CS513: Lect. 13: Undecidability of FO Logic and Godel’s Incompleteness Thm

Recall that last time we defined recursive and r.e. and we proved that K and HALT are both r.e. and not recursive.

Definition 13.1 A partial, recursive function, f : N — N U { 7} is a function computed by a Turing Machine. A total, recursive
function is a partial, recursive function, f, that happens to be total, i.e, f : N — N. O

Theorem 13.2 (Fundamental Theorem of r.e. Sets) Ler S C N. T FA.E.

1. S is the domain of a partial, recursive function, i.e., for somen € N, S = {{,C eN ‘ Mn(x)i}
2. S =0 orS is the range of a total, recursive function, i.e., for some total, recursive M,,(-), S = () or S = M,,(N)
3. S is the range of a partial, recursive function, i.e., for somer € N, S = M, (N)

4. Sisre., ie., forsomet € N, S =W,

13.1 Reductions = Translations

Definition 13.3 For S,7 C {0,1}*, S is reducible to T' (S < T) iff there exists a “very easy to compute” total function f : N —
N,st. YweN, (weS) < (f(w)eT).

Note: All our reductions, f, will be computable in LOGSPACE and in fact they will be in FO, i.e., first-order definable..

Note: [ translates membership questions for S to membership questions for 7. Thus, complexity(S) < complexity(T"). O

VweN, xs(w) = xr(f(w))
VweN, (weS & f(w)eT)

Sometimes the “<” in the definition of reductions makes students think that reductions go both ways, but that is not true, they only go
from S to T'. The reason for the “<” is that one arrow tells us that if f(w) € T then w € S, and the arrow in the other direction tells us
that if f(w) ¢ T then w ¢ S. Thus the answer to the question, “Is f(w) € T'?”, is always the same as the answer to the question, “Is
w e ST,

Proposition 13.4 K < HALT

Proof: We want to build an easy-to-compute program translator f : N — N x N such that,
Want: VzeN (ze€K) < (f(2) € HALT)
Want: VzeN (MZ(Z) = 1) = (ML(f(Z))(R(f(Z)))) 1

Here for a pair, z = (a,b), we use the component functions L, R, selecting the left part and the right part, i.e., L(a,b) = a and
R(a,b) =b.

Define f(z) = (A(z),0) where A(z) is the following Turing Machine program, which on on input z,

Delete input, z.
run M, (2)
if (M,(z) == 1): return(17)

run forever

L=



Thus, if M (z) = 1, then M 4.(0) |; and otherwise, M 4(.(0) ="
Thus,

2€K & M.(2)=1 & My(0)] < f(z) € HALT

[In the proof of the above series of equivalences, note that if M, (z) = 7, then M2 (0) =] O

Theorem 13.5 (Fundamental Thm. of Reductions)  If S < T, then,
1. If Tisre, then Sisre.

2. If Tiscore., then Siscore.

3. If T isRecursive, then S is Recursive.

Proof: S<T A T €re. = Scre.
Letf:S<T,ie, Ve(x €S & f(z)eT), T =W,
From M;, compute the TM M, which on input 2 does the following: (a). compute f(z);  (b) run M;(f(x))

(xeS) & (f@el) o M(f@)=1) & (Mi(z)=1)

Therefore, S = W/, and S is r.e. as desired.

In other words, Ps = pp o f. We are given the Turing machines that compute the partial recursive function pr and the total recursive
function f. From these, we can easily construct the Turing machine, M;,, which computes pg.

Observation13.6 f: S<T <« f:S<T.

Thus, Tecore. = TeEre. = Sere. = S € core.
T € Recursive = (T €re. A T €core.) =

(Sere. A Secore) = S e&Recursive O

Moral: Suppose S < T'. Then,

e If T is easy, then so is S.

e If S is hard, thensois T

Definition 13.7 Let C C N.  C is r.e.-complete iff

1. C €re., and
2. VAere. (A<QO)



Intuition: C is a “hardest” r.e. set.
Theorem 13.8 K is r.e. complete.

Proof: We already know that K is r.e.

Let A be an arbitrary r.e. set, i.e., A = W, for some 1.

Wanted: total recursive f,s.t.. Vn(ne€e A & f(n) € K)

Define total, recursive f which on input n computes:

My = Erase input Write n M;

My, ignores its input and instead runs M;(n).

neA & Mn)=1 & Ve(Mpu(r)=1) & Mi,y(f(n)=1 < f(n)ek

Proposition 13.9 Suppose C' is r.e.-complete and:

1. Sere, and
2.0<S8

then S is r.e.-complete.

Proof: Show: VA cre (A<S)
Know: VA €re. (A < C)

Follows by transitivity of <: A < C < S. O

Corollary 13.10 HALT is r.e.-complete.

13.2 Post’s Correspondence Problem (PCP)

Definition 13.11 [Post’s Correspondence Problem (PCP)] An instance of PCP, p = ((x1,¥1),. .., («,¥,)) is a finite sequence of pairs

of binary strings. The instance p has a solution (p € PCP) iff there exists a finite sequence of indices: iy,..., i, from {1,...,r} such
that z;, zi, -+ - %i, = Yi,Yi, - - Yi,,. The PCP Question is whether can we contruct a pair of equal strings by repeatedly appending pairs
from p. (I

Example 13.12 p, = ((1,101),(10,00),(011,11)) is a positive instance of the Post Correspondence Problem, i.e., py € PCP. A
solution is 1323. Note that,

T1X3T2X3 = 101110011 = 101110011 = Y1Yysyays . O

PCP is a very simplified version of the Halting Problem in which Turing machine computations are encoded as binary strings. PCP has
the same complexity at the halting problem, HALT:

Fact: [Post] PCP is r.e. complete. In particular, PCP is r.e. but not recursive.



13.3 Undecidability of FO Logic

Recall that FO-VALID is the set of all first-order formulas that are true in all appropriate structures. In his Ph.D. thesis in 1930, Godel
proved,

Theorem 13.13 [Godel’s Completeness Thm] There is a complete recursive axiom system for FO Logic. That is, in this system, for all
p € L(X), ¢ is a theorem iff v is valid. In symbols,

o < ¢ € FO-VALID.
Corollary 13.14 (FO-VALID isre.) FO-VALID € re..

In Godel’s original proof, he showed that the axiomitization of FO Logic in Russel and Whitehead’s Principia Mathematica is complete.
In Lecture 10, we proved Thm. [I3.13]by showing that Resolution is complete for FO logic.

A year later, in 1931, Godel proved that there is no recursive and complete axiom system for all of mathermatics (or even for number
theory). If there had been, then it would have meant that MATH and thus also FO-VALID and HALT would all be recursive.

Theorem 13.15 [Godel’s First Incompleteness Thm.] There is no complete recursive axiom system for all of math, nor even for just
Theory(N) = {¢ € L(Sxumy) | N E ¢}

13.4 Unsolvability of FO Logic

We now prove that FO-VALID is not solvable:

Theorem 13.16 (FO Logic is not Recursive) = FO-VALID is r.e. complete.

Proof: We follow the proof in the text which shows that PCP < FO-VALID. In particular, we will show that there is a very easy-to-
compute transformation, 7, which translates any PCP problem, p, to an FO formula, 7(p), such that

p € PCP < 7(p) € FO-VALID (13.16)
Let Ypcp = (P?;a, 3, f1). Letp = ((x1,91), - - -, (T, yr-)) be an arbitrary instance of PCP.

Notation 13.17 (Schoning)
figomrgon (@) = fu(f (o (f (fi (@) -0)

For example, f110(z) = fo(f1(fi(x))).

We now construct 7(p) = a; A B, — 7, so that Eqn|13.16/holds.

T

Qp g /\P(fsz(a)vfyz(a))

By = g2 =VYuv(P(u,v) = N\ P(fu,(u). fy,(v))

i=1

Y, = 3z P(z,2)

The intuitive idea behind these formulas is that they mean, “If we start with some pair from p, (c,), and we continue to add any pairs
from p any number of times, (3,), then we can eventually reach a situation where the two strings are equal, (7y,).”

More explicitly, a is the starting point, e.g., the empty string, and we are not given that P(a, a) holds.



The formula v, says that we may start with any of the pairs (x4, y1), through (., y,). For the example of py (Ex. [13.12),
def

ap, = P(fi(a), fior(a)) A P(fio(a), foo(a)) A P(for1(a), f11(a))

The formula (3, says that for any position (u, v), that we have reached, we made add any with any of the pairs (z1, y1), through (z,, y,).
Continuing the example of py,

def

Bpo = Yuv(P(u,v) — (P(fi(u), fior(v)) A P(fio(w), foo(v)) A P(forr(u), f11(v))))

We now prove Eqn[13.16
Assume p € PCP. Let A € STRUC[Epcp] be arbitrary. We will show that A = o, A B, — 7.
If AW~ oy A By, then A |= 7(p), so we may assume that A = a;, A S,

Consider the example of py (Ex. [13.12) whose solution is 1323. Since A = «,, we have that A |= P(f1(a), fio1(a)). Since A |= 3,,,
we can conclude that A |= P(f1011(a), fio111(a)). Applying B, again, we have that A = P(fi01110(a), fio11100(a)). Applying Bp, a
third time we get, A = P(fi01110011(@), fio1110011(@)).

Now, we have won because A = ~,,. The witness is z = f101110011(a). Thus, since p € PCP, A = 7(p). Since A was arbitrary, it
follows that 7(p) € FO-VALID.

Conversely, assume 7(p) € FO-VALID. We construct the standard model we have in mind, S € STRUC[Zpcp):

IS| = {0,1}"

pPs = {(u7v) € ({0,1}%)? | ity .oty (u= fwil---zin(a) ANV = fy oy, (a))}
fo = {ww0) | we{0,1}*}

f{g = {(w,wl) | w e {O,l}*}

Note that by construction, S = o, A 8,,. Thus, S = +,. But, again by the construction of S, this means that the z asserted to exists in
p is a winning position for the PCP problem of p, i.e., p € PCP. |
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