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— Topic Area: Modeling Taxation, Effort, and Wealth.
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at the very outset of the paper itself. for the respective promotion or supression of the same. I intend to model this using
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e Nov 5: Pure General Logic Programming, Func-
tional Programming, Turing-Completeness, and
Beyond. We review the basic paradigms of
computer programming. For the imperative
case, we use the simple imperative language of
(Davis, Sigal & Weyuker 1994), and also dis-
cuss register machines, Turing machines (again),
KU machines. We also discuss whether pro-
gramming beyond the Turing Limit makes sense
and can be pursued.

e Nov 9: Hypergraphical Proof and Program-

ming in HyperSlate@. We here introduce the
availability of writing Clojure functions in the

context of proofs in HyperSlate®.

e Nov 12: Quantified Modal Logic. We here ex-
plore quantified S5, the infamous Barcan For-
mula. HyperSlate® is used.

e Nov 16: Killer Robots, D, and Beyond in

HyperSlate@ to DCEC. We begin here by stat-
ing the “PAID Problem,” and then the ap-
proach to it from Bringsjord et al. advocates.
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We review that modal logic D is painfully in-
adequate, but now move to some exploration

of a version of DCEC in HyperSlate®.

Nov 19: The Logicist Al-ification of the Doc-
trines of N Effect to Solve the PAID Problem.

Nov 23: ZFC. We review and expand our un-
derstanding of axiomatic set theory, and of the

relative size of infinite sets. ZFC in HyperSlate®
is visited and explored. Note: This is the last
day of any in-person instruction.

e Nov 26: No Class (Thanksgiving).
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DCEC in HyperSlate® ...

Inference Schemata

K(a7tlyr)a F|_¢a 5] StZ B(aatlar)a F|_¢7 4] StZ

K(a,12,0) [Re] B(a,12,0) [Rs]

C(t,P(a,t,0) — K(a,t,0)) [R:] C(t,K(a,t,0) = B(a,1,0)) (%]

Ct,0)t<t...t<t, R] K(a,t,9)
K(al,tl,...K(an,tmq))"') ’ ¢

[R4]

[Rs]
[Re]

C(t,K(a,11,01 — ¢2)) = K(a,12,01) — K(a,13,2)

C(z,B(a,11,01 — ¢2)) — B(a,12,¢1) — B(a,13,42)
[R7]

C(t,C(t1,01 — ¢2)) = C(t2,01) = C(t3,62)

C(t,Vx. 6 — 0[x—1]) [Rs] C(t,01 < 02 = =02 — —01) 1%

[R10]

Ct,[01N...ANOy = 0] = [0 = ... > by = V))
S(s,h,t,0) I(a,t, happens(action(a*,a),t'))
[R12] —— [R13]
B(h,t,B(s,t,0)) P(a,t,happens(action(a*,a.),t))
B(a,t,¢) B(a,t,0(a,t,9,x)) O(a,t,0,X)

K(a,t,1(a,t,%))

[R14]



DCEC (supported fragment)

First-order (Propositional) Schema
* Assume
* Not Elim, Not Intro
* And Elim,And Intro
* Or Elim, Or Intro
e If Elim, If Intro
o [ff Elim, Iff Intro
* Forall Elim, Forall Intro
* Exists Elim, Exists Intro
* Higher Order Forall Elim, Higher Order Forall Intro
* Higher Order Exists Elim, Higher Order Exists Intro
* Eq Elim, Eq Intro
* Pc Oracle, Fol Oracle

Modal Schema
e R|,R2 R3, Ry,
o Rk, Rba
e Ris

Inference Schemata Moda

K(a,tl,r), I'-e, 1 <t B(a,tl,I‘), I'o, t1 <t
K Rg]

K(a,t2,¢) B(a>t2a¢)

C(1,P(a,t,0) — K(a,t,0)) Ri] C(1,K(a,1,0) — B(a,1,0)) R

Ct,0)t<t...t<t, K(a,t,0)

mehmxwm%@“)[&] n R4

[Rs]

[R¢]

C(taK(a7t1>¢1 — ¢2)) — K(a7t27¢1) — K(a1t3a¢2)

C(taB(a7t17¢1 — ¢2)) — B(a7t2a¢1) — B(a,t3,¢2)
[R7]

C(t,C(t1,01 — ¢2)) = C(22,61) — C(t3,02)

B Cht o n ko)

[R10]

C(t,Vx. 0 — ¢[x—1])

Cit,[01N...NOp = 0] = [01 = ... 2> b, — V])
S(s,h,t,0) I(a,t,happens(action(a*,),t"))
[R12] —— [R13]
B(h,t,B(s,t,0)) P(a,t, happens(action(a*,a),t))
B(a7t7 q)) B(a7t70(a7t’¢)X)) O(a7t7 ¢7X)

K(a,t,I(a,t,y))

[R14]



Delivered on promissory
note re building
hierarchies via formal
logic ... questions?



Polynomial Hierarchy, Part Il

(via formal logic, directly)
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Polynomial Hierarchy, Part Il

(via formal logic, directly)
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Polynomial Hierarchy, Part Il

(via formal logic, directly)

Eg:

KLogEquiv(p1, 2, 02| < k,a(p1) = a(g2))

NP = = coNP



Polynomial Hierarchy, Part Il

(via formal logic, directly)

the

KLogEquiv(¢1, ¢2, |p2| < k,a(p1) = a(p2))




Polynomial Hierarchy, Part Il

(via formal logic, directly)

we

(p1, k) € L iff(ApoVaKLogEquiv(pr, ¢o, |po| < k,a(d1) = a(ds))

N

PN = AP

/N

NP = ¥P ¥ = coNP

N S

AP =3P =P =T = AP

Now we generalize:




Polynomial Hierarchy, Part Il

(via formal logic, dlrectly)

free variables

(p1, k) € L iff(ApaVal LOgEquw(gbl b2, |d2| < k, a(p1) = a(ps))

Now we generalize:

\ / T < 27/ ift IR HylvaszZR(x7ylay27ayz>
PNP _ AT (Q; =V if i even; Q; = 3 if ¢ odd)
NP = 5P / \H{“ = coNP

N S

AP =3P =P =T = AP



Polynomial Hierarchy, Part Il

(via formal logic, directly)

free variables
'ﬁ Q /\ Eg:

Ay Now we generalize:
N x € ¥ it 3R 1 Vye - - Qiyi R(x, Y1, Y2, - - -, Yi)
P = A (Q; =V if 1 even; Q; = 3 if ¢ odd)

NP = ¥P

M=t e L iff 3R Yy Jys - - - Qi R(2, y1, v, - - -, Us)
\ / (Q; = 3 if j even; Q); =V if j odd)

AP =3P =P =T = AP
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(via formal logic, directly)
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CogSci and Al need to say more about
AnH (Analytic Hierarchy) where Al falls/can fall in the landscape.

Infinite Time Turing Machines (ITTMs)

Human Persons
(according to Bringsjord)

A"H (Arithmetic Hierarchy)
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Human Brains
(according to Granger)

CH (Chomsky Hierarchy)

Turing Machines (TMs)
0 8
A1

(decidable formulae) Linear Bounded Automata (LBAS)

Push Down Automata (PDAs)

Finite State Automata (FSAs)
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Can you see the carryover from PH!?
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Let R be a Turing-decidable (= decidable,
simpliciter) dyadic relation. Where is the set:

{x : VyR(x,y)},
| 2 3 or4?

x € X, iff AR Iy Vyo - Qiyi R(x, Y1, Y2, - -+, Yi)
(Q; =V if i even; Q; = F if i odd)
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Abstract

In this paper we show how to explore the classical theory of computability using the tools of Analysis: A differential scheme
is substituted for the classical recurrence scheme and a limit operator is substituted for the classical minimization. We show that
most relevant problems of computability over the non-negative integers can be dealt with over the reals: elementary functions are
computable, Turing machines can be simulated, the hierarchy of non-computable functions can be represented (the classical halting
problem being solvable at some level). The most typical concepts in Analysis become natural in this framework. The most relevant
question is posed: Can we solve open problems of classical computability and computational complexity using, as Popper says, the
toolbox of Analysis?
© 2007 Elsevier B.V. All rights reserved.
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Constants and variables

A Prolog constant must start with a lower case letter, and can then be
followed by any number of letters, underscores, or digits.

A constant may also be a quoted-string: any string of characters
(except a single quote) enclosed within single quotes.

So the following are all legal constants:

sue opp_sex mamboNumber5 ’'Who are you?’

A Prolog variable must start with an upper case letter, and can then be
followed by any number of letters, underscores, or digits.

So the following are all legal variables:

X P1 MyDog The_biggest number Variable_27b

Prolog also has numeric terms, which we will return to later.

Chapter 3: The Prolog Language © Levesque 2011
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Atomic sentences

The atomic sentences or atoms of Prolog have the following form:
predicate(termy, ..., termy)

where the predicate is a constant and the terms are either constants or
variables.

Note the punctuation:
e immediately after the predicate, there must be a left parenthesis;

e between each term, there must be a comma;

e immediately after the last term, there must be a right parenthesis.

The number of terms k is called the arity of the predicate.
If K = 0, the parentheses can be left out.

Chapter 3: The Prolog Language © Levesque 2011
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Conditional sentences

The conditional sentences of Prolog have the following form:
head — boaqy,, ..., body,
where the head and each element of the body is an atom.

Note the punctuation:
e immediately after the head, there must be a colon then hyphen, : -.
e between each element of the body, there must be a comma.

If n = 0, the : - should be omitted.

In other words, an atomic sentence is just a conditional
sentence where the body is empty!

Chapter 3: The Prolog Language © Levesque 2011




Thinkin|

Cq

A F
foll

So

A F
foll

So

Prg

Chapter 3: T}

Ato

The ¢

wher
varia

Note

The 1
If k =

Chapter 3: The P

mir cantanrac
Conditional sentences
The cc Prolog programs
Prolog programs are simply knowledge bases consisting of atomic and
where conditional sentences as before, but with a sightly different notation.
Note t Here is the “family” example as a Prolog program:
family.pl
e im . . .
% This is the Prolog version of the family example
PY be child(john, sue). child(john,sam).
child(jane, sue). child(jane,sam).
child(sue, george). child(sue,gina).
Ifn = ( male(john). male(sam). male(george).
female(sue). female(jane). female(june).
In parent(Y,X) :- child(X,Y).
se father(Y,X) :- child(X,Y), male(Y).

Chapter 3: The Prol

opp_sex(X,Y) :- male(X), female(Y).
opp_sex(Y,X) :- male(X), female(Y).
grand_father(X,Z) :- father(X,Y), parent(Y,Z).

Now let’s look at all the pieces in detail . ..

Chapter 3: The Prolog Language © Levesque 2011
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unify, which are by far the two most complicated parts of the system. We only need to
trust our five primitive methods. This becomes evident when we ask Athena to produce the
relevant certificates. For instance, if we ask Athena to produce the certificate for the method
call

(lunify (Cons (== s t) Nil))

we will obtain the exact same proof that was given in page 17, which only uses the primitive
inference rules of our logic.

1.4 Comparison with other approaches

As we mentioned earlier, the idea of using deduction for computational purposes has been
around for a long time. There are several methodologies predating DPLs that can be used for
certified computation. In this section we will compare DPLs to logic programming languages
and to theorem proving systems of the HOL variety.

Comparison with logic programming

The notion of “programming with logic” was a seminal idea, and its introduction and sub-
sequent popularization by Prolog was of great importance in the history of computing. Al-
though logic programming languages can be viewed as platforms for certified computation,
they have little in common with DPLs. DPLs are languages for writing proofs and proof
strategies. By contrast, in logic programming users do not write proofs; they only write
assertions. The inference mechanism that is used for deducing the consequences of those
assertions is fixed and sequestered from the user: linear resolution in the case of Prolog,
some higher-order extension thereof in the case of higher-order logic programming languages
[9, 2], and so on. This rigidity can be unduly constraining. It locks the user into formulating
every problem in terms of the same representation (Horn clauses, or higher-order hereditary
Harrop clauses [10], etc.) and the same inference method, even when those are not the proper
tools to use. For instance, how does one go about proving De Morgan’s laws in Prolog? How
does one derive ~(3 z) ~P(x) from the assumption (Vz) P(x)? Moreover, how does one write
a schema that does this for any given z and P? How about higher-order equational rewriting
or semantic tableaux? Although in principle more or less everything could be simulated in
Prolog, for many purposes such a simulation would be formidably cumbersome.

A related problem is lack of extensibility. Users have no way of extending the underlying
inference mechanism so as to allow the system to prove more facts or different types of facts.

The heart of the issue is how much control the user should have over proof construction.
In logic programming the proof-search algorithm is fixed, and users are discouraged from
tampering with it (e.g., by using impure control operators or clever clause reorderings).
Indeed, strong logic programming advocates maintain that the user should have no control
at all over proof construction. The user should simply enter a set of assertions, sit back, and
let the system deduce the desired consequences. Advocates of weak logic programming allow
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The notion of “programming with logic” was a seminal idea, and its introduction and sub-
sequent popularization by Prolog was of great importance in the history of computing. Al-
though logic programming languages can be viewed as platforms for certified computation,
they have little in common with DPLs. DPLs are languages for writing proofs and proof
strategies. By contrast, in logic programming users do not write proofs; they only write
assertions. The inference mechanism that is used for deducing the consequences of those
assertions is fixed and sequestered from the user: linear resolution in the case of Prolog,
some higher-order extension thereof in the case of higher-order logic programming languages
[9, 2], and so on. This rigidity can be unduly constraining. It locks the user into formulating
every problem in terms of the same representation (Horn clauses, or higher-order hereditary
Harrop clauses [10], etc.) and the same inference method, even when those are not the proper
tools to use. For instance, how does one go about proving De Morgan’s laws in Prolog? How
does one derive ~(3 ) = P(x) from the assumption (Vx) P(x)? Moreover, how does one write
a schema that does this for any given x and P? How about higher-order equational rewriting
or semantic tableaux? Although in principle more or less everything could be simulated in
Prolog, for many purposes such a simulation would be formidably cumbersome.

A related problem is lack of extensibility. Users have no way of extending the underlying
inference mechanism so as to allow the system to prove more facts or different types of facts.

The heart of the issue is how much control the user should have over proof construction.
In logic programming the proof-search algorithm is fixed, and users are discouraged from
tampering with it (e.g., by using impure control operators or clever clause reorderings).
Indeed, strong logic programming advocates maintain that the user should have no control
at all over proof construction. The user should simply enter a set of assertions, sit back, and
let the system deduce the desired consequences. Advocates of weak logic programming allow
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unify, which are by far the two most complicated parts of the system. We only need to
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' assume

factorial(n) » cond((n < 0), 0, (n=1), 1, (n > 1), (n * factorial((n - 1))))
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vn: Happy(n) ]
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COMM ADDITION IR SVAVES Y
{ from {COMM ADDITION}

COMM MULT IRV D Gy,
( from {COMM MULT}
( el ololplol] vxy,z x+(y+2)=(X+Yy) +2Z

from {ASSOC ADDITION} J
assume

PRIV vx,y,z: x*(y*2z)=(x*y)*Z
from {ASSOC MULT}

assume

PRGE) vxy,z: x* (y+2) = (X*y) + (y*2)
from {DISTRIB}

n2func(x,y) » (y * (x * (3 + (x * y))))
from {N2FUNC}

HYPERLOG +

wxy: n2func(x, y) = n2func(y, x)

from {COMM ADDITION,COMM MULT,ASSOC ADDITION,ASSOC MULT,DISTRIB,N2FUNC}
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Available in HyperLog .5

"Letfn",

"=", "cond",

“and", "or", "not", "not=",

Mgt U=, UM, /", "quot", "rem", "mod",

“inc", "“dec”, "max" , "min", "+'", U='U gt Usnc'”, “dec'”,

it Ul o0 Nt Us_I_ Ucompare',

“zero?", "pos?", "neg?", "even?", "odd?",

"number?", "rational?", "integer?", "ratio?", "decimal?", "float?",
"double?", "int?", "nat-int?", "neg-int?", "pos-int?",

"count", "get", "subs", "compare",

"clojure.string/join", "clojure.string/escape", "clojure.string/split",
"clojure.string/split-lines", "clojure.string/replace", "clojure.string/replace-first",
"reverse", "index-of", "last-index-of", "str"
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