramids are to be stacked up, one is selected to be put on the very
top of the stack. STACKUP uses a match pattern to decide where the present top of the
stack is, and always checks, when it is making the selection for the next object, whether
some object that hasn't been tried yet is already on top of the block at the top of the
stack. If the object that is accidentally in place already is not smaller than any of the
other untried objects, it is left in place and recorded as an attempt as if it had been moved
to that position. If the PUTONI operation fails for one of the blocks in the set, the
process goes on anyway, and that fact is duly reported in the program's reply. Note that
this strategy does not always lead to the maximal stack, since the program's size metric is
based on the sum of length and width, and since a very "large" object may have such a
strange shape (e.g. very long and narrow) that no further objects can be put on it. No
size metric used by itself can be suitable for building stacks. A more successful procedure
would have to study the specific blocks' sizes in order to avoid this difficulty.

PACK Is very much like STACKUP and PUTONSET in its basic operation, except that it
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doesn't use PUTONI. It wants to put a set of objects on top of another object In the most
space-economical way possible. It evokes FINOSPACE and records the results as
choicepoints, as PUTONI does, and tries throe locations, including duplicates, before falling
back to the previous choicepoint. For each block so placed, there is an additional step
that attempts to put something from the set on top of that. This secondary stacking Is
only one layer high, and after something is placed by that step, the process returns to
putting things on the original target object. In making the secondary layer, pyramids are
preferred to blocks, because blocks are more valuable in making the primary layer since
they can be put upon. Also, the selection for the secondary layer is based on placing the
largest (by the usual metric) object that will fit. If the secondary placement attempt fails,
the process continues with the basic step.

E3. Features illustrated by the tasks

The tasks given to the MIliPS/WBlox system are divided into eight segments, each
consisting of three or four tests, which were so divided to allow easy testing of the
program. The tests are stored as RHSs of Ps that are evoked by user commands,
displayed at the end of Appendix F. Program behavior is given in Appendix H, and there is
a very detailed trace segment in Appendix L This subsection will go through the features
of each segment.

The first test in the first segment has been discussed at length in Section El. The
second test is a query that the system answers by describing a number of objects. Some
of the objects are identically described by the system, but the practice of numbering the
replies allows them to be distinguished to some extent by the user. The list of objects In
the reply may be surprising in that the system uses comparisons of objects' lower left-
hand corners to determine whether one is to the right of another, sometimes going against
standard usage. The third test is a simple command similar to the first test, involving the
box instead of a block, and using one of the new computable relations ("to the right of") In
specifying the object to be moved.

The second segment has four tests, 4 through 7, of a similar nature to those in the
first. Test 4 shows the system successfully handling a superficially ambiguous sentence.
Tests 5 and 6 are straightforward queries. Test 7 shows a command involving a compound
construction for the main object of the command, namely to put two objects somewhere.

The third segment also contains four tests, 8 through 11, three of which are queries
that divulge no important information. The command Test 9 was originally intended to try
to make the box too full to fit in further objects, but it fails to put the program Into any
unusual behavior.

The fourth segment has three tests, 12 through 14. Test 12 commands the program
to put four objects on top of a large block. Two of the objects are specified by the
identical phrase "a small pyramid", which the program correctly interprets by making two
distinct choices of objerts. In the course of carrying out the command, the program is
forced to do backup in the PUTONSET procedure, back to the beginning of the process. It
goes forward again using PACK this time, putting the objects on in two layers, with the
pyramids not directly on the target object. This extra stacking causes the reply to seem
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as If the process was only partially successful, when in fact It was successful within its
capabilities. There is a way to put one of the pyramids directly on the target object
instead of packing it in the second layer, since packing the first one into the second layer
means that the remaining objects can all be put directly on the target, but the program
fails to see such subtleties, and continues to put alternative objects into the second layer.
Test 13 puts another block into the box, making it even more crowded, and Test 14 adds
four new black blocks to the scene, making table space more scarce. Note that Test 14
adds Its objects without using the language, since the language doesn't have any
capabilities for describing all the necessary attributes of new objects, particularly size and
location.

The fifth and sixth segments, Tests 15 through 185 (six tests altogether) are mostly
concerned with trying to fill up the box so that the program has to resort to clearing it
out a"d packing the contents in more carefully. Test 15, which isn't directly involved with
that strategy, puts a block on a block that is already full, forcing the program to use
MAKESPACE to be able to fit it on. The rest of the tests deal directly with putting things
in the box. Test 16 has an interesting form of ambiguity, where the program makes one
choice for the referent of a phrase and then has to "back up" and take an alternative
choice when it discovers that that is necessary in order to have an inconsistency in the
sentence that can be turned into a command, The program doesn't really back up though,
since it duly records the alternative when it makes the first choice, so that it can easily be
switched If necessary; this was discussed more fully in Section D.2. Test 18.0 achieves the
goal of forcing the program to clear off the box and.pack things in more carefully. Tests
18.5 and a repetition of 18.0 were included in the test sequence just in case the first
presentation of 18.0 failed to do it (18O uses It" to refer to what is in the hand, so that it
really does something new when it is repeated). The tests were not presented
interactively, but in an unconditional "batch" mode, so that 18.5 and the second 18.0 were
done even though 18.0 alone would have been sufficient in the particular test run - recall
that the "randomness" of FINDSPACE makes it difficult to repeat particular behavior.

The seventh and eighth segments, Tests 19 through 24, are designed to force the
table to be too crowded, so that the backtracking within GETRIDOF could be demonstrated.
Test 19 exercises the STACKUP procedure and stacks up a number of blocks so that they
can be out of the way while the table is cluttered up with other things. The set of things
to b-. stacked included two pyramids, which the program refused to try to do, with the
proper warnings. A dump of Working Memory appears after Test 19, to illustrate the kind
of Information that is stored to record progress within the system of choicepoints, and to
Illustrate goal-sequencing information. Tests 20, 21, and 22 put objects on the table, and
so does 23 except that it turned out not to be necessary in the test sequence in order to
produce the backtracking behavior in Test 24.

The backtracking behavior that resulted from Test 24 is rather strange: in trying to
pick up the bottom block of the big stack built by Test 19, it gets rid of almost all of the
things on top of the bottom block, but then fails to get rid of a particularly large block,
and thus has to back up. But the backup takes it immediately all the way back to getting
rid of the top of the stack, rather than the more natural-seeming operation of first trying
to get rid of the lower objects in different ways, and then working back up to the top If
those don't work out. This is due not to the explicit choicepoints In the PS but to the
structure of the GETRIOOF process: it finds a place to get rid of the object, then tries to
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grasp, which In turn triggers a GETRIDOF when the object being disposed of turns out to
have something on top of it. The problem with this is that the choicepoint occurs before
the subgoal is evoked so that when backtracking occurs, all of the choicepoints occur
before all of the hand movements, resulting In going back to the point where the stack
hasn't yet been touched as described above. The behavior exhibited on Test 24 in the
eighth segment Is, I believe, identical to what would have been done by the original
Planner version (it wouldn't have survived In that form if it had been properly tested, I
speculate). (This belief is based on "hand" simulation of Planner, and would only be

.. contradicted if Planner's implementation of handling choicepoints is contrary to what seems
to me to be the natural order of things; I could not find in the available documentation
anything describing that scheme in detail - there is only vague informal description of
Planner primitives' semantics). The remedy is to modify the subgoal structure of
GETRIDOF, so that it does a GRASP before it does the FINDSPACE One alternative that
might be easily implemented in the PS version, but quite impossible in Planner, Is to have
backup return to the choicepoint with the most recent primitive hand action, as opposed to
the one with the most recent creation. That is, backup would undo things between two
specified choicepoints, rather than treating choicepoints as a stack and undoing things
from the top only. For the purposes of demonstrating the correctness of my diagnosis, I
modified WBlox (with in-core edits that aren't reflected in the main program listing) and
ran Tests 22 and 24 again, labelling the reruns to be the ninth segment in Appendix 1.
The changes to get it to work involved interposing a GRASP subgoal in the RHSs of Wi 1,
W13, and W15, and two other modifications that might also be considered fixes of bugs in
the GETRIDOF choicepoint bookkeeping, although they don't interfere with the standard
GETRIDOF (because the standard version in its backup throws away all of the GETRIDOF
goal structure and essentially starts from the beginning again): the NEGATE in W16 has to
be (ALL,-6,-9), leaving the HASLEVEL attached to the GETRIDOF goal so that it can be
retried, and an extra conjunct in the RHS of W17 is necessary,
GETFIDCHOlCE(K+I,G,1,02,0,O,O,O), a dummy to make GETRIDOF really act as if it has tried
three times on the table when it fails to find space on it in the first attempt. The behavior
exhibited in the ninth segment shows a reasonable backup order, although there are
redundant GRASPs because only a minimum amount of patching was done to get the
desired behavior.

E.4. Meanings of predicates for Wblox

This subsection explains the predicates that are used in the additions made to MiPS
to handle inputs for WBIox, and in WBox itself. In a few cases, old predicates have been
modified slightly as noted.

Many of the new predicates in the MiiPS part start with "IMP" (imperative) or
"CHECK". The following are used in goal sequencing and bookkeeping: HASLEVEt, FAIL,
NEXT, NEXTF, SUCCEED. To keep track of events and do backtracking, these are used:
BACKUP, CHOICECOUNT, CHOICETIME, EVENTTIME, UNEVENT.

Argumenra'to the predicates are typed according to the following conventions:
o attribute: COLOR, SIZE
c set or stack
g goal
h hand
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n number
o object: BALL-i, BLOCK-3, etc.
p position in string: Ti-i, 85-1, etc.
r relation: IN, OR~ UNDER, and NEAR.
a sign: POS or NEG
ax, sy, sz size along the three dimensions
t temporary object token: O8J-1, O9J-2, etc.
v value: LARGE, RED, etc.
w arbitrary
x, y, z values of the three spatial dimensions.

ADOII4SET(r~o.e) add to aet c objects that are related by r tooa. M&~
BACKUPWn back up in the protesing, undoing actions until t shoallint a is reached MW

C4AINREL(rt,ol,r2,o2) add I4ASlNORELe asserting ri of *I for things that awe P2 of at, fewrming the
trensitive cloure, of ri of .2. (8)

CHECKFALFC(o,x,yi~x2,y2,,x3,yasx,sy~az) if this signal is examined the GROWIOFIT proe*has 4ee64sd oal
it deletes this when it succeeds; failr umens another iteration of
FINDLOWPAIR is necessary; argumnts as for FINOLOWPAIR. (Q)

CI4ECKPICKUP(o) initiate the CHECKPICKUP2 check. NV, M)
CI4ECKPICKUP2(o) do the actual check that the PICKUP tommn on e eucesdod M

CHECKPUFTDOWN(o,x~y,z) initiate the CI4ECKPUTOOWI42 check. (V, M)
CMCKPU.TDOWN2(O.M.YA) check that * is now put down, is, on something, with a loction dfeMt If"

(X, y, 2). M)
CHECKPUTON(ol~r.o2) initials the CP4ECKPUTON2 check. (Y. M)

CHECKPUTON2(o l,r,o2) check that a I has been put on or. it% according tot oF. )
CIIECKSTACKIJP(o) initiate the CHECKSTACKUP2 check W, M)

CRECKSTACKUP2(o) check that o has boon stacked up according to the STACIUP mu.C)
CHOICECOUNlTin) the most recent choicepoint is the n'th. M(WM

CNOICETIME(nil,n) the Wi'th choicepoint is st EVENTIME n2- MW
CLEAROFF(g.o) clear off the top of a. ft, Q)

CLEARTOP(o) o has a clear top, with no other objects on it. (0, W)
CONJBUNt4(w) a noun-phrase boundary at a conjuntion (AND) he been Mochd In sentence W.

CONVIND(r,o) compute and convert computable relations r of o to exiplicitl NASINOREMs (F, B)
ERSFIRDNEARPAIR(n,o) erae st FINOMEARPAIR instasnows with corresponding a and e ergummte (0)

ERSFINOPOSSMt erase the FINDPOSS instsnore for t. (8)
ERSGETRIOCI4OICES(n,t) oese the corresponding GETRIDCH401CE instant"s MW

ERSPACKCHOI1CES(n,g) erase* the corresponding PACKCI4OICE instances. MW
EUSPUTONICHOICES(ng) erase the corresponding PUTONIC1401CE instantes. MW

IERSREMDHASREL( l,P,o2.s) erase the correspo"dn REMOHASREL. (0)
ERSTRIEDPACK(o,c) oese the corresponding TRIEOPACK instances. MW

ERSTRIEDPUT(o,c) erase the correponding TRJEOPUT. MW
ERSTRIEOSTACK(o,c) erase the corresponding TRICOSTACK (W
ERSUNEVENTWn,n2) erase UNEVENT for i while backing up (BACKUP) to obsiospoint f. MW

liEVENTTIMEWn the current event is the n'th (all events take one unit of 'two"). (0% W, M)
EXPCTMOD(w I,w2) sentence w I has the esipectation that a modifier MUP DOW% etc) w2 will scow.

(T. F, MK 0)
FAIL(s) It has failsd MW

FAILLOCATEWo space could not be located for e (which is .2 in FINOSPACE). (0, W)
FAILPACKUJPS,o2,o2,c) the second major step of PACK failed, namely trying to put a I on on object bret

'pocked* onto o2; goal g is the iwin PACK Seat of set a ante a!. MW
FAILPUTOMI(g,oI,o2) the goal to PUTONI ol onto o2 lfts MW
FAILPUTONSET(g,cte) the goal I to out one of the objects in set ceon a baa to"~ M

0 Lottere in poeonthoes after a definition are initias of P groups in which the ord I weed.
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FAILPUTOWTALL~g~c,) the goal g to put whoeset c (as oppoed tieas damset of it on
FAILPIJTONSET) onea has failt MW

FAILPUMTNSTACK(g~oll.o2,c) th, goal g to put oh onto @2 in building stock a faaidWM
FIWDI4IOII(,1,x2y1,yZz) find Objects in region 114), yl) to 114. vX ot height s, ignoring oi objects am

desired ouch that they bound, or close i%, the region from oey withi mopeal to
the X dimensionL (Q)

FINOMIGH(,ul1i2,yI,yUz) find objects as for FINDttlGtK but in te Vdmeso()
FINOOPAIR(naol,yl~x2.y2,aoi2,y,exseyoaz) find the lower corner of an open spoe in Noe horigontal region U1t.

yl) to (42, y2) at height a, starting from the randemly chesen point Cu4, y8)
ignore the spare swuied by oi n is a counter whi" becke t*As stteen it
negative. (Q)

FIWMOW1X(e.l.m2V,yU2,) find objects in region (ml, yl) to (ot, V2), at height a. ignoring e; objects ame
desied ouch that they bound, or cdose in, the region from below, with respect to
the X dimension (Q)

FINOLOWYV(o,l.m2y l,y2,: find objects as for FINOLOWX except in the V dinenele (0)
F1NONEARPAIR(no~x,y) (x, V) is a candidate point for the cloasto object-bouney point toea peoit (in

FINDLOWPAIR, (4 y3)) that was randomly selected and found to be within
somw object; all ouch are euamined to determine the closest, for use in a new
F[NOLOWPAIR at tempt. (Q)

FINDSPACE(o l,o2,sxwsy,st) find a region of clear spore on el,. ignoring spae occupied by .2, of site (en,
my. SO). (Q, W)

FOUNOIIGHPAIR(n,,y,z) coilect the results of the GROWTOFIT process n and a as In GROWYOFIT; Na, V.
z) is the tower corner point of the region being sxamined, (0)

FOUWOIIHPAIRO(nmo~uy,z) initiate the FOIJNOI4IGNPAIR process (0)
FOIJNOSPACE(o I ,o2,x.yVa) the region with lower loft-hand corner ot (3, y, a) in the result of FINOSPACE

on atafr o2. (A W)
OETRIDCIOICE(nl.,n2,o1,o2^xy,z) in doing GETRIDOF o2 by putting it on @1, the point (K, y. a) has beanns cheice.

within choicepoint numbeor n1; this is. the n2'th choike at this choirepoiat.(W
CETR!OOF(g,o) find a place to put o Other than Where it is. fW, 0)

GETRIOPLJT(g.ol,o2) in trying to GElOIOOF ot, the second stop is to put it en .2. MW
GRASP(g,o) grasp o with the hard (Q, W)

GRASOI(g,o,x,y~a) perform the actual movement to get the hand in position te grasp e, (0)
GRASP2(g.o) complete the grasp operetion with GRASPING. (0)
GRASP3(ho) for purposes of backing up, do an abbreviated (without the checks and sublel

version of GRASP. (M)
GRASPINC(hko) h is grasping o. (0, 1, K, V)

OROWTOIT(no"l,yI~x2,y2,at,x3,y3,sx~sy,az) the second step of the LOCATESPACE process. the first being
FINDLOWPAIR; arguments so for FINOLOWPAIR; this step tests whether there
is enough space to fit the desired clear apace without obstruction et the point
found by F1NOL0WPAIR; if so, it tries to determine a bigger region containing
the sufficient clear space; a" FINOIIIGHK (0)

OROWTOFITO(Noxl,yl,n2,y2.,x3.y~sx,sy,sa) initiate the GRWTOFIT process; arguments as for GROWVOPKT (0)
GSI(w) sentence w is on imperative. (G, F. B, M)

I4ASINOREL(ol,r~o2) o I has an indirect relation r to 92. (W. F. 3)
IIASLEVEL(s,n) I has indentation level (depth) r, (0, W. MA)

14ASREL(olro2,s) at has relation r to o2; sign s is assumed P05 for W8hex. (Q, W. E. F, B. V. M)
I4ASSlZE(o~sx~syosa) o has air* along the three co-ordinates (9se~a). (0, W)

tIASUPEAGOAL(gl,g2) g1 has suporgoal g2. MW
ItIGttX(no,vt) the upper X( coordinate s desied by FINDHIGNK (s and n so in FENOQWPAIN)

HIGIY(No,y) similar to HIGt except for the V dimension. (Q)
IMPCHI4OCE(o) o has been used as a choice for si en ifnie determiner in an imperative

sentene (B)
IMPCHOOSEU) choose a referent for t, in en imperative sentonca (3)

IMPUWOEF(p) the word ot p is an indefinite determiner, int an imperative sentene (U, 3, 0)
IMP0OBJ(w,o) the main object (or one of a set) for the imperative sentence w is s. (U, U)

IMPREL(w~reo) the rotation ts be fulfilled in imperative sentence w is r of at. IM, T. 0)
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IUPRESTR(t~o Ie~o2) a posile alternative for I as th, main object in an IWisatv seateneea In *11, b
conjunction with relation r of 02. IMK F)

IMPTYPE~w l,w2) the type nf imperative in sentence w I is w2 (PICKUP. Wtt) 0hi 0)
INSETI.,c) 0 is in Not C. 1W)

MNTACKI.,c) a in in ci stocks awe locoey defined to Inchld trees of blocha, (%, V)
1SCOMPRELfr) r is a computable relin IF, S. 1)

ISIMPEA(p) the word ot p is on imperative Stammer type. 04f T, 6)
ISINDREL~r) r is an indiect relatinL IF, A, T)

LOCAT(oD,,a) o has its lower left -hand corner ot (, a~) w ay sloe be t1he hFA (. F, Ki V)
LOCATERESULT(ov1.yI,x2.yZ,z) the region found by the LOCATESPKCE process is W5, V 1, a) to . y2, usi o In

* the object ignored in that process. (0)
LOCATESPACE(e,a2,sx~sy.sx) iWitoae the actual process of finding spane see FINOSPACE. (Q W)

LOWX(n,o,x) the lower X coordinste as desired by FINOLOWX (oend n as in FINOLOWPAIR)
* is a. (Q)

LOWY(nwo~y) similar to LOWY, eucept for the V dimension, (Q)
MAKESPACE(g.o Laonssy.sz) make space on at ignoring space occupied by o2, of asis (ex. ey, ar). (06 W)

MAKESPACE2(,ol.o2,esey,xz) the second step in the MAKESPACE proces to try to find apaew after removing
an object from ol; arguments as for MAKESPACE. (Q)

hIAKISPACE2(g,o to4s meyst) the final step in MAKESPACE, which detects suce"S or repealse th. whole
process; arguments so for MAKESPACE (0)

MOVEMAND(x,y~z) move hand to (x,yz). (0)
NEWLOCAT~o) o is at a new location; remove anoy old relations that are noe leor yak (a)

NEWLOCAT2(o) o is at a now location; add any new relations that hoki (Q)
NEXT(g,w) when # sucoseds, assert w. (W, Q)

NEXTFRg~w) when g fails, assert w. (W)
NOCLEAR~g) the present PUTON process involves a set, mo inhbit classing away objects thot

seem to be in the way. (0, W)
NPGCI4KI(p) check for noun-phrase grammar adjaconcies at pi first step is actuel Cheo"e (1)
NPGCHK2(p) a delayed initiation of the second step In checking noun-phre"setgammer. MN
NPCHK3(p) perform the second step of the nouti-phrase grester cheek at p, whik is to

signet error if appropriate. (N)
NREPLVOn) the numrber of replies so far is n. N, S)

PACK(g,c,o) pack the objects in met c onto o. (W)
PACKCIIOCE(n,g.n2.o,oo2^sy,x) the n2'th choice at choicepoint ml, trying g. is to PACK 91 on .2 &t NO, V, a

MW
PACKPUT(g~c~ol,o2) the PUT step of PACK goal g of set c onto .2 is to place object .. MW)

PACKUPON(g~c,ol,o2) the second mnajor step of g, PACKing c onto o2, is to try to put sow"tin fravm
c onto .1. MW

PICKIJP(g&o) pick up a. fW, M)
PICKUP2(g,h) the finishing step in the PICKUP process is to be done l. retein ki MW
PUT(g~o's'y'z) put o at (N,y.R). (0, WI

PUTOOWN~go) put o down on the table or wherever there is space (W, Mi)
PUTMOVE(%,o,x~y,c) do the actual movement of the hand associated with a PUT7. (0)

PUTONW,ol,92) put at on @2; thete way be a et of instancs wit% the saeit argument (see
PUTONSET). (W, M)

PUTONI(,ol,o2) put the single object 01 on c2, as opposed to PUTO W wic mogt becameo
PUTONSET. (W)

PUTONZCNOICE(nl~g,n2,oI~o2,s,y,z) the n2'th choice oftIt, s PUTONI goal of .1 onto o2, elheicopoihnto is the
location Cs, Y. I). MW

PUTONPUT~g.o 1,o2) start lt actual PUT step of a PUTONI goat MW
PUTONSET(g,c,o) put objects in set c on o by choosing arnd using PUTON1 iteratively. MW

PUTOWTIO 1(c) collect the set of objects in inotanois of PUTON for PIJTONSET. MW
PUTONSE1CHOICE(n,t.c~o) the choicopoint ni for PUTONSET involves putting set c on e. MW

RAISEHANDWh raise the hond by moving it straight up. (0, W)
KLIESTRI(ol~p~r~o2,e) perform the first stop in the relation-restriction process, Which is to check for

possil need for IMPRESTR, qv. (F)
RELRESTR2(t~p,r,o,s) the second stop in the relion-testriction process, wh iIs to check r of e for

possible referents for t. to restrict the met. (F)
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RESTRCHK0t,p,ro,9) the forme RELRESTRC14K is now RELRESTRCHK2. this now signals a prollmhmry
step to the check-relation-etriction process, which first checks whether the
relation oftehnd is an indirect or computable one. (13)

RELRESTRCHK2(t,p,r,s) check whether the corresponding RELNESTR should be applied (B)
*EMD4ASREL(o l~ro2,s) the rolation (ol,ro2 has been removed; update INSTACK relations affetd (0)

REMOINSTACK(oc) o hes been removed from c; check if on ything remains ef c ecept the bottom
block (Q)

REPLV(nw) the n'th reply (in order of generation) is w. MV
REPLVO(w) w is a new reply, yet to be counted (wse REPLY). NV L K M)

RETRY(%) i is to be retried, is., restarted oftlei, a BACKUP, with a new choe roods. (W)
STACKSET(c) collect the objects from STACKUP instances into set c. MW

STACKUP~g,o) stack up oeea part of a tot of such instances. (W, M)
STACKUPSET(g,c) stack up tho objects in sot c. MW

* SUCCEED(S) S hoe succeeded; continue appropriately. 1W, Q)
TRACIPUTIN(w) print a trace mesons for the PUTIN command; w is a dummy. MU
TRIEDPACK(o,c) in PACKing the mat c onto somewhere, object o has now been tried MW

TR!EOPUT(o,c) in putting c on some object, o has been tried. (W)
TRIEDSTACK(oc) in stacking up objects in set c, o has been tried. MW

UINEVENT(nw) the way to undo the event at EVENTTIME n is w. ft, Q)
UNGRASP(o) let go of o, from the hand (Q)

UlSERESIJLT(ol,o2,9x,sy,w) use the open region found by LOCATESPACE process, which should be of site
(am, sy) on the horizontal plane, in the way specified by w, which is one of
(PACK, RANDOM, CENTER). (Q, W)

WBPINIT(S) initialize for starting up the W81ou Pa, top level goal S. MU
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IMS represents a successful implementation in PSs at a language system with
some general features, namely, objects with relations and attributes, main sentence forms
that describe a scene, imperative forms, and a variety of queries. Inputs are processed
without recourse to conventional syntactic parsing, and no tree-structured representation
of them is formed. Text is converted Immediately on being scanned to an internal form,
which is quite sufficient for further manipulations, but which doesn't preserve the surface
structure at all. At each point in the left-to-right scan of an input, as much as possible is
known and inferred from what has been scanned. Five forms of completeness have been
discussed, and MiliPS's capabilities were delineated with respect to those, providing a
measure of its potential performance beyond the 50 test sentences exhibited. Linguistic
anomalies are systematized into the categories ambiguity, redundancy, and Inconsistency,
and the main reaction of the system to inputs is based on the interaction of sentence type
and the presence of those anomalies. Augmenting an early version to handle the blocks
manipulation task was carried out by major additions to the set of Ps with few changes to
existing Ps and with no deletions.

W9lox is a specialized problem-solver for blocks manipulations of a simple sort. Its
organization is hierarchical, it features operating on a model and carrying out updating
procedures as a result of operations, and is capable of backtracking In a search space to
find a feasible plan of action. The system's goals are explicit and are sequenced to result
in search behavior representable as an and-or graph. A less prominent backtracking
mechanism is needed here than in the original Planner implementation of a similar blocks
problem solver. Analysis of the problem domain allowed some decisions made formerly by
backtracking to become more precise ordering decisions, taking advantage of selectivity In
the LHSs of Ps. The remaining decisions requiring potential backtracking were formulated
explicitly as choicepoints and associated with a stream of undoable primitive operations,
rather than having mechanisms of questionable flexibility built into the underlying
architecture as in Planner and other recent Al languages. A set of tests were devised to
fully exercise the capabilities of the problem-solving system.

The question of whether the present system, and more generally PSs, could be used
for further research can be approached along the lines of the language system and the
problemn-solving system independently. The completeness considerations in Section 6.1
support a wide task domain coverage for the present system and indicate a framework for
making additions to the system to rationally order the priorities for augmentation. The
precise formulation of semantic cases, discussed in Section B.2, Section 8.3, and Section
0.4 raise further issues for augmentation and indicate how minor some of the omitted
considerations in the present system are. Nevertheless, analysis of the existing cases,
explicitly given as Ps and thus in a usable form, might be fruitful for cleaning up the
structure and giving it more inherent generality and flexibility.

To use the present techniques in a new task domain would first require a new
* lexicon, which simply involves changing the tagging process (T Ps), which are

independently modifiable, It would probably be necessary to augment the grammatical
adjacency tests for new word classes, but this doesn't present obvious difficulties either.
The semantics of blocks relations and how relations interact in the understanding of inputs
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might be the area requiring the most new problem-solving. There is already present a
system of dividing relations into direct ones, indirect ones, and computable ones, and that
scheme and its processing conventions might carry over intact (cf. the discussion in
Section 0.2). The actual use of relations in referent determination would probably be
along the lines of the present F Ps, but considerations there would probably not interact
with the closely related set of B Ps, given that many interactions have already been
worked out In response to the demands of the augmentation included in the present work.

Some further work has already been done by others within the basic blocks problem
solving domain. In particular, Fahlman (1974) describes a reworking and extension of the
blocks task, which in retrospect might have served as a better vehicle for comparisons
than the original one used here. Of the nature of the blocks tasks that he focussed on, It
suffices to say that they involved building more complex structures than In WBIox,
sometimes using auxiliary structures, allowing rotations of objects, enabling
Intercommunication between goals, and modelling the mechanics of contact and balance of
objects more carefully. Fahlman developed a flexible control structure within the Conniver
framework (Sussman and McDermott, 1972), and asserted its superiority over Planner and
similar languages, and also specifically over PSs. Fahiman emphasized the importance of
being able to: set up explicit goals; test hypotheses; switch back and forth between
alternate promising approaches to a goal; and give up on an approach with specific
difficulties communicated back to higher goals. Of those four features, only the last is
something that hasn't yet been explicitly demonstrated in PSs, although keeping major
alternative approaches for relatively large models also deserves further research In the
PS framework. I will now discuss some of Fahlman's points in more detail, and argue that
the ability of PS; to grapple with the difficulties of the task domain is promising, if not
already demonstrated.

Fahlman developed a "Choice-gripe" control structure, in which each choicepoint is
explicit and sets up a gripe handler so that failures of subgoals following the choice, when
those failures Include specific gripes on why they occurred, can be processed
appropriately. A gripe handler reacts more flexibly than choicepoint recovery In WBlox, in
that it can involve taking better preparatory steps and then retrying the subgoal, or
redefining the subgoal in some way and then retrying it, or taking other similar corrective
actions. It seems clear that the present choicepoints in WBIox could easily be extended to
behave in these more flexible ways, according to task demands, since the recovery Is
handled by specific Ps.

In trying alternative paths, Fahlman made use of Conniver's multiple data contexts,
In which context tags are used to point to complete context alternatives, allowing them to
be examined, resumed, or suspended. Such a facility, if the task really required it (as
oppoe:ed to using it as a convenience because it's there), would be an explicit mechanism In
PSs, perhaps storing alternative contexts as Ps and having them selectively evokable for
examination or resumption. But a PS approach might be found to avoid that by coding,
instead, methods for patching up difficulties or revising an ever-current state to make it
look as if something different had been done. Based on the limited evidence on human
behavior, e.g. In Newell and Simon (1972), humans seem to make use of mistakes without
having to return completely to a state on some other branch of a search tree, and perhaps
have better diagnostic and recovery methods because of limitations along the same lines
as would be the case in a PS implementation. Rather than storing entire states, the
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alternative might be to keep path information so that a previously-seen knowledge state
could be recomputed (perhaps laboriously) if necessary.

Several minor topics raised by Fahlman can now be discussed. His system made use
of a distinction between primary data and secondary data, which can be re-computed if
necessary from the primary data, but which is kept around anyway, subject to erasure if
storage becomes scarce. This might correspond to having a fading Working Memory,
where items not accessed for some period of time simply disappear. Such a scheme has
not been implemented, but it has been indicated as useful in several places in the present
work. Fahlman additionally proposes that memory fade be based on the difficulty of
recomputation and on some estimate of expected usefulness. Fahlman comments on the

* overall loose style of his system, which allows it to step back from local jam-ups and try
to get around them. This is just as much an attribute of PSs, given the appropriate
memory representation of what constitutes a jam-up. He says his program is prone to get
into infinite loops, and proposes that a more sophisticated system would record states and
occasionally check back to make sure there isn't serious repetition. Such a solution should
be equally feasible in PSs, although perhaps not as necessary because PS architectures
have some built-in safeguards, e.g. not firing a P on the same data twice unless some of it
has been re-asserted. The topic of loops needs further research, certainly. Finally, the

goal intercommunication in Fahlman's system, which includes both protection of goals'
results from interference and dissemination of useful information to others, should be quite
feasible in PSs due to the open, global nature of the Working Memory.

y,
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(13) LETTING GO OF LCEK-9 (3) 01913) PfrAM141-
OWING 56196K- ON 6196OK-0 (POS) (21 LIFTING PypWIID-1 p Fli (67 63 410 to (116A 776 US)
WII& STICK STICX-14 BLOCK-9 BLOC6K-6 ADDING PTIIIO-1 TO STICK-12

94. wI-lu



ROOM.6 P7PAIO-1 ONRL U-1 IP063 G-7 SUCEED
(13 LETTING GO WR PIR10-1O-" 6S UCEED
to) 11631(6 R"0 rpm 4 ue to") To 31 094 too) (III OIG 'S rpm 1719 4111 ZUS To 44011 US O)

LOOINGAT SM 1101 0 MOE T 10 I 73 26"3 OVERLAP' KOCK- 1111111 L -I

LOOK IG AT (96 679013293 LETTING GO ai SLOC-*

6-30 SUCCEEDS REG~ION AT (320 561 0)3 11011

(0) OVIN we pm ( IN"In) LOOKIG AT (743 6031
TO (4K0 n 1S) REGION! AT(600 001 TO SMALL

(1 RMIGPTINIID-1 LOM23G AT (340 W2S 63
6-29 SUCCEDS REGIO AT 302 4.3 6 91 TO SMALL

(2)LITIG PRA,9 01 O (356 M7 LOOKING AT (I4 670 01
So)3 Tc C(r SsB0 FOUN REGIO ((0 0 652 3)3 (0 940

TAKNGPTAP1O- FOMSTFCK-12 .. . 0L -36 "3 BLOCK-A (72 639
(33 LETTING Go OF PYRTHID-I . I . . COX. G-37 GRASP N.OCK-A
ADDING PYPAMID-3 a, 160LE1 Ms) . .Q. 0-V. CLERFBLC-
G-29 SUCCEEDS G-38 S.ECEEDS

G_-'9 SUICtE05 23I PASP3G, SLOCK-A
6-19 SkXEUOS G-37 SUCC(EED'

Co-16 SUCCEEDS (223 LIFTING BLC-A voi 311 05 3 TO (72 679 03
(4)MOVIN WAI FROM (136 612 IN0) TO (406 TAKING BLOCK-A FROM STACK-it

(s)GRAPING B-OCX-I 1231 LETTING GO OF OLOCK-A
33X SUCEDS ADDING BLOCK-* ON TABLE-) (POI&3

PXTO (31 604 1063 OVERAPS U-OCX-S ITHI C-36 SUCEOS
P. 410-1 G-35 SUCCEEDS

()LETTING GO OF BLOCX-I 9-2 9XCUIDS
C-1 SCCEDS (243 MOVING $4141,40 RO 72 73 N TO (416 we an)

GSSUCCEEDS Q2S) GRASPING BLOC-3
.............. GAG31GEIPIRiG LOCX-l 9-1 UCELS

RECIG(367 777 03 (26) LIFTING s-ocK-3 rpm I3NS 673 63 To (an 67M 6663
LOKN T(306 777 63 GT IsmcaOS

RGOAT(302 6203 YOU SMALL
RJCIG(10033 337 83 EPLY (1 3036733
LOKIN T(3I0W3 Z29 0 3

RECIG(4P9 (36 03
LOKN T(400 330031 CLEAROP (BLOCK-11 #B-OCK-Z) (BLOC-31 (BLOCk-41 (BLOCX-61 (U-OCX-6) (U..OCK-7)

REINA34F00 3(39* tOO SMALL (JIBL OC3-0 SO.-S3 (UL-OC-) oPT34II (313411-23 (P134120-33 (PIRIAM30-93
REJCTNG194 11164 03 GAPING 110,10-1 B-OCt-3)
LOKN T(600 3064 03 WSW0 (UOMK-0 SIZE LARGE P053 ILOCX-I COLOR RED POS) (U-OCX-1 SIZE SMALL PUS)

REGION1A (s0( 9733 III TOO SMALL (U-U-k-? COLOR GREEN PO53 (33.OCK-Z SIZE LAWA P033 (SLOCX-3 COLOR3 RED PUOS)
(OKNGA 21 S83 03 (B-OCIC-3 SIZE LA1GE P053 (U-OCK-4 COLOR GREEN3 P053 (U-OCK-4 S12E LARG POS

FOUND PE0304 (065 54 0I T0 (306 670 61 QLOCt-S COLOR OLLIE P053 (U-OCC-S 512E LARGE POST (OLOCk-S COLOR BLACK P053
.... . .. .. .. ....... . G-32 PUT G-OCt-I (361 SS9 03 (U-OCX-6 SM LRG OS? 03 (UOCK-7 COL.OR BLACK POST (BLOCX-7 SIXE LOOM POPS)
... . .. .. ......... GOAL G-33 GRASP U-LOC-I (U-OCk-fl COLOR BLACK P053 IU-OCt-f Slit LARGE POST tOLOCK-S OO LOKPS
... . .. .. .. ......... -34 CLEAPOr U-OCX-I (U-OCt-S SIZE 10006 PUS) (U-OCK-A SIZE LARGE P033 (P"TPUID-I COLOR GENPS

G-34 SUCCEEDS (PTPW(3(3-I S12E SML*L P053 IPYP(IO-Z COLOR BUEI PUS)
(73 CPISPING U-OCt-I (PTPAMIO-2 SIZE LARGE POS3 (33366330-3 COLOR RED POST
G-33 SUCCES IPYWID-3 SIZE SA POS3 (PIPAM130 SIZE LAME POST

(SI LIFTING U-OCt-I FROM (356 779 6M0 TO (161 ?139rL IU--K-P COI TAB01-3 POS3 (U-OCt-I ON 1601-1 P053 (U-OCX-? IN OO1-J POST
69303 IBLOCK-41 04 T6A-I 0053 (U-OCt-S ON 1601E-1 P063 IU-OCk-6 ON3 TAIS.E-I P053

TAKIG BLOCK-1 7803 ST3EX-32 3U-U-t-7 OR TABLE-1 P053 (BLOCK-8 IN B01-3 POST (U-OCt-9 ON3 UOCt-S P033
(33 LETTING GO Or U-OCX-1 (U-U-K-A ON TA0.(-3 P013 '602-I ON TABLE-I P013 IPY134(10-I ON 1606-I PDS3
OWIN'G BLO-I-I ON 160LE1 IP0SI (PVPNID-2 ON3 TO&E1 POS3 (P1,6633-3 ON TAL(-1 P053
6-32 SUCCEEDS (301 0-0 ON 160E1 P053

0-31 SUCt05D NPS53?E (OLOCk-0 30 300 1093 (U-OCK-I 160 100 1603 (U-OCX-? 2W ZOON6
6-34 SCCEEDS 30(031-3 20M 3M3( 3(3(3 ISSOCt-4 200 2002663 36LOCK-S NO 199 400)

(303 MOVINIG $40*10, 003 (211 609 3063 TO (4056666300 (U-LOC-6 ZC* no0 2003 IBOCK-7 200 C00 M)6 'U-OCIt-U ZOO L00 2003
(113 GROWIN(G GLOCI.-9 (GLOCt-9 7110 W0( Mt6 (9-OCf-A M6 Z'O I663 (ID-I 60 60013
0-13 SUCCEEDS (PIP0-34I- 3IM 366 3IM3 30,36633-Z W3 Ze0l 2063 (TPAIIO-3 3I6 166 Z463

(323 LIFTING BLOE3-9 FROM 36M 723 6003 TO (32 3H104 3663 (8,8660 4M( ,'0 3663 (((tt-I 3700 IN01
TAKING UL-9 -3 180 S13'CI -3 INSIACX 3U-LOCI-( SrAc3.-is? (U-LOk- SlACIC-Isp
(133 LETTING GO OF BLO0(33 ISA IBLOK-3 BLOCKI 'U-U-iL-I BLOCK) (U-OCX-? U-U-t(I 1U-OCX-3 U-LOCK
ADOING U-OCk-9 ON SL-Uk-S 38053 (SLOCK-4 OLO0(13 (U-U-I--S BLOCK) (OLOCK-6 IR(0(63 35.031-7 U-U-t3
"WING STICK ST3(X-IS OLV-9 ISLUOCXK-S 01U-k-SLC I-- f9LOCk-9 BLOCK) (U-U-V.-A BLOCK? 1(09-1 6013 (300-1 W*503
G-12 SUCCEEDS IPT813110 ! PTPAMIOl IPIPAMI-2 PVPAM303 333343310- 131 RMID

0-11 SUCCEEDS (P3*6130-B PIP00303 I11-3 TABLE)
G-IS SLIUCOS LOCAT IU-OCk-P Z S343 0 O 6-3 361 S59 03 11U-OCX-2 N 3 SW 613

(14) MOVING SWI FRO(ISZ35 404 3663 TO (4f% 620 6663 (B-OCX-3 366 PA0 %A) I-OCk-4 6I3 01 IN(UOCtr- S 45 z36 63
(1613G0P*53(I6G BOCK-4 (U-OCt-B 6 63l 35Ol .0(1C-7 46660 31 (BL-I N 3006 66 33 (U--K-9 52 S4 1031
C-9SUCCEEDS0 (U-OCt-A 7Z 673 At (601-3 0 600 63 @ oweN-I 4(16 203260?)

(16) LIFTING 9(031-4 FROM (366 720 4663 TO (636 303 fPT34330-1 SS 352 63 (PIPW30-2 M Z5 293 IP130(D-3 NO 363)
TAKING B(003-4 FROM3 STHCk-1? (P134130 133 574 03 (160A-3 0*3

(17 LETIN GO rO BOr-404TA-(03

9-U SUCCEEDS

Wt- 127 N



LmE
.4(1L=4SWI

* L*'inI

L.110 L
LmE LW2 1.110 LIvt.4

* LmE WI U?. LE7 On Lu?

PL TIME 39 MIN, ).IS SEC
Z4 IWPW TERl Is * PIC LF TIC LAG RE K=W

EXM TRY IPE WMAT (if EnT IN OJ-l AMI6 L4_1 6OCK-0 BLOCK -..
6494 2963 22z6 4629 S.41 3.Z? 1.6" OIJ- I REFERS B.SCK-3
6.361 2.36 1.95 6.486 SEC AVG STAT2INC G7 P2EK2P BLOC-]

GOAL G6I ~PS ELOEK-3
2716 INSERTS 203 DELETES 626 W"INGS 24 NEW OJECTS . A G. 6- CLEWVF TILOC-3
MAX 5191X LENGTH 172 . GOAL 5-3 WTilo GTXC-A
CORE (EE.F1LLI, (5723 . 2209 USED (3921 . 1776) . . . CWEK G-4 ~94 SLOK-A
F2RED 91 OUT Or 466 PIPODS . . . . GOA 6-S E2.EW GOCK-A

GOA ' -r6 E'P3Of kOC)-4
* 605 . -7 ~ BL49 -

- . mx -r, cuca~r W..OcK-9
GOA -9 ~l SLOCK-U

NINTH SEGMENT- TIPTIW. TO GET BFICLPW~ 4u DIFVERENCE Mx 60.5-22 O.EW SOCK(-9
GOAL, G-12 6(162WO BLOCK-I

ADDING SIZE LAPG( (P052 T0 PTPAMg2O. . . ..... . -13 69PW BLOC-1
A~02PG PYP~mr2O PTPA"2O-6 COAL G-14 ELW~V IOCK-1
22 JAPUT YEN IS - PUT 12aw GDliA'T*Or IMI-
OSJ-2 REFERS PTPAMIO-8 . ....... . -36 ~95 PTUWID-I
ST12(G Gy Pi 1PPI2O-9 OWN . ....... . L6-I CLWI PTRAMIO-2

GOA G-1 G(TUIODF P11111 1-9 C-27 SUCCEEDS
LOOING, AT (96Z 155 02 6es W2I~r 200 FRO (26 100 166) TO (4066US
REGION AT (04S 109 01 TOO SMALL 26662
LOOIN~G AT (650 595 02 (12 E~IP2) IN16631
REGION Al 1640 554 82 TOO SMAL 6-16 UCCEEDS
REJECTING (620 263 02 LOMWI AT (556G IN 20
LOOKING AT (6.20 216 11) REGION AT (546 $7662) TOO SMALL
REGION3 AT 3640 ZO0) ' TOO SgW.L REJCTING (946 v602 61
REJECTING 2670 2049 02 LOOKING AT (646 6"06
LOWING At (6"2 204S f' REGION Al 1945 554 62 TOO INILL
REGION4 AT 2692 971-0 TOO ML63 LWOINC. AT (406 522 Of
LOOING Al (695 24 0) rOUJ REGION 14W0 4."t 62 TO (606N0)
REGION At 164SZ 0) TOO SMALL . Ur....n ... . -1E Put PTAMgIO-I (467 446 $1
LOOKING AT 11N 953 Pi) . ....... . L6-19 GRASP PTRAID-2
REGION AT 36 554 01 TOO SMALL 6-23 RCCEO
REJECTING (369 9;'9 02 (22 LIFTING PYNAIO-2 7994 (3S6 66f "O DT
LOOKING AT (369 927') 4A2 46744662
REGION9 AT 2392 9701 0) TOO SMALL 10(2)6 P366120-t row ST61X-22
LOOKING AT 191 24 0) 6601)6 P166220>-I ON ILE-2 (P05
REGION A? 26 0 A) TOO SMALL. (2) LCTT2)6 0 OF PY11110-1
LOOIN~fG AT (203 IPS3 01 6-26 UCCEEDS
F7LM .9 IO 36 0( 9741 M1 TO (600 2266 62 6-25 1XCCES

GOAL G-2 PUTI PVP~v(0-8 (2 966 VF 6-4 SLCCE(S
GOAL. G-3 694159 PTPAMgO-9 (42 MOVING MO FROM 41127 498 160) 10 140 626 911620

G-3 SUCCEEDS (SI GI9493)6 VOCkI-I
(6) 1272226 PTPAMID-3 FROM (495 56 3W)2 TO (IS59 9)2 6-23 SUCCEEDS
(I2I LETTING GO OFP PMI"- IIAETIIC 3203 263 61
ADING P1PAnlVORW fAVLE-I (POS1 LiOIW. AtI ' ?W 206
6-2 SLCCEEDS REGIO AT01 006912 O IW9WALL

G-1 SLXCEEOS REJECTING 4224 567 62
Cl SICCEEPS 1OO226 AT 1214 554 S)

ram.1 616266 to~ 54 $I TO 33m6676 91
a63( it (ORY1 A...T ...I GOA 6-116 PiUl OOCK -I 325S4 U5S 62

.......................... ...... ............ -lI ~94 SOCK-1
6-21 SI-CEES

.... ... ... ... ... ............................................. (5) LIVYIC ELOCK-l FROM IMS 776 M Y6 TO (254 159 A1
10(226 ILOCK-1 7994 11lAICK-12

N. Il1119



(72 LETTING GO O iOCK-| 9I(I0 AT (2 254 I0) TOO SMLL
MOING LOCK-1 Oi TABLE-| (PI LOOKING AT Il 20 !100
0-20 SUCEEDS REGO A ( 2Q54 1061 TOO 91.4.

0-2 SUCCEEDS LOOING AT (260 294 IN)
C-1l SUCCEEDS REGIO A? Q 24 IN) TOO SMAL

(0 fOSYII HAM rpm (704 m 20) To (4m as mI RJECTING (71 3632 66'

is) GPI OOCK-9 LOOIG AT (W2 361 1O2
0-1S SUCCEEDS REGION AT2 2 4 2IN) TOO SALL

LOING Al (460 99S 0 LOOKING At ( 307 1151
P(G24at f4a t9711 (4) TOO SMALL REGION AT (2 254 2(2 Too gSP.L
9AJCTING (426 SW 01 REJE"CTING (140 320 206)
LOOI0NG AT t420 676 02 LOIIG Al (A148 34 2002
REGION AT 42S GS9 01 TOO SMALL RI1O AT (Q ZS4 I) TOO SMLL
PEJCTING (1l57 94S 62 REJECTING (77 3@1 I0
LOOKIN Al (20S76656) LOOKIN AT (W2 368002
REGION At (04S SS4 6 TOO SMLL REGION AT (2 25l I65 TOO SMA.L
REJECTIG (930 348 A) FIN(9( LIMIT EiV 0Oco
LOOKING AT iM 340 02 G-31 cEnNTED
I(GI4 Al (04S 316 0( TOO SMA.L (2?' LETTING GO Or "L0CK-V
EIjfCTJwc (65 3902 a) 162 MINING~ we6 FROM 2(6o W20 40) TO (114 ft7 2002
LOOING AT (16 990 (252 UlASPIN 9L .k-,
REGION At (0 976 61 TOO SMALL (14) LIFTING in.CZ-4 FROM014 7202 TOCU (M 2n 400)
W(AVING 1612 2052 0) ADDIN s.~ocq 4 ON ~aK-A (POST
FINDW'[ LIIT ExCL[6O0O NG BLOOC -4 TO SIAC:-It

.... ......... GOAL G-Z 025 BLOCK-9 ..... . -5 (TPT GTPIDOF 1LOCX-4
G-21Z SUCCEEDS ...... . G -Z' D BL-4 CK-4

FOUND PI[GION CEA. TOP .OCY-0 G-29 SUCFI[DS
....... ......... GU G-Z3 PUT LOI+-9 (52 304 2I) LOuING AT (461 S47 6)
....... .......... OX G-Z4 G~40 BL.Ci-9 REGIGN AT 242S 429 62 TOO SA.L

-24 SUCC1EEOS LOOKIN A S43 373 ()
(102 LIFTINGS0 ocIr-9 rpm (IN6 70 6 ) TO (W 30 I0) REGION AT (50 31S TOO SMALL
TAKING aLOCK-s F60 ST0'K-l/ LOOING AT 2026 573 6)
(22) LITTIN GO OF OLOCK-9 REGION AT (6O SS4 0) TOO SMALL
ADDING IOCI-9 ON L.OC-9 (POSI LOOIN AT 163 SID 01
MAKI0 STACK ST(K-13 SLOCK-I KO REGION AT (600 4#2 ) TOO SMALL
G-23 SUCCEEOS LOING AT ($IS 240 6)

G-9 SUCCE(OS RGION AT (605 102) TOO SMALL
c-s9 aCos REJECTING (30 32? 0)
IZI MD0VI HAND FiRO1 (25 404 30 TO (4 026 US) LOOKING AT (3 254 0)

(13) GRASPING BLOCX-4 REGION AT (9 290 6) TOO SM3.AL
0-7 SUCCEED5 EJECTI G (QM 1031 01

LOOKIG AT 2359 43V 0) LODV2(G AT (276 910602
iREGION AT (36 4Z9 61 TO0 SM6ALL REGIN AT IS4 970 So TOO 9M.L
LOWING AT (736 50 LOKIIG AT (972 197 01
REGION PIT (605 Z 0) TOO SM.AL REGIN AT 204S 269 ) TOD 9SALL
REA(CTING 1044 4Z3 01 f2ND050( LIMIT EXCEEDD
LOWING A (204 429 11 ....... 6-21 - 4s G LOrE-4
REGIO AT (04S 4 2 TOO SALL G-2' SUCCEEDS
LOWING AT 124 MI 02 REJECTING (92 376 I06)
FrOUND PEGI0 (969 S 0) TO t:366 90 03 LOWING Al SZ 37S IN)

GOL0-25 RJT NLOCK-4 (14 7122 S2 I(16 REI 22A 5 Z4 24012 TOO SMA.L.
...... ........ GOAL G-26 ~Str-4 LOOKING AT 10 Z92 101

.-26 SUC(DS REIO( AT (2 Zq 105) TOO S.L
(14) LIF.IN. SOCK-4 FROM 136 720 400) TO (14 M 0) LOOKING, AT (169 29 10)
TAKING ILD'r-# FPOT STNCK-I REGIO(N AT 2 254 2N)0 TOO S.
(252 L(TTIIN GO Or BLOrE-4 REJtl tU 330 205
AD02NG vLOU.'-4 am TA(-I tPOS) LOOING At 109 304 205)
G-2S SUCCEOS REION AT (2ZS 4 I0) TOO S.L

G-6 SUCCF[rS RACTING (7Z 419 I05
G-S SUCCEDS LOOKING AT (W2 429 205)

(261 0/( D IWWDfOM (01(24 OW Z01 TO (4M 0O2 *I490) A 9( 4 12 2724 105) TOO5(SMALL
(172 9 ING BLOCk-A LOOKING AT ISO 41 10
G-4 5UCC((5 R(GIO Al (2 254 100) TOO SMALL

LOOK I ( AT (23S 606 R2 EJECTING. t)4Z 365 210
REGION AT 10 S54 81 TOO SAL.L rl2090([ LIMIT (ICEE(DO
REACTING 12739 91 ........ G-30 0 GP OCK-4
LOOKING AT 26f4 963 0) G-30 SLCC([(5
(GION Al 0. 4) TOO SMAL. ropo 166 L01TO C

K
2.EEZ

REJ(CTING COS 41 01 .. ..... GOL G-31 PUT BEK-4 (0 060 2012
LOO0KING AT (2 4(0 "1 . ... . 6 -32 ~ B0 SE-41
REGION AT (0 316 (F2 TOO SA.L G-. SUCIEEOS
PACTING 1171 340 it) 2ll LIFTING ILKCK-4 FPM (311 n 405 TO (00 0410 201)
LOO I G AT I272 154 02 T0IW. lLKE-4 7r6O STACK-IZ
RE0GION Al (0 "M 0 TOO SMALL (152 LtIIW. 10 r LOCZ-4
REJECTI 257 594 62 0DDING lLK-4 ON IOCE-z (P5)
LOKING Al (,4 594 6) 2WIW, ST0(t ST"CK-4 LCtr-9 IOC-2

RE0204 AT (254 554 0216 OOSMLLC.1 6-2 tmics
LOOKING At (50' 033 () G-2'5 g.t2DS
REGION AT (567 65S 01 TOO SMALL G-6 SUIC((0S
FiN2DSiC( 12MIT (TC(IED G-S SEC((0S

O.A G-2' 60650 OLAK-A (162 20/220 IwA rp9m 700 M 40 TO (40S 02 44101
G-2? SUICCEOS 2172 6.650N( ILS -o

LOOKING AT (23 3S4 IN2 5-4 SUCCEED5

WI.,, *1l

. .. . . . . . . . . . .. . . . i " -it.... L ... . - .. ... . . . . .....V..



LOWING fly 6(6i10 LO 01SA (So60 1

REJEtCTING (110 7%9) LIIN U NY 6-39 1 A 9
LOOKING AT (46 2so6 41 rM REGIO (iu 0~- FUS(363651( 71
REACTING, 4:72 9 91. .). . SDOL 6-39 WASP 516(1-32
LOOKING AT #SID0 Zft 63 5161-3 029101

REGION AT (666 619 63 TOO 101.1. 416 LETTING GO Or BLC-O
WEJECTISS Igo 443 0) 001 SLO-A am TOW.1 111011
LOOKING AT (Q 443 of 6-30 SU5fl95
REGION AT (0 4233 01 TOOV.AL G-3 SLEUO1
REJECTING (412 773 03 0-2 SUCCEEDS
rFNDSPAC LIMIIT EICEIOCO (263 HOP15C HAM0 FR03 (125; a? (63 To £4"6m6 0
604 . 6 OA -33 GRASP BLOCK-* (215 GRSING fLOC-3

G-33 SULCCEEDS 1SCED

REGION5 AT (Z9 214 IN300 PL VSCED
LOOKI W. AT f£42 376 166) 5IXC

REGION AT (2 254 IN)3 TOW SMWL REPLY (I (ol1A7)i
REJECTING (U 333 leW)
LOWING5 AT '96 364 100)
REGION Al (2 254 IN) Too SMA.1 CLERTOP IBLOCK-11 (BLOCK-23 (BLOCC-31 (BLO51-43 (11.5K-5i SILMC-7) taLOCK-S
LOWING5 AT 19Z 263 1003 CULOCK-91 (BOCK-Al IPTPWIIO-(3 (PYWI33-23 (P1101D-31 (P1-91
REGION AT (2 254 3013 100 966.1 CRAVIN5G (3660-3 BCX-31
P(ACTIW, (87 314 HO)3 3SMI 48LOC-0 1(2! 106!E POS3 S.LCK1 COLOR RED P05) (1K-1 622 SMALL Post
LOWING5 AT (97 304 10P3 (kLOCr-Z CLO GPEU POSI (OLOCK-2 SIZE LARGE P053 (NU.CK-3 COLOR RED pal
REGION AT (Z 254 1001 Too S66.3 (BL061-3 SI?E LARGE! P053 IBLOCK-4 CO.OR GREE Post (BLOCK-4 SIZE L92O! PO13
LOOKING Al (103 263 I00) (BLOCK-5 M0IR 1ILL P053 (m.061-S SIZE LAME P053 495.616 COLOR KOCK P053
REGION AT (Q 254 (013 TOO SMALL (5.061-6 IZE (.010! PO5) ISLOC-7 CO.OR BLACK Post (B.061-7 SIZE LARGE PUS)
REJCTING IHIS 3(1 166) (ILO61-8 COLOR BLACK P013 (BILOK-11S12E LAM! P053 (§.06-l COLO BLOCK P013
LOOKIN AT 1106 304 1301 (5.01-3 S12E LARGE P0 1 OKf SIZEIA 52 LOSM FOS) (PTINIM10-I01 LRGEEN PUS)
REGION AT 1?24 (W 1 W0 966.MAL (PM101(-) 512E SMALL P05) (PVPAM(0-2 COLOR BLE P053
FI(DSACE 1IMIT ECEEDEDO (PVM0W-2 SIZE L.06! POS3 (P160(10-3 COLOR 6(0 1 05
G-3 (3(WJTEO (PYRAM(0-3 SI2! SMALL1 P05) (P1103310-11SIZE2 LOON Post
£373 LETTING GO OF SL06K-A WOM (BLOC1-0 TGL-3 P05) 18LOC1-1 ON TANE-I 105) (5.061-2 IN 9UK-3 POST
(IS) PoV(3G WO FROM (451 SkZ6 40) To (too 766 4$1) (OLOCK-4 ON BLOC1-6 P051 £11C-S ON 10111-31 Post (5.061-61 TAIII..-1 P063
£313 GRASPING F.061-4 (NLO63-7 ON 10&1 PUS) (5014CK1 IN4 60X1 P05) (5.061-9 IN BLOCK-6 P053
(14) 1171115 5.061-4 FROM (N66 666 261) t0 (386 7n$ 4ft1 £61061-A M1 101(1-3 P053 (801-31 ONTAE-1 P05i) (tFIM0-l 1 OLA-I OS)
TAKING SLOC1:3-4 rPO1 STACK14 (PV60(0-2 am 1011-31 P013 (P1101(0-3 01 TAISX-( P05)
STACK-19 D111667L!0 (PYWID(-U 01 TA50E1 P01)
O10155 91063-4 01 9LOCV.-A (P013 305532! 55.061-60 3 301IM (ILOCK-1 100166160) (BL061-2 266 266 266)
ADDING BLOCII-4 1O S113(7-32 (ILOCK-3 260 300 3M)5 111LOIC-4 200 266226) (BLOCK-S 766 (U 446)

.SAIL G- S PETRY GE161001 @.0=-4 49.061-5 206 246 2003 ISLOC-7 201 206 2663 010614 2662660 266)10
.6054. G-34 ~lAS 5.0-4 (BLOCK-9 266 266 203 £31061-A 2O6 2S0 1301 (U-I 6660 JONI ()

G-34 SUCCEEDS1 (P"t030-31 30tIN1(01 (P110(30-2 3M6 26 266) (P11015-U36 (6610 2405
REJECTING (342 M67 3N03 (P3101(0- 410 Z26 3IN3 IT101 t 1266 3266
LOOKING AT 1342 69S 303) 16116( (BLOLV.-6 SYFCK-31 (5.061-4 SYNCK-163 4@5.K-6 STAICK-AS)
REGION AT 0N 67" 3W?3 TO SMAL (5.061-3 S116(131
*EJECTING 5319 746 3NO3 156 (5.6-f BLOCK) (3.067-3 BLOCK) (BL061-2 BLOCK) (BLO61-3 11LCK
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