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© Overview
© Syntax and Denotational Semantics of L7,

@ Syntax of L),

o Denotational Semantics of L), / L,

Reduction Calculi, Canonical Forms, and Algorithmic Semantica
@ ~yx-Reduction

@ Chain Rule

@ Canonical Forms and Algorithmic Semantics

@ Algorithmic Equivalence

o Expressiveness of L, / L

Parametric Algorithmic Patterns

@ Pure Quantifiers

o Generalised Quantifiers, Algorithmic Patterns, Ambiguity,
Underspecification

@ Combinatorial Permutations of Quantifier Scopes

@ Definite Descriptors with Determiner “the”

@ Predication via Coordination vs Conjunction of Statements

Computational Syntax-Semantics of NL via L),



@ Moschovakis (1989) [16] Formal Language of full recursion, untyped

@ Moschovakis (2006) [17], via examples of Natural Language (NL):
Type-Theory of Acyclic / Full Recursion L7, / L
Formal Syntax of L}, + Reduction Calculus of L),

@ Open: Algorithmic Dependent-Type Theory of Situated Information
(DTTSitlnfo): situated data including context assessments:

o Loukanova (1989-1991) introduced
math of recursively defined
Type Theory of Situated Info: applied to Natural Language
Sitation Semantics

Algorithmic CompSynSem of L2, / L}

NL Syn <= L} /L} <= Algorithms for Comp =  Denotations
—— —_——

Denotational Semantics

render Algorithmic Semantics

Algorithmic CompSynSem Interfaces




Overview

Development of Type-Theory of (Acyclic) Algorithms, Ly / L2, / DTTSitInfo

Placement of Ly, in a class of type theories

Montague IL C Gallin TY, C Moschovakis L) C Moschovakis L} (1)
?

DTTSitInfo (2)

@ Type-Theory of (Acyclic) Algorithms, L (L2.), provides:
e a math notion of algorithm
o Algorithmic Semantics of formal and natural languages

o L), / L is type theory of algorithms with acyclic / full recursion:
o Introduced by Moschovakis [17] (2006) by examples from NL

e Math development by motivations from NL, Loukanova [8, 9] (2019)

o In the works presented here, | extend L7, / L by incorporating:

o operators and corresponding reduction rules, by:
o Preserving acyclicity of L,
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Syntax and Denotational Semantics of L2, Syntax of LY,
D I'S

Denotational Semantics of

Syntax of Type Theory of Algorithms (TTA): Types, Vocabulary
e Gallin Types (1975)

Tu=el|t]s|(t—=71) (Types)
@ Abbreviations
o = (s — o), for state-dependent objects of type & (3a)
€= (s —e), for state-dependent entities (3b)
t= (s —t), for state-dependent truth vals: propositions (3c)

o Typed Vocabulary, for all o € Types

Consts, = K, = {c{,c7,...} (4a)
AV, — € Consts(r,(r—7)), T € {t, t} (logical constants) (4b)
- € Consts(,_,), T € {t, t} (logical constant for negation) (4c)
PureV, = {vg,v7,...} (4d)
RecV, = MemoryV,_, = {pg,p7....} (4e)
PureV, NRecV, = @, Vars, = PureV, U RecV, (4f)
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Syntax and Denotational Semantics of L_il_

Definition (Terms of TTA: L), acyclic recursion / L full recursion)

A=c:0|a%:0|BP?(CP):0 | Aw”)(B?):(p—0) (5a)
| AJ® where {p7' :=AT",...,....p0" == A" } : 0g

(recursion term)

| A(AZ)(ATD) s [ V(A5)(AT) i 7 | = (A3)(A]) : 7 (5¢)

| ~(B7): 7 (5d)

| V(w)(B7):7 | 37)(B7): T (pure quantifiers)  (5e)

| AJ° suchthat { CT', ..., Clm } i o (restrictor terms) (5f)

)

)

) m

| ToScope(B?) : (s — &) (unspecified scope)  (5g

| C(B°(s)): & (closed scope)  (5h

o c? € Consts,, z° € PureV, U RecV,, v? € PureV,
e B,C e Terms, p/" € RecV,,, A7" € Terms,,, C;" € Terms,,
or,mie{t,tht =(s—=t) (type of propositions)

ToScope: (¢ — (s — 7)), C: (0 — ), s:RecVs (state), o=t



Syntax and Denotational Semantics of L2, Syntax of LY, L
Denotational Semantics of L. / L7,

Type Theory of Algorithms (TTA): L2, acyclic recursion: Terms + AC

A=A where {p{* :=A7",...,...,po" :==A" } : 09 (6)

acyclic system of assignments

@ Acyclicity Constraint (AC), for L)\

[ = A7 opl = AT} (n20) (7a)
is acyclic system of assignments iff there exists a function
rank: {p1,...,pn} = N (7b)
such that:

if p; occurs freely in A;, then rank(p;) > rank(p;) (7¢)

@ TTA L), of acyclic recursion:
Def. 1, (5b) + AC

Q TTA L;\ of full recursion: without acyclicity AC
Def. 1, (5b) - AC
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Type-Theory of Acyclic / Full Algorithms: L), / L, by Moschovakis [17]
Algorithmic CompSynSem of L7, / L}

NL Syn <= L} /L} <= Algorithms for Comp =  Denotations
—— ~—_——

render Algorithmic Semantics Denotational Semantics

Algorithmic CompSynSem Interfaces

e Denotational Semantics of L, / L?: by induction on terms

@ Algorithmic Semantics of LY, / L2
For every algorithmically meaningful A € Terms:

o cf(A) determines the algorithm alg(A) for computing den(A)

o Reduction Calculus A = B of L), / L}: by (104) reduction rules

@ The reduction calculus of L), / L is effective
Theorem: For every A € Terms, there is unique, up to congruence,
canonical form cf(A), such that:

A =cf Cf(A)

o In a series of papers, | extend L, / L? by algorithmically
computational facilities, see Loukanova [5, 6, 8, 9, 10, 11, 12, 13, 14]



Syntax and Denotational Semantics of L2, Syntax of LY,
D nal Sem

Types of Restrictor Terms
In the restrictor term (5f) / (8),
AG° suchthat {CT*,...,CI" } : oy, (8)

foreachi=1,... n:
e 7; =t (state independent truth values), or

o 7; =t = (s — t) (state dependent truth values)

00, if, =t forallie{1,...,n} (9a)

oo=(s—o), ifr=t forsomeic{l,...,n}, and (9b)
o) = for some o € Types, 09 = (s — 0)

go=(s—o0p), ifri=t forsomeic{l,...,n}, and (9c)

there is no o, s.th. 09 = (s = o)
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) A
Syntax and Denotational Semantics of L. Syntax of L\

Denotational éemantics of LY /LA
ar / “rar

A

Denotational Semantics of L3, / L7,

A standard semantic structure is a tuple 21(Consts) = (T,Z) that
satisfies the following conditions:

o T={T, | c € Types} is a frame of typed objects
{0,1,er} C T, CTe (ery = er. = er = error)

Ts # @ (the domain of states)
Tiror) = (Tr, = Tr) ={f | f: Tr, = T, } (standard str.)
ery € Ty, for every o € Types (designated typed errors)

@ 7: Consts — UT is a typed interpretation function:
Z(c) € T,, for every c € Consts,

@ 2l is associated with the set of the typed variable valuations G:

G={glyg: PureVURecV—>UT

(10)
and, for every X € Vars,, g¢g(X) e T,}
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A
Syntax and Denotational Semantics of L. Syntax of L2\,

Denotational Semantics of L Lv%a s

The Denotation Function of L. / L2, (to be continued)

o Let’s assume a given semantic structure 2, and write den = den®

@ There is a unique function, called the denotation function:
den™: Terms — {f | f: G — UT}
defined by recursion on the structure of the terms

(D1) @ den(X)(g) = g(x), for every X € Vars
@ den(c)(g) =Z(c), for every c € Consts

(D2) den(A(B))(g) = den(A)(g)(den(B)(g))

(D3) den(Az(B))(g)(a) = den(B)(g{x := a}), for every a € T,
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Syntax and Denotational Semantics of L. Syntax of L))

Denotational éemantics of LY /LA
ar / “rar

The Denotation of the Recursion Terms (continuation) (to be continued)

(D4) den(Ay where {p1 :=Ay,...,pp:=A,})(g) =

where p; € T, are defined by recursion on rank(p;):

pi = den(A;)(g{pw, = Diys oy Pl = ﬁk,,,})

given that pg,,...,px,, are all of the recursion variables
pj € {p1,...,pn}, s.t. rank(p;) < rank(p;).
Intuitively:

o den(A1)(g),...,den(A,)(g) are computed recursively, by rank(p;),
and stored inp;, 1 <i<n

@ the denotation den(Ag)(g) may depend on the values stored in
P1y---3Pn

(D5) (for the constants of the logic operators) ...
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) A
Syntax and Denotational Semantics of L. Syntax of L

Denotational éemantics of LY /LA
ar / “rar

The Denotation of the Logic-Quantifiers Terms (continuation) (to be continued)

(D6b) Simplified version, without considering the erroneous cases of er

The denotation of the state-dependent, pure existential quantifier,
for 7 =t, den®(3(v7)(B7))(g): Ts — Tt is such that:

for every state s € Ts: (11a)
[den™ (3(v7)(B7))(9)](s) =1 (true in s) (11b)
iff there is @ € T,, in the semantic domain T, such that:
oA or (11c)
[den™ (B7)(g{v:=a})](s) =1
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Syntax and Denotational Semantics of L. Syntax of L)

Denotational éemantics of LY /LA
ar / “rar

The Denotation Function for the Restrictor Terms (continuation) (to be continued)

(D7) For every g € G, and every state s € Tg:

Case 1: for alli € {1,...,n}, C; € Terms, (independent on states)
For every g € G:

den(Ap)(g), if forallie{1,...,n},
den(C;)(g) =1

den (A% st. { C' })(g) =

T o, if, for some i € {1,...,n},
den(C;)(g) =0 or
den(C;)(g) = er

(12)
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Case 2: forsomei € {1,...,n}, C;:t

den (A2 s.t. { C' })(g)(s) (13)
den(Ao)(g)(s), if den( :)(g) =1, for all i s.th. C; : t, and
en(C;)(g)(s) =1, for all i s.th. C; : t, and
o0 =(s—0)
= < den(4y)(9), if den(C;)(g) =1, for all i s.th. C; : t, and

den(C;)(9)(s ) =1, for all i s.th. C; : t, and
o0 Z (s = o), forall o € Types

€rgys otherwise



thmic Semantics

Reduction Calculi, Canonical Forms, and Algorithmic Semantica
A
L T

@ A € Terms is explicit iff the operator where does not occur in A

@ A € Terms is a A-calculus term iff it is explicit and no recursion
variable occurs in it

Definition (Immediate and Proper Terms)

@ The set ImT of immediate terms is defined by recursion (14)

T:=V |pw)...(vm) | Au) ... ANun)p(v1) ... (vm) (14)

for V € Vars, p € RecV, u;,v;, € PureV,
i=1,...,n, 5=1,...,m (m,n >0)
o Every A € Terms that is not immediate is proper

PrT = (Terms — ImT) (15)

Immediate terms do not carry algorithmic sense:
den(p(v1) ... (vm)) is by variable valuation, in memory p € RecV.
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ction
in Rule

. . . . N | Forms and Algorithmic Semantics
Reduction Calculi, Canonical Forms, and Algorithmic Semantica

inition (Congruence Relation, informally)

The congruence relation is the smallest equivalence relation (i.e.,
reflexive, symmetric, transitive) between L;‘r—terms, A =. B, that is
closed under:

@ operators of term-formation:

o application

o A-abstraction
o logic operators
e pure, logic quantifiers
o (acyclic) recursor
e restrictor

@ renaming bound variables (pure and recursion), without causing
variable collisions

@ re-ordering of the assignments within the acyclic sequences of
assignments in the recursion terms

@ re-ordering of the restrictions in the restrictor terms
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Reduction Rules (to be continued)

[Congruence] If A=, B, then A = B (cong)
[Transitivity] If A= B and B = C, then A= C (trans)
[Compositionality]

e If A= A" and B = B’, then A(B) = A'(B’) (ap-comp)

e If A= B, and € € {\,3,V}, then {(u)(A) = &£(u)(B) (lg-comp)

elf A, =B, (i=0, ..., n), then

Ag where {py := Ay,...,p, = A, } (wh-comp)
= B where {py := By,...,pn = By }

elf A= Bypand C; = R; (i=0, ..., n), then

Ag suchthat {Cy,...,C, } (st-comp)
= Bg suchthat { Ry,..., R, }



: . N . . thmic Semantics
Reduction Calculi, Canonical Forms, and Algorithmic Semantica

Reduction Rules (to be continued)

[Head Rule] Given that p; # g; and no p; occurs freely in any B,

<A0 where { 7 = X}) where { 7 = ﬁ}
= Ay where{?:: X, ?;:?}

(head)

[Bekit-Scott Rule] Given that p; # ¢; and no ¢; occurs freely in any A,

Ag where {p := <B0 where{7 ::§}>, ?::X}

(B-S)
= Ao where { p := By, ] := ?, 7= Z}
[Recursion-Application Rule] Given that no p; occurs freely in B,
(AO where { 7 1= A })(B)
(recap)

= Ao(B) where {  := X}
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: . N . . thmic Semantics
Reduction Calculi, Canonical Forms, and Algorithmic Semantica
A\

Reduction Rules (to be continued)

[Application Rule] Given that B € PrT is a proper term, and p is fresh,
peE [RecV —( Fv (A(B)) U BV (A(B)))]

A(B) = [A(p) where {p := B} (ap)
[X and Quantifiers rules] Let £ € { A, 3,V }.
Given fresh p, € [RecV —(FV(A) UBV(A))],i=1,...,n, for
A= Ag where {p1 := A;,...,p, := A, } and replacements A, in (19):

Al = {Ai{pl =pi(w),. .. pn = pl () }] (19)

&(u) (AO where {p1 1= A1,...,p, = A, })
= &(u) Ay where {p} := \u) A}, ...,p), == Nu) A, }
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Restriction Rules of L,

@ each R} € Terms in R is immediate and (has a type of truth value)
re{tt}

@ each CJTJNG Terms is proper and has a type 7; of truth value
rie{t,t}(i=1,...,m, m>0)

@ ap,cj € RecV (j =1,...,m) fresh

(stl) Rule Ag is an immediate term, m > 1

(Ag suchthat {C1,...,Cp, K }) (st1)

= (Ag suchthat { ¢y, .. .,cm,ﬁ})
where {c¢1 :=C1, ...,cn =Ch }

(st2) Rule Ag is a proper term

(Ap such that {Cl,...,Cm,ﬁ}) (st2)

= (ag suchthat {cq,... ,cm,ﬁ})
where { ag := Ay,
c1:=C1, ...yem=Cp }



Reduction Calculi, Canonical Forms, and Algorithmic Semantica

Definition (y*-condition)

A term A € Terms satisfies the v*-condition for an assignment
pi= )\(7?)/\(’00)177 : (@ = (0 — 7)), with respect to A(v7),
iff A is of the form: (22a)—(22c):

A= Ay where { @ = Z,
p = AW)A)P,
7 = ﬁ}

such that the following holds:
Q v & FreeVars(P)

@ All occurrences of p in Ay, Z and § are occurrences:

o inp(W) (),
e which are in the scope of A(v)
modulo renaming the variables 771)

(22a)
(22b)

(22¢)
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A= Ay where { @ ,
pi= AP,
b

given that:
e A € Terms satisfies the v*-condition (in Definition 4) for
p:=ANU)Nv)P: (0 — (6 — 7)), with respect to A(v)
o p' € RecV(z_,;) is a fresh recursion variable

o X' = Y{p(ﬁ)(v) ;= p/(W)} is the result of the replacements

Xi{p(@)(v) =p'(W)},

i.e., replacing all occurrences of p()(v) by p/(), in all
corresponding parts X; = A;, X; = B;, in (23a)—-(23f), modulo
renaming the variables ', v




Reduction Calculi, Canonical Forms, and Algorithmic Semantica

The optional (chain) rule removes steps of repeated savings via chain-like
term assignments. No need of logging the info in g¢:

°q:=p, p=A4A

@ q:= /\(17)(])(7)), p:= A (modulo \-abstraction)

Chain Rule

For any A, A; € Terms, p,q,p; € RecVars, y; € PureVars, such that
A;{q:=p} is the replacement of all occurrences of ¢ in A; with p,

forie{l,...,n},5€{1,....m} (n,m>0),

C =c [Ao where { ¢ := M) (p(?)) pi=A,p1 = A, (242)
<oy Pn = An }:I
(chain)
= D = [AO{ q:=p} where{p:=Ap :=A{q:=p}, (24b)

o i=A{qg=p}}]

24 /63



Theorem (*-Canonical Form Theorem)

For each A € Terms, there is a unique up to congruence, ~y*-irreducible
cf «(A) € Terms, s.th.:

@ for some explicit, v*-irreducible Ay, ..., A, € Terms (n > 0)

cf < (A) = Ag where {p; := Ay,...,pp = An}

A=r cf - (A)

@ for every B, such that A :>f;* B and B is v*-irreducible, it holds
that B =, cf «(A)
i.e., cf - (A) is unique, up to congruence

© Consts(cf,~(A)) = Consts(A) and

© FreeV/(cf - (A)) = FreeV(A)

The proof is by induction on term structure of A, (5a)—(5e), (5f), using
reduction rules, definitions, and properties of reduction.

The reduction rules and their applications do not remove and do not add
any constants and free variables. O




Chain Rule
. N N 5 5 anonical Forms and Algorithmic Semantics
Reduction Calculi, Canonical Forms, and Algorithmic Semantica

Algorithmic Semantics of Ly, / L}

How is the algorithmic meaning / semantics of a proper (non-immediate)
A € Terms determined?

@ For every term A € Terms, by the Canonical Form Theorem 5:
A= cf(A)
A= cf s (A)

@ For each proper (i.e., non-immediate) A € Terms,
cf(A) / cf.~(A) determines the algorithm alg(A) for computing
den(A)

Theorem (Effective Reduction Calculi)

For every term A € Terms, its canonical forms cf(A) and cf .- (A) are
effectively computed, by the extended reduction calculus.
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Canonical Forms and Algorithmic Semantics
Algorithmic Eq ale\nce

Reduction Calculi, Canonical Forms, and Algorithmic Semantica
Expr G L, ) 1L

Two terms A, B € Terms are algorithmically equivalent, A =~ B, in a
given semantic structure 2, i.e., referentially synonymous in 2, iff

@ A and B are both immediate, or
@ A and B are both proper

and there are explicit, irreducible terms (of appropriate types),
Ao, ..., A, Bo, ..., By € Terms, (n > 0) such that:

@ A= Agwhere {p; :=Ay,...,p, = A, } =cf(4)
@ B = By where {p; :=DBy,...,p, =B, } =cf(B)
@ forallie{0,...,n}

@ for every x € PureV U RecV,

x € FreeV(4;) iff x € FreeV(B;) (25)

@ den(4;) =den(B;)
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Rule
nical Form
mic Eq
Expressiveness of

Reduction Calculi, Canonical Forms, and Algorithmic Semantica

Type Theory L2, / L is more expressive than Gallin TY2

Theorem (Moschovakis [17] 2006, §3.24 (mild adjustment))

@ For any explicit (A-calculus) A € Terms, there is no (assignment)
memory location, bound via where in its canonical form, such that it
occurs in more than one of its parts A; (0 <i <n) of cf(A) /
cf ,» (A)

@ Assume that A € Terms is such that an assignment location
p € RecV, bound by where in its canonical form cf(A) / cf «(A),
occurs in (at least) two assignment parts, and the denotations of
those parts depend essentially on p:

Then, there is no explicit (A\-calculus) term B € Terms, such that B
is algorithmically equivalent to A, B ~ A,
i.e., for all \-calculus B € Terms, B % A.

The proof is by Moschovakis [17] (2006). | provide it for the extended
Ly /Ly
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Pure Quantifiers
€ ised Q iguity, Underspecification

Parametric Algorithmic Patterns Statements

Reductions with Pure Quantifier Rules: Algorithmic Patterns and Instantiations

© Assume cube, large, € Consts_, ), in the typical Aristotelian form:

Some cube is large fender, B = Az (cube(x) A largey(z)) (26a)
B = 3z((c Al) where { ¢ := cube(z), | := largey(x) }) (26b)

by 2 x (ap) (ap-comp), (recap), (wh-comp), (head), (lg-comp)
= FJz((z) ANl'(z)) where { (26¢)
—_—

By algorithmic pattern

¢ = XNxz)(cube()), I == XNx)(largey(z)) } = f(B) (26d)

instantiations of memory slots ¢, I’
from (26¢), by (&) to 3
~ Jx(d (x) ANl'(z)) where { ¢ := cube, ' := large, } = B’ (26e)
m instantiations of memory slots ¢’, I’
by Def. 7 from (26c)—(26d), den(A(x)(cube(x))) = den(cube),
den(A(x)(largey(x))) = den(large)

(26f)
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Repeated Calculations

render

Some cube is large —— T, large € Consts e, 3 e57) (272)

T = Jz[cube(x) A [large(cube)](z) | = ... (27b)
by predicate modification
= Jz[(c1 A1) where { ¢; := cube(x), (27¢)
| := large(co)(x), ¢z == cube }| (27d)
= Jz(c)(z) ANl'(x)) where { ¢] := \(x)(cube(x)), (27e)
I':= Max)(large(cy(x))(x)), cb := M) cube } (27f)
= cf(T) (27e)—(27f) is by (§) on (27c)—(27d)
Jz(c)(x) Al'(x)) where { ¢} := X(z)(cube(z)), (27g)
" := \xz)(large(c2)(x)), co := cube } (27h)
= cf «(T)
~ Jz(c) (z) ANl'(x)) where { ¢} := cube, (271)

= Ma) (large(ca) (x)), ca := cube } (27)



render

Some cube is large —— C, large € Consts((g_ﬁ)_@_ﬁ))

C = 3z[d(x) A large(c')(x)] where { ¢’ := cube }
Ey
= Jz[(c(z) A1) where {1 := large(c')(z) }]

Ey

where { ¢’ := cube }

from (28a), by (ap) to A of Ey; (lg-comp); (wh-comp)

= [3z(d (z) Al(z)) where {I" := \(z) (large(c) () }]

Eo

where { ¢ := cube }

from (28b), by (§) to 3

= Jz(d(z) Al'(2))
Cy an algorithmic pattern

where { ¢’ := cube, " := A(z)(large(c')(z)) }

instantiations of memory ¢’, I’

from (28c), by (head); (cong)

cf(C)

(28a)

(28b)

(28c)

(28d)



Parametric Algorithmic Patterns

Proposition

Q@ The L) -terms C = cf(C) in (28a)—(28d), and many other
L) -terms, are not algorithmically equivalent to any explicit terms

Q L), is a strict, proper extension of TY o, Gallin [3]
© and of a la Montague semantics via inclusion of Montague IL in TY

Outline of a proof:

(1) follows by Theorem 8

(2) follows by Theorem 8, and (1)

(3) Gallin [3] provides an interpretation of Montague IL (MIL) [19] into
TY,. Suitable interpretation of MIL can be given directly in L), (L2).

Placement of Ly, in a class of type theories

Montague IL C Gallin TY, C Moschovakis L), C Moschovakis L  (29)

=
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iguity, Underspecification

Parametric Algorithmic Patterns

Statements

Generalised Two-Argument Quantifiers: Q : ((€ > t) = (€ —t) = 1))

some, every "% some, every € Constsz,7) (@op 1) (30)

render

somepgr cubex|np —— some(cube) : ((€ — ) — 1) (31)
= [some(d) where {d := cube } (32)
Some cube is large ~"% Ag/A1 /Ay (options) (33a)
Ao = (some(cube))(largey) : t typical A-term (33b)
= some(p1)(p2) where {p1 := cube, pa = largey} (33¢)
recursion term
Ay = some(p1)(p2) where {p1 := cube, py := large(p1)} (33d)
As = Q(p1)(p2) where { Q := some, p1 := cube, py := large(p1) }
———
alg. pattern instantiations of memory
(33e)

Alternatives: Q := every, @ := one, Q := two, Q) := most, etc.
No explicit terms are algorithmically equivalent to A; and As, by Th. 8.
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[[K]xe [is [larger,p,, than

d
[somepg: numberx]xp|apsplve)s ———s A

A= {)\y[[some(number)] (Azq larger(xd)(y))]} VP(K) = ...

= [A(yk)(some(d/(yk)) (h(yk))) where
{d" := \yg)number,
b i= Alye)A(za)larger (wa) () }| (K)
<= cf(4) =
(M) (s0me (@ (9e) (b)) | (k) where

{h = Ayw)A(za)larger (za)(yr),
d" = Nyg)number, k:= K }
=, cf«(A) =
[A(yr)some(d) (h(yx))] (k) where
{h = Ayr)A(za)larger (za)(yr),
d = number, k:= K}



[[K]wp [is [larger,p, than

[somepgr numberx|xp]apip]vels render, cf - (4)
cf -(4) =
[A(yx)some(d) (h(yk))] (k) where
{ h:= Ayr)A(@a)larger (za) (i),
d := number, k:= K }
# A" = [some(d)(h(k))] where
{ h = Myr)A(@a)larger (za) (i),
d = number, k:= K }
= cf«(A") = [some(d)(h')] where
{h" = h(k), h:= Xyg)Nzq)larger(xzq)(yx),
d = number, k:= K }

(35a)

(35b)

(35¢)

(35d)

(35¢e)

from (35d) by (ap), since h(k) is not immediate, see Def. 2;

(wh-comp), (head)

.. Tentative S-repl. in (35c) does not preserve algorithmic equivalence

by Def. 7



[K [ [ ge AD than
ET beNNPA)JPVPS—>A3

Az = [)\yk [[Q(number)] (Azq larger(zq)(yx)) where {

Q= some}]](K) = ...
=4+ cf <(As) = [Myr)Q(d) (h(yk))] (k) where
{Q = some, h:= Nyg)\(zq)larger(zq)(yr),
d := number, k:= K}
# Ay = [Q(d)(h(k))] where
{Q := some, h:= Ayg)\(zq)larger(zq)(yx),
d := number, k=K }
= cf «(A3) = [Q(d)(h)] where
{Q := some, d:= number, k:=K,
h'=n(k), h:= Ayk)A(@a)larger(zqa)(yr) }

(36a)

(36b)

(36¢)

(36d)

(36e)

from (36d) by (ap), since h(k) is not immediate, see Def. 2;

(wh-comp), (head)



iguity, Underspecification

Parametric Algorithmic Patterns Statements

renderings of quantifiers share algorithmic pattern

render

Every cube is larger than some dodeca —— (de dicto)
R3 where {R3 := every(p)(R2), (37a)
Ry := A(z2)some(b)(R1(x2)), (37b)

Ry = Az2)A(21)larger(x1)(x2), (37¢)

p := cube, b := dodeca} (37d)

Every cube is larger than some dodeca ~"%"; (de re)

R3 where {R3 := some(b)(R1), (38a)
Ry = A(z1)every(p)(Ra(x1)), (38b)

Ry := A1) M(22)larger(xy)(x2), (38¢c)

p := cube, b := dodeca} (38d)
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and renderings of quantifiers: shared algorithmic pattern

de dicto term Soy

Sa1 = R3 where { R3 := Q2(R2),
Ry = A(2)Q1 (R} (2))
Ry == Aza)A(w1)h(x1)(x2),
Q1= q1(d1), Q2 = g2(d2),
qo = every, ds 1= cube,

q1 1= some, dy := dodeca, h := larger }
de re term Sis

Si2 = R3 where { R := Q1(Ry),
Ry == XN@1)Q2(R3(21)),
Ry = Maz1)A(m2)h(z1)(32),
Q1= q1(dr), Q2 = q2(da),

q2 = every, d := cube,

q1 = some, dy := dodeca, h = larger }




s, Algorithmic Patterns, Ambiguity, Underspecification

Parametric Algorithmic Patterns Statements

Constrained Underspecified Terms

U = R3 where {11 :== Q1(R1), I3 := Q2(Rz2), (41a)
Q1 :=q1(d1), Q2 = g2(d2), (41b)
q1 = some, g3 ‘= every, (41c)
h := larger, dy := dodeca, dy := cube } (41d)

s.t. { Q; binds the i-th argument of h, (41e)

Rs3 binds (dominates) each Q; (1 =1,2) } (41f)

e U is underspecified (per se), while restricted:
R3, R;(i = 1,2) are free recursion variables

@ the specifications in U have to satisfy the constraints on argument
bindings
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rendering of the quantifiers after specification of the underspecified pattern U

U can be specified to de dicto term:

Us1 = R3 where { Rg :=la, lo:= Q2(R2), (42a)
Ry = Ax2)lf (22), I} 1= M22)Q1 (R (22)), (42b)
R} := M) A(z1)h(x1)(22), (42¢)
Q1= qi(d1), Q2 := g2(da), (42d)
q2 = every, ds := cube, (42e)
q1 = some, dy := dodeca, h = larger } (42f)

Us1 can be simplified to the similar, chain-free term by (chain) rule:

So1 = Rs where { R3 := Q2(R5), Ry := Mx2)Q1(R}(22)),  (43a)
R} := Mao)A(z1)h(x1)(22), (43b)
Q1= ai(d1), Q2 = qa(da), (43¢)
dy = cube, di := dodeca, h := larger, (43d)
@2 = MOV )¥(2) [U(z) — V()] (43e)
g1 == MU)AV)3(2) [U () AV ()] } (43f)



rendering of the quantifiers after specification of the underspecified pattern U

U can be specified to the de re term:

Uiz = R3z where { Rg := 11, I := Q1(Ry), (44a)
Ry = M)y (21), 13 := A21)Q2(R3 (1)),  (44b)
R} := M) A(z2)h(x1)(22), (44c)
Q1= qi(d1), Q2 := g2(da), (44d)
q2 = every, ds := cube, (44e)
q1 = some, dy := dodeca, h = larger } (44f)

Uiz can be simplified to the similar, chain-free term by (chain) rule:

Si2 = Rz where { Ry := Q1(R1), Ry := A a1)Q2(R3(21)), (45a)
R} = Mz1)A(z2) (1) (22), (45b)
Q1 :=q1(d1), Q2 = q2(d>), (45¢)
dy = cube, di := dodeca, h := larger, (45d)
@2 = MOV )¥(2) [U(z) — V()] (45¢)
@1 == AU)A(V)3(2)[U(x) A V()] } (45f)



tifiers, A\L rithmic Patterns, Ambiguity, Underspe

Parametric Algorithmic Patterns

Combinatorial Permutations of Quantifier Scopes

Q = R(n41) where { (46a)
RYLY = A1) - A@r(5)) Q)| (46¢)
A@x () Brn) (@e) -+ (@) (@ni41))] (46d)

| forj=(n—-1),...,1,

Rty = M@r(1)) Q) A (2) B 2) (T (1)) (T2))]; (46e)

Rint1) = Qr () [M@r(1)) Re(1)(Tr1)]s (46f)

= [g:(d;) s.t. { Q; binds the i-th argument of h }]
[fori=1,...,n;n>1}
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Parametric Algorithmic Patterns Statements

Underspecified Quantifiers

V = Ry where {1; := [Qi(R;), (47a)
s.t. { Q; A-binds the i-th argument of h via R;, (47b)
h:(e=(E—...(6—=1)), (47¢)
Ry is assigned to a closed subterm with (47d)
fully scope specified @Q;,

R, dominates each Q; (fori=1,...,n)}]
Q: = qi(d;) (47€)
[fori=1,...,m;n>1} (471)
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Logical Forms of Definite Descriptions with the Determiner “the”

® = The cube is large (48)

e First Order Logic (FOL) A

P L 4 =Ty [\Vy(cube(y) < x=1y) A isLarge(z)] (49a)
'lL”Iri(]”U,Ef”IVETSS
S=3a[Vy(Ply) « a=y) A Qz)] (49b)

UNiLqUENESs

In FOL, A in (49a) has the following features:

o Existential quantification as the direct, topmost predication
@ Uniqueness of the existing entity

@ There is no referential force to the object denoted by the descriptor
NP: [the cube]yp

There is no compositional analysis, i.e., no “derivation”, of A from
the components of ®



@ Higher Order Logic (HOL): Henkin (1950) and Mostowski (1957)

a significant, positive step of compositional analyses, via
but no referential force!

render

the —— T = [APAQ[3x [\Vy(P(y) “ax=y) A Qx)]]] (50a)

uni queness

render

the cube —— C' = T'(cube)

C= [APAQ [Elx Yy(P(y) &z =) A Q(x)]” (cube)
HD=\Q [El:c [\Vy(cube(y) \<—> r=1y) A Q(:E)H

(from (50b) by B-reduction)

render

® = The cube is large —— B = D(isLarge)
B= {)\Q [39& [\Vy(cube(y) “r=y) A Q(x)]” (isLarge)

uniqueness
H Jz [\Vy(cube(y) <+ x=1y) A isLarge(z)]

uniqueness

(from (51b) by B-reduction)

(50b)

(50¢)

(51a)
(51b)

(51c)



y, Underspecification

b o Alrortheie p Definite Descriptors with Determiner “the”
arametric Algorithmic Patterns Predi via tion nction of Statements

Example: rendering of the definite article “the” Option 1

@ Rendering the definite article “the” to a constant:

the Ldel’) the € COnStS((g*)I)*)*ef) (52)

@ together with the following denotation of the constant the requiring
“uniqueness” of the denoted object having the property p in sq:

y, if yis the unique y € T,
for which p(s — y)(sp) =1
[(den(the))(9)] (P)(so) = { er, otherwise (53)
i.e., there is no unique entity
that has the property p in sq

for every p € T(z_,3) and every sg € T,

There are other possibilities for rendering the definite article “the”, e.g.,

see Loukanova [13].
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Parametric Algorithmic Patterns ER Statements

Option 3: the definite determiner “the” and descriptors: Underspecification

We can render “the” to Ay or cf(A;), underspecified for p:

render

the —— Ay = (g s.t. { unique(p)(q) }) : € (54a)
the <9, cf(A1) = (gs.t. {U}) where {U := unique(p)(q) }  (54b)
p € RecV 5,5, ¢ € RecVg, by (stl) from (54a) (54c)

@ ¢ is the unique object having the property p, whoever it turns to be,
by the predication unique(p)(q)
the cube "%, cf(Ag) : € (55a)
Az = (g s.t. { unique(p)(q) }) where {p := cube } (55b)
= cf(A2) = (¢s.t. {U}) where { U := unique(p)(q),
p = cube }
by (stl), (head), from (55b)

(55¢)
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“the” and definite descriptors in predicative sentences Option 3

The cube is large 29", cf(A3): t (56a)
Az = large(p )((q s.t. { unique(p)(q) }) where { p := cube }) (56b)
= large(p)(Q) where {

Q = [(g s.t. { unique(p)(q) }) where {p := cube }| } (56¢)
by (ap), from (56b)
e () = loge(p) Q) where (Q = (g5t (VD).

U := unique(p)(q), p := cube }
by (st1), (wh-comp), (B-S), from (55c), (56¢)

Algorithmic Pattern: definite descriptors in predicative statements: Opt3

A= L(Q) where {Q := (g st. {U}), U :=unique(p)(q) }  (57a)
p,q,L € FreeV(A), p € RecV (e %), ¢ € RecVy, (57b)

Q € RecVg, U € RecVy, L € RecV (o5 (57¢)




Example: the definite descriptors as a direct by named entities Option 4-5

The number 7 is odd <29 cf(A,) : T (58a)

Ay = isOdd((q s.t. { unique(N)(q), p(q) }) where {
(58b)
q:=n, p:= number, N := named-n })

= cf(As) = is0dd(Q) where { Q := (¢s.t. {U,C}),
U := unique(N)(q), C = p(q), (58¢)

q:=n, p:= number, N := named-n}

o direct reference, by assignment; uniqueness and existence are

consequences
The number n is large Lender, cf(A4s): t (59a)
As = isOdd((q sit. {p(q) }) where {
(59b)
q:i=n,p:= number})
= 180dd(Q) where { Q := (q s.t. {C’}), C = p(q), (590)

q :=n, p = number }



via Coordination in VP: e.g., a class of coordinated ADJ, Vv, VP, etc.

[(bj]NP H@L and ‘IJN] [Ww]NP} VP (603)
Nt A2 [N (L) (25) A N(yu) (@) (w)] () (60b)

algorithmic pattern with memory parameters L, N, w, j

[ [The cube]; [is [ larger than and next to (61a)

adjectival coordination

[ [its]; predecessor]u]applvels o= A (61b)

A = Az [ My (larger (yw) (25) A nextTo(yw)(z;))
(predecessor(x;))] (the(cube))
=y )\xj [)‘yw (L”(x])(yw) A N”(xj)(yw ) } (62b)

algorithmic pattern with memory parameters L, N"', w’, j

(62a)

where { L" := Az ; Ayy, larger (yu ) (),
N := \xj Ay, nextTo(yy)(z;), (62¢)
w' 1= Azjpredecessor(x;), j := the(c), ¢ = cube }

2 x (ap) to A, (&) for A, (wh-comp), (recap), 2 x (ap), (B-S)



Predication via VP vs. Conjunction of Propositions

@ The algorithmic semantics of (61a)—(61b), (62b)—(62c) is
predication via VP

@ The sentence (63a)—(63b) is a conjunction of propositions, i.e., a
propositional conjunction

@ The algorithmic semantics of (63a)—(63b) can be represented by
cf «(B), in (64b)—(64c), i.e., by a conjunction of propositions:

(LAN)
[The cube]; is larger than [[its]; predecessor],, (63a)
and [it]; is next to [it],, fender, (63b)

B = [larger(w)(j) A neztTo(w)(j)] where {

64
j = the(cube), w := predecessor(j) } (642)
=t (L AN) where {L := larger(w)(j), N := nextTo(w)(j),
w := predecessor(j), (64b)
j = the(c), ¢ := cube}
= cf «(B) (64c)



Computational Syntax-Semantics of NL via L2,

Computational Syntax-Semantics of NL by using L3, in GCBLG

For syntax-semantics interfaces of Natural Language (NL), | employ:

@ Generalised Constraint-Based Lexicalized Grammar (GCBLG), see [7]
GCBLG covers a variety of computational grammars, by representing
major, common syntactic characteristics of a class of approaches to
computational grammar, e.g.:

o Head-Driven Phrase Structure Grammar (HPSG) [18]
https://langsci-press.org/catalog/book/478

o Lexical Functional Grammar (LFG) [1]
o Categorial Grammar (CG) [2, 15]

o Grammatical Framework (GF) [4] (tentatively)
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Computational Syntax-Semantics of NL via L2,

Algorithms for Computing Denotations of Terms

Algorithmic Syntax-Semantics of L), (L) and Natural Language |

Syntax of L), (L)) = Algorithms for Computations = Denotations (65)

Semantics of L) (L)

Computational Syntax of NL <% 1A (66)

Computational Grammar

Computational Syntax of NL tender, L) (67)

Computational Grammar: Syntax-Semantics Interface

53 /63



Computational Syntax-Semantics of NL via L2,

Computational Syntax-Semantics of NL by using L3, in GCBLG

Generalised Constraint-Based Lexicalized Grammar (GCBLG) covers
major syntactic categories of natural language, by linguistically motivated
generalizations.

@ The syntactic information is distributed among a hierarchy of types

@ typed feature-value descriptions: Feature-Value Logics;
Attribute-Value (ATV) Matrices

@ The semantic representation in syntax-semantics composition and
interface, is by the feature SEM and its recursive values

A

ar’

SEM has typed values that encode recursion terms of L
alternatively, of DT TSitInfo

o Efficient and effective, computational rendering of NL expressions to
~*-canonical forms, see Loukanova [6, 9, §]
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Computational Syntax-Semantics of NL via L2,

Computational Syntax-Semantics of NL by using L3, in GCBLG

Computational Grammar with Syntax-Semantics and Underspecification

For a given NL expression ¢, its grammar analysis ®, includes
syntax-semantics interface, throughout its constituents

O LM A = of (A) (68)
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Computational Syntax-Semantics of NL via L2,

Motivation for Type Theory L. and Qutlook

e L) provides Computational Semantics with:

o greater semantic distinctions than type-theoretic semantics by

A-calculi, e.g., in Montagovian grammars
o L) provides Parametric Algorithms
Parameters can be instantiated depending on:

o classes and sets of specific parts of speech, e.g., nouns, NPs, verbs,
properties, relations, etc.

o representing major semantic ambiguities and underspecification [6],
at the object level of the formal language of LJ,, without
meta-language variables

o L with logical operators and pure quantifiers can be used for:

o Proof-theoretic computational semantics and reasoning

o Inferences of semantic information

e Canonical forms can be used by automatic provers and proof
assistants

Looking Forward!
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