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Abstract

This paperbuilds on the insight of Lashley (1951)and

Miller, Galanter & Pribram(1960)thatactionandmo-

tor planning mechanismgrovide a basisfor all seri-

ally orderedcompositionakystemsincludinglanguage
andreasoning.lt reinterpretshis obsenationin terms
of modernAl formalismsfor planning, shoving that

both the syntacticapparatushat projectslexical mean-
ingsonto sentenceandthe neuralmechanismshatare
known to be implicatedin both languagebehaior and

motor planningreflectexactly the sameprimitive com-

binatory operations. The paperthen considerssome
neurocomputationahechanismshat canbe appliedto

modelingthis system,andthe relation of the composi-
tionality propertyto suchmechanisms.

Introduction

Compositionalityof the kind universallyassumedn natural
languageébehaior demands humberof propertieof repre-
sentationghat have beendifficult to reconcilewith neural-
computationamechanismsOneis that compositioninher
ently requiresrecursion. Anotheris the type-tolen distinc-
tion. Yet anotheris abstraction. The paperamuesthat the
origins of suchpropertiesshouldbe soughtin pre-linguistic
motor planningmechanismsand that the two main mech-
anismsof neuralnetwork learning—multi-layemperceptrons
and associatie nets—supporthe basicbuilding blocks of
compositionabystems.

Planning with LDEC
Basic Dynamic Logic
DynamicLogic (Harel 1984) offers a perspicuousiotation

for reasoningaboutdynamicsystemssuchascomputerpro-
grams:

(1) n= 0= [a](y=F(n))

—in a statewheren is greaterthanor equalto O, runninga
necessarilyesultsin a statewherey is setto avalueF (n)
(2) n= 0= (a)(y=F(n))

—runninga in a statewheren is greaterthanor equalto 0
possiblyresultsin a statewherey is setto avalueF (n)
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Suchlogics typically include the following dynamicax-
iom, in whichtheoperator, is sequencganoperatiorrelated
to functional compositionof functionsof type situation—
situation

@) [a][B]P = [a;B]P
Compositionis oneof the mostprimitive combinatos, or

operationsombiningfunctions,which Curry & Feys (1958)
call B, writing theabove sequencer; 3 asBaf3, where

(4) Bap=As.a(B(s))

The Linear Dynamic Event Calculus

To adaptdynamiclogic for purposesof planning,in order
to avoid the representationahnd inferential aspectof the
frame problem,we needto distinguishlinear logical impli-
cation(—e Girard 1987)from standardntuitionistic impli-
cations(=-). Thusto expresssuch(oversimplified)factsas
thatif adooris shut,andyou pushit, yougetto a statewhere
it is open,or thatif you areinside,andyou go through,you
areoutside we write:

(5) a. shutx) — [pushx)]opern(x)

b. in — [gothroughx)]out
This rule makesthe fluentsshu{x) andin(y) resourceshat
areconsumedy inferencejn thesensdhatthey necessarily
no longerhold in the statethat results,althoughary other
fluentsthathold in the original statebut arenot involvedin
thelinearinferencecontinueto hold.

By contrastf we wantto expressthe (again, oversimpli-
fied) factthatif somethings adoor, it is possibleto pushit,
or if somethings a doorandits open,thenits possibleto go
throughit, we write:

(6) a. door(x) = possiblépushx))
b. door(x) A oper(x)
= possibl¢go-through(x))

The predicatepossibleis not the samenotion of possibility
asthedynamiclogical modality (o). possibl¢a) meanghat
thepreconditionf a arefulfilled. In factourrulesmake no
useof (a). For planningpurposesall actionsareassumedo
be deterministic.Of coursetheworld is notlike thatbut we
mustdealwith nondeterminisnin a differentway.

The Linear DynamicEvent Calculus(LDEC) madeup of
deterministidinearruleslik e theabove expressinghe state-



changingeffects of instantaneousactions,and intuitionis-
tic rules expressingthe preconditionson thoseactionstak-
ing placemakesavery transparennotationfor STRIPS-lile
knowledgefor constructingplans,via the following axiom
expressinghetransitivity propertyof the possiblerelation:

(7) |= possibléa) A [a]possiblép) = possibléa; )

This saysthatif you arein a statewhereits possibleto a and
its a statein which actuallya-ing getsyou to a statewhere
its possibleto (3, you arein a statewhereit is possibleto a
thenf.

It supportsa simple plannerin which startingfrom the
world (8) in which | amin, andthe door is shutand stat-
ing the goal (9) meaning“find a possibleseriesof actions
thatwill getmeout,” canbe madeto automaticallydeliver a
constructve proofthatonesuchplanis (10):

(8) in Adoor(d) A shutd)
(9) possibléa) A [a]out

(10) a = pushd); go-through(d).

Thesituationthatresultsfrom executingthis planin thestart
situation (8) is onein which the following conjunctionof
factsis directly representetty thedatabase:

(11) out(me) Adoor(d) A oper(d)
This calculusis exploredin Steedmarf2002b).

Formalizing Affordance
Sucha calculusoffers a simpleway to formalize the notion
of “affordance”. The affordancesof objectscanbe directly
definedin termsof STRIPS/LDECpreconditiondik e (6).
Theaffordance®f doorsin ourrunningexamplearepush-
ing andgoingthrough:

| push
(12) affordancegdoor) = { go-through }

This is whatis neededo supportthe Reactve, Forward-
Chaining, Affordance-Baseglanningthat is characteristic
of primatesandotheranimals.

The Gibsoniamaffordance-basedoorschemacanthenin
turn be definedas a function mappingdoorsinto (second-
order) functions from their affordanceslike pushingand
going-througho theirresults:

(13) door' = AXdoor-APaffordancegdoor) - PX

Theoperatiorof turninganobjectof agiventypeinto afunc-
tion over thosefunctionsthatapplyto objectsof thattypeis
anotheprimitive combinatorcalledT ortyperaising so(13)
canberewritten door = AXggor- TX, Where

(14) Ta=Ap.p(a)

Plans and the Structure of L anguage Behavior

Interestinglythecombinatord andT alsoshowv up asprim-
itivesin thetheoryof syntaxproposedas CombinatoryCat-
egorial GrammarnCCG, Steedmar2000). Accordingto this

'Durative or interval eventsarerepresentetly theinstantaneous
statechangeghatinitiate andterminatethem.

theory all languagespecificinformationresidesn the lexi-
con. For example,the factthatthe Englishtransitive clause
exhibits SVO word-orderis capturedasfollows in the lexi-
cal categoryfor transitve verbs,which comprises syntactic
type (to the left of the colon) anda semanticinterpretation
(to theright):

(15) like := (S\NP)/NP: like

Thefollowing CombinatoryRulescombinesuchfunctorcat-
egorieswith aguments?

X/Y:f Y:g Y:g X\Y:f
X: f(9) X: f(9)
X/Y:f Y/Z:9g Y\Z:g X\Y:f
X/Z:A2f(g2) ~° X\Z:Azf(g(2)
X/Y:f Y\Z:9g Y/Z:g X\Y:f

X\Z: Az f(g@) =X XjZazfgz) o
Crucially, all aigumentsaretype-raisedvia thelexicon:
X:x ST XX
T/(T\X) : Af.f(X) T\(T/X) : Af.f(X)

—whereT andX arevariablesover syntactictypes.

Thecombinationof Type-raisingandCompositiorallows
lexical cateyoriesto “project” semanticpredicate-agument
relationsonto “unbounded”constructionssuch as relative
clausesand coordinatestructuresthat have appearedo re-
quire powerful grammaticalTransformationaRules, as in
(16)and(17).

Theseexamplesexemplify a number of crosslinguistic
universalgeneralizationshatthe theorycapturegSteedman
2000; Baldridge2002),andit hasbeensuccessfullyapplied
to wide-coverage statistical parsing using the Penn Wall
StreetJournaltreebank(Hockenmaier& Steedmar2002;
Clark & Curran2004).

<T

Neural and Computational Theories

Quitealot is known aboutthis systemn neurocomputational
terms.

The primate cytoarchitectonichomolog of area 44 or
Broca’ areain humansF5, hasbeenshaovn by singlecell
recordingto include “Mirror Neurons”that fire not only to
specificgoal orientedactionssuch as reachingand grasp-
ing, but also (with exquisite specificity) to the sight of an-
otheranimalperformingthe samegoal-orientedaction(Riz-
zolatti, Fogassi,& Gallese2002). If the animalknows that
thegoalis not contextually valid, or if theotheranimalsgaze
is not consistentthe meresightof appropriatenotionis not
enoughto fire the mirror neuron.

Interestingly otherneuronsn F5 fire only to the animals
own actions,and/orfire to visual presentatiorof the object
involved (Rizzolatti, Fogassi,& Gallese2001;Miall 2003).

Thissystemhasusuallybeeninterpretedn termsof recog-
nition, understandingandimitation of the actionsof other
animals(Galleseet al. 1996). However, it seemdikely that

2Combinationof cateyoriesby rulesis further restrictedby a
systemof featuredistinguishingslashtypesthatis omittedhere—
seeBaldridge(2002).



(16) a man who I

think you like

arrived

(To/(TL\NP))/N N (N\N)/(S/NP) Tz/(T2\NP) (S\NP)>/BS Ts/(sT\NP) (S\NP)/§8P S\NP

S/s S/NP
S/NP =
N\N g
N
T1/(T1\NP)
S
a7 give ateacher anapple and apoliceman aflower
(VP/NP)/NP T1\(To/NP) To\(T2/NP) CONJ Ta\(Ta/NP) Ta\(Ta/NP)
T2\(T2/NP)/NP) To\(Ta/NP)/NP)
Te\((Te/NP)/NP)
VP

suchunderstandings foundedon an even morebasiccapa-
bility for planningtheanimals own actions of thekind pro-
posedabove. In particular it seemdikely that the purely
motorsensitve neuronsof F5 are closely relatedto rules
of the LDEC type, aka TOTE units or operants,and that
the visual object-relatecheuronsare relatedto the appara-
tus that associate®bjectswith the actionsthat they afford
(Miall 2003:2135).Theinterestof the mirror neuronghem-
selesis thenthattheir generalizatiorover participantiden-
tities makesthemnecessarilysymbolicrepresentationglis-
tinct from both efferentmotoractivity andafferentpureper
ception Theseunits also look as thoughthey would map
very directly ontoverbs whetherwe think of theseascase-
frames (Rizzolatti & Arbib 1998), dependeng structures
(Pulvermilller 2002) or CCG lexical cateyories, as above.
In CCG, of course,suchlexical items constitutethe entire
language-specifigrammar

In termsof thetheoryof evolution of thelanguagdaculty,
it is striking that this entire systemis prelinguistic, rather
thanlanguage-specifi@nd canthereforebe investigatedin
primatesandotheranimalsotherthanhumans.We needto
know moreaboutF5 in primates,specificallyin relationto
tool use.Are there“affordance”neuronghatfire bothto use
andappearancef tools?Studyof theregionsadjacento F5,
(e.g. F4 which hasspatiallylocatedactionunits Rizzolatti,
Fogassi,& Gallese2002)andpathwaysto andfrom thecere-
bellum (Miall 2003)which executesandmonitorsthem,are
likely to beimportant. We alsoneedto understandow the
planningprocessxploits unitsin F5, particularlytherole of
the limbic system,andthe way in which repeatedconstruc-
tion of aplancanleadto compilationasalong-termmemory

In addition, we needneurocomputationadnd machine-
learningtheoriesof how symbolic units of the kind found
in F5 can be inducedfrom sensory-motoinput. Much of
thissystemseemso behighly localized ratherthanparallel-
distributed. (However, mechanismdike Simply Recurrent
Networks (SRN, Elman 1990) may well be appropriatefor
the procesof compilationof repeateglansinto compound

actionsand episodicmemories,as opposedto novel plan
constructiorandnaturallanguagainderstanding—cfSteed-
man1999.)

The computationalcharacterof the cortico-cerebellar
hippocampabkensorymotorsystemis fairly well understood
sinceMarr (1969)—sedGluck & Myers 2000. Perceptron-
like reinforcementearningconditionalon the intendedgoal
stateof LDEC-like operantseemso offer amechanisnfor
the neocorte and cerebellum. Associatve networks simi-
larly offer a mechanisntor the hippocampusn its latent
learningaspectsjn neuralnetwork systemdlike thosein .
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e
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Figure 1: The basicCerebellaiHippocampo-Corticatlual-
pathcircuit.

Theneuralpathwaysto andfrom the motorcortex remain
lessclear(Daskalakigtal. 2004).1t islikely thatsererallev-
elsof planrepresentatiomediatgWolpert,Doya, & Kawato
2003). The procesof abstractingover completeactionrep-
resentationseededo specifytheverb/afordance-lile units
of F5 seemgo be anopenproblemin neuralcomputational
terms.



Where Does Recursion Come From?

The neurological developmental and evolutionary conspir
ag/ betweenserial orderingfor motor plansand language
suggestshatthecompositiorandtyperaisingareprelinguis-
tic primitives that we sharewith someanimals. Yet apes
shov no sign of being able to acquireproductive syntax.
Whatmoreis neededo supportthelanguagedaculty?

One candidate is modal and propositional attitude
concepts—thaits, functionsover propositionalentities. (We
have sofar glossedover the importantfact that planscom-
poseactionsof type state— state whereasyntaxcomposes
functionsof type proposition— proposition) Theseinduce
truerecursionin conceptuaktructuresandgrammarvia the
groundedexicon. Thereis no evidencethatapescanattain
the kind of theory of other minds that is requiredto sup-
portsuchconceptsPerhapshisis all they lack (Premack&
Premack1983;Tomasello1999; Steedmar?2002a,b;Hausey
Chomsly, & Fitch 2002).

This suggestshatwe needto know muchmoreaboutthe
developmentof propositionakttitudeconceptsn humanin-
fants,andtheir relationto planningandtool usearoundPi-
agetiansensory-motodevelopmentabktages.

Conclusion

Compositionalityappearson this accountto be a very gen-
eralpropertyof simplesensory-motoplanningsystemsThe
units of compositionalsensorymotor plans appearto be
learnableby known neuralcomputationamechanismsand
canbe obsened by single-cellrecording. While processes
of planformationandplan executionarewell understoodn
symbolicterms theirtranslatiorinto neurocomputationalr
chitecturegemainsanexciting challenge.
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