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1 Definition and basic properties

The arithmetic hierarchy is a classification of some languages based on their “degree of uncomputability”:
At the bottom of the hierarchy lie the decidable languages, contained by the larger sets of recognizable
and co-recognizable languages. These, in turn, are contained by a larger set of undecidable languages
and their complements; and these sets are contained by a larger set of languages that contain “even more
undecidable” languages and their complements; and so on ad infinitum. Each such pair of sets defines a
“level” of this infinite hierarchy of more and more undecidable languages. Remarkably, there are two quite
different, but equivalent, ways of arriving at the definition of these sets of languages: One is based on
oracle Turing machines (OTMs) and the other is based on the structure of first-order logic formulas that
can be used to describe them.

Note that OTMs can be encoded by strings in a way that is similar to how ordinary Turing machines
(TMs) are. Furthermore, there is a Universal OTM My which, given the code (M, z) of an OTM M and
input z, uses oracle A to simulate the computation of M4 on z. The Universal OTM works just like the
Universal Turing machine, and uses its oracle for the query steps. (For more information on OTMs see the
document entitled “Reductions”, specifically the discussion of Turing reductions; and for more information
on the Universal Turing machine see the document entitled “Church’s thesis and the Universal Turing
machine.)

Definition 1 For every i € N, we define the sets A;, ;, and 11; inductively as follows:
o Ag = X = Il = the set of decidable languages.
e For each i > 0,

— A, is the set of languages that are decided by OTMs that use oracles in X;_1.

— %; is the set of languages that are recognized by OTMs that use oracles in ¥;_1; and I1; is the
set of complements of languages in ¥;.

The sets A;, ¥;, and II; comprise the i-th level of the arithmetic hierarchy.

A decidable language is of no help as an oracle, since membership in it can be decided by a Turing
machine, without needing to resort to an oracle. Therefore, the following important fact about level 1 of
the arithmetic hierarchy is an immediate corollary of Definition

Corollary 2 A; is the set of decidable languages, 31 is the set of recognizable languages, and 11y is the
set of co-recognizable languages.

We have seen that the set of decidable languages, Ay, is closed under complementation. This is also
true for every A; for essentially the same reason: By swapping the accept and reject states of an OTM
that decides L using L', we obtain an OTM that decides L using L'.

'T am grateful to Yiyang Zhou, former teaching assistant for this course, who provided extensive comments and corrections
that improved this document significantly. Naturally I am responsible for any remaining errors.



Corollary 3 For each i € N, A; is closed under complementation.

The next result states that each level of the arithmetic hierarchy is contained in the next.
Theorem 4 For each integer i > 1, (a) A; CX; € Aj4q, and (b) A; CII; € Ajyg.

Proor. Let:>1.

For part (a), the fact that A; C ¥; follows immediately from the fact that a decider that uses L is, a
fortiori, a recognizer that uses L. To show that ¥; C A;y1, consider any language L € ;. We define an
OTM M such that M% decides L: M simply copies its input « to the query tape, enters the query state,
and accepts if the response to the query is 1 and rejects if the response is 0. Clearly M’ decides L, and
since L € 3;, by definition L € A;11. Thus, 3; C A;11.

For part (b), let L € A;. By Corollary [3| L € A; and by part (a) L € ¥; and so L € II;, proving
A; CTI;. Now let L € II; and so L € X;; by part (a) L € A1, and by Corollary |3| L € A;41, proving that
Hi g AH—I- Thus Az Q Hz Q Ai—i-l- ]

Are the containments in Theorem [4] proper? That is, is it the case that for all e > 1, A; € ¥; C Ay,
and A; C II; € A; 117 Tt is conceivable that once we give an OTM a powerful enough oracle in X1, say an
oracle that solves the Halting problem for Turing machines, the OTM becomes all-powerful, in the sense
that it can solve all problems solvable by OTMs and the hierarchy “collapses” — there is only our familiar
level 1 and then all other problems in a second level. As we will prove next, this is not the case: Although
an OTM with an oracle for the Halting problem for TMs can trivially solve the Halting problem for TMs
(and therefore can decide any recognizable language) it cannot solve the Halting problem for OTMs with
an oracle for the Halting problem for TMs! This “jump” in difficulty occurs at every level and so the
containments of Theorem [4] are indeed proper: The arithmetic hierarchy has an infinite number of distinct
levels, each properly contained in the next. Figure 1 illustrates the structure of the arithmetic hierarchy
as a Venn diagram of the sets involved. The languages H’, H?, and D’ that “separate” each level i from
the previous one will be defined shortly, as we develop the technical machinery needed to prove that the
containments of Theorem [ are indeed proper.

Definition 5 The Halting problem with oracle L is the problem of determining whether a given OTM
N using oracle L halts on a given input x; that is, it is the language

HY = {(N,z) : N is an OTM such that N* halts on input z}.

Theorem 6 For every language L, the language
Diact = {(N): N is an OTM such that N* does not halt on input (N)}

is not recognizable by any OTM using L.

PRrROOF. Let L be any language and suppose, for contradiction, that there is an OTM M such that M’
recognizes DIAGY. Without loss of generality, assume that M never rejects — it loops instead. Thus, for
any input (N),

MPF halts on (N) < ML accepts (N) < N does not halt on (N).
In particular, taking N = M, i.e., running M with oracle L on its own code, we get
M¥ halts on (M) < M¥* does not halt on (M),

which is a contradiction. O
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Figure 1: Structure of the arithmetic hierarchy

Theorem 7 For every language L, H” is (a) recognizable by some OTM that uses L, but (b) not decidable
by any OTM that uses L.

PROOF. The following is a recognizer for H”*: on input (M,z), run M using L on input z. If this
computation halts, then accept. This proves part (a).

For part (b) suppose, for contradiction, that there is some language L and some OTM M such that
M?Y decides HE. Then the language DIAG” is also decidable by the following OTM using L: On input
(N), run M using L on input (N, N) and do the opposite of what M does on that input: accept if M
rejects and reject if M accepts. This contradicts Theorem [6] ]

Recall the language HALT = {(M,z): M is a TM (with no orace) that accepts z}. Since HALT is a
language, H'A™™ is also a language (the halting problem for OTMs with oracle HALT), and so H (HM)
is also a language (the halting problem for OTMs with oracle H™A'T), from iterating this construction
1 times. More precisely,

Definition 8 For any i € N, define H' inductively as follows:
o HO = {6}E|
o fori>0, H = HI'™ (the halting problem for OTMs using H'~! as the oracle).

Note that H' is the usual halting problem for Turing machines (with no oracle).

2We could use any decidable set as H® — except, for somewhat technical reasons, @ and ©* — so we fix a specific very
simple decidable set other than these two.



Next we define the important concept of a language being complete for a set of languages £. A variant
of this concept plays a key role in the second part of the course, when we discuss complexity theory.

Definition 9 Let £ be a set of languages, and L be a language. We say that L is complete for L (or
L-complete) if

(a) L € L, and
(b) for every L' in L, L' <,,, L.

Thus, a language is L-complete if it is one of the “hardest” languages in £: If we can decide it, the we can
decide all languages in [,E|

Lemma 10 Let L be a language that is recognized (respectively, decided) by an OTM M7, using oracle A,
and let A" be such that A <,, A’. Then L is also recognized (respectively, decided) by an OTM N, using
oracle A’.

PROOF. Intuitively this is clear because A <,, A’ means that A’ is at least as strong as A, so if something
can be done using A it can also be done using A’. More precisely we argue as follows.

Let f be a mapping reduction of A to A’. Let My be an OTM that uses A to recognize (respectively,
decide) L. We define an OTM Ny, that works like M except that, when M, is about to ask its oracle the
query “xz € A?", OTM Ny, first computes f(x) (which it can do because f, being a mapping reduction,
is computable) and then asks its oracle the query “f(z) € A’?”. The two queries have identical answers
(because z € A if and only if f(z) € A’), so Mj on any input performs exactly the same computation as
N f/ on the same input. Therefore N f/ recognizes (respectively, decides) L, just as M f does. O

Theorem 11 (Post) For every i € N, H' is complete for ¥;.

PrROOF. We use induction to prove that, for every i € N,
(a) H' €Y, and
(b) for every L € %, L <, H'.

For the basis i = 0, recall that H° = {e} and % is the set of decidable languages, so (a) is obvious.
For (b), let L be any language in 3. Then consider the function f that maps every x € L to €, and every
x ¢ L to some string other than 6E| The function f is computable because L is decidable, and so there is
a TM to decide whether z € L.

For the induction step, let i > 0 and suppose the result holds for i — 1. By definition, H* = H and
so, by Theorem @(a), H' is recognizable using H*~'. Since, by the induction hypothesis, H~! € ¥,_1, it
follows that H' € %;, proving part (a) of the induction step. For part (b), let L be any language in %;.
We will prove that L <,, H".

Since L € 3;, for ¢ > 0, there is an OTM My, and a language A € 3;_1 such that Mf‘ recognizes L. By
the induction hypothesis, A <,, H~!. Thus, by Lemma there is also an OTM Ny, such that me1
recognizes L. We now describe a mapping reduction of L to H?. Given z, we construct the code of the
following OTM M:

Hi71

3There are, in fact, two kinds of completeness, mapping-completeness (based on mapping reductions <,,) and Turing-
completeness (based on Turing reductions <7). In this course we will deal exclusively with the more refined notion of
completeness, based on mapping reductions.

4You can see now why we could not use & or the set of all strings for H°.



M := on input y:

1 run Ny, on = (using M’s oracle)
2 if N1, accepts x then halt (either accept or reject y, it doesn’t matter which)
3 else loop

Using oracle H*~!, this OTM halts on z if and only if 2 € L:

e If x € L then line |l| terminates with Nfi‘l having accepted z, and so M on any input (and in
particular on input x) halts in line [2 Thus, in this case, (M, z) € H".

o If x ¢ L then Nfi_l either loops on x and so line |1{ does not terminate, or it rejects x and so line |3 is

executed. Either way Nfi’l loops on every input (and in particular on input x). Thus, in this case,
(M,z) ¢ H'.

Clearly the mapping x + (M, x) can be computed by a Turing machine, so this is a mapping reduction of
L to H?, as wanted. O

An immediate consequence of this and Lemma [10]is the following:

Corollary 12 IfL € %; (respectively, L € A;) then there is an OTM that recognizes (respectively, decides)
L using H*~L.

Another immediate consequence of Theorem [11]is the following:
Corollary 13 H is II;-complete.
Definition 14 For all integers © > 1, define
D' = {(M,z,0): (M,z) € H YU {(M,z,1): (M,z) € H—1}

Intuitively, a string (M, z,b) in D’ tells us whether (M, z) € H=! (b= 0) or not (b = 1).

We can now prove a number of useful facts about the arithmetic hierarchy, some of which generalize
things we have proved about its first level, i.e., the set of decidable, recognizable, and co-recognizable
languages.

Theorem 15 For every integer i > 1,
(a) A; =%, N1,

(b) H',H' € Ajyq — A,

(c) H € ¥; —11;, and

(d) H €I, — %,

(e) D' € A;, and

(f) Dt ¢ %, UTI.

PROOF.

(a) From Theoremwe have that A; C X;NII;. For the reverse inclusion, consider any language L € X;NII;.
Then there are OTMs M and M that recognize L and L, respectively, using some oracles A and A’
in ¥;_1. By Corollary there are OTMs N and N that recognize L and L using H*~!. Then the
following OTM using H~! decides L:



1 on input z:

2 for t:=1,2,3,... do

3 run N on z for ¢ steps or until it halts, whichever happens first
4 if N accepts x within ¢ steps then accept x

5 run N on z for ¢ steps or until it halts, whichever happens first
6 if N accepts = within ¢ steps then reject x

Since every x belongs to either L or to L, either N H'~ accepts & within some number of steps, in
i—1

which case # € L, and the above OTM using H*~! accepts z; or N H accepts x within some number
of steps, in which case z ¢ L, and the above OTM using H'~! rejects x. Therefore the above OTM
using H*~! decides L. By Theorem Hi=' € %; 1. So, L is decidable by an OTM using an oracle in
Yi_1; by definition of A;, L € A,.

H' and H? are clearly both in A4 1 since they can be trivially decided using oracle H?, which is in 3; by
Theorem To show that H® ¢ A; suppose, for contradiction, that H* € A;. Then, by Corollary
there is an OTM M that decides H* using oracle H*~'. But recall that, for i > 0, H* = HHFl7 SO
there is an OTM that decides HH' ™ using oracle H*~!, which contradicts Theorem |7} thereby proving
that H® ¢ A;. Since A, is closed under complementation (Corollary , H' is also not in A;.

The fact that H® € 3; follows from Theorem To show that H® ¢ II;, suppose for contradiction that
H' € 1I;. So, by part (a), H' € A;, contradicting part (b).

Follows directly from part (c), since each of ¥; and II; contains the complements of the languages in
the other.

D' is clearly decidable using oracle H*~!, which is in ¥;_1 by part (c); therefore D € A;.
We have:

H' <,, D' (via the mapping (M, z) — (M, z,0)) and

Hi <,, D! (via the mapping (M, z) — (M, z,1)) (1)
Suppose, for contradiction, that D! € ¥, UTI;. Since H' is Yj-complete and H' is II;-complete
(Theorem (11| and Corollary, either D! <, H; or Dt <, H;. Thus, by and transitivity of

mapping reductions, either H? <,, H* or H' <,,, H?, which imply, respectively, that either H? € ¥; or
H' € TI;. These contradict parts (c) and (d). O

Theorem 16 The inclusions in Theoremare proper. That is, for each integeri > 1, (a) A; € X; € Aji1,
and (b) Al g Hl g Ai+1.

PRrROOF. This follows from Theorem [4 and the following facts:

e H' €Y, — A; (Theorem (c) and (b)),
e HicIl; — A; (Theorem (d) and (b)),
e Dl e Ajiy — (3; UIL) (Theorem (e) and (f)). O



2 Alternative characterization of the arithmetic hierarchy

2.1 Predicates as languages

Let R(z1,...,x) be a k-place predicate whose arguments xj, ...,z take on values from sets of finite
mathematical objects, i.e., ones that can be encoded by strings over some alphabet. For example consider
the predicate T'(M, x, c¢) defined as follows:

T(M,z,c) is true if and only if ¢ is an accepting computation of Turing machine M on input z.

This is known as Kleene’s T-predicate. We have seen that Turing machines and their inputs can be
encoded by strings. An accepting computation ¢ of a Turing machine M on input x can also be encoded by a
string as follows: c is a finite sequence of configurations Cy, C1, ..., Cy, where Cj is the initial configuration
gox of M on z, Cy is an accepting configuration y1hays of M, and for each ¢ € [0..4 — 1], C; Far Cip1 —
i.e., each configuration is obtained from the previous one by a legal move of M. Each configuration is a
finite string, and a finite sequence of strings can be encoded by a string (e.g., the concatenation of the
configurations separated by a special symbol not occurring in the configurations).

Since the values of each argument of R can be encoded as strings over some alphabet, the values of
R’s k free variables can be encoded by a k-tuple of strings, and that k-tuple can be encoded by a single
string over some alphabet. In this manner, R represents a language Lp, consisting of the set of encodings
of k-tuples of values that satisfy the predicate: Lr = {(x1,...,zk): R(x1,....2%)}.

It is sometimes convenient to abuse terminology and say that the predicate R has a property to mean
that the language Lg that it represents has that property; in this way, we can say that the predicate R is
decidable or recognizable or in Il4, instead of saying that Lg is decidable or recognizable or in Il4.

Observation 17 Kleene’s T-predicate is decidable.

This is because a Turing machine, given input (M, z,c), can decide whether T'(M, z, ¢) holds: it uses
the universal Turing machine to simulate M on input x for as many steps as ¢ encodes, checks that ¢ is an
accepting computation of M on z, and accepts if this is the case and rejects if not.

We note the following technicality. Let ¥ be the alphabet used to encode elements of a set, say
Turing machines or k-tuples of strings. The encoding rules are typically such that some strings in X* are
syntactically invalid encodings. It is useful to insist that all strings of 3*, even syntactically invalid ones,
actually represent some element of the set. We do this by thinking of all syntactically invalid strings as
representing some default element of the set, typically a “simple” one. For example, in our encodings of
Turing machines we thought of syntactically invalid strings as representing the Turing machine that rejects
all inputs in zero steps (i.e., its initial state is the same as the reject state). In this way, if Lr is the
language that represents predicate R, Lp is the language that represents the predicate —R. Note that in
this manner, although every object has an encoding, the default object chosen to be represented by all
invalid strings has multiple encodings.

2.2 Characterization of level 1
Consider the following languages:
o UNiv = {(M,z): M accepts x}.
o EMPTY = {(M): L(M) # o}.
e COMMON = {(M, Ms): L(M1) N L(M2) # 2}.



We have proved that the first two are recognizable (but undecidable), and it is easy to show that so is
the third. Now consider the following ways of representing these languages with predicates expressed as
formulas in first-order logic:

e UnN1v is represented by Je¢ T'(M,x,c), since M accepts x if and only if there is a an accepting
computation ¢ of M on .

e EMPTY is represented by Jx3ec T(M, x, ¢), since the language recognized by M is nonempty if there
is some string x and an accepting computation ¢ of M on x.

e COMMON is represented by Jxdcideo (T(Ml,:c,cl) A T(Mg,x,@)), since the languages of M7 and
M>s have a nonempty intersection if and only if there is some string z and accepting computations c;
and ¢y of My and Ms on x, respectively.

Notice the following about these three examples:

e Each language is represented by a formula that consists of one or more existential quantifiers applied
to a predicate.

e The predicate that follows the existential quantifiers is decidable. This is immediate in the first two
examples since T is decidable, as we have already pointed out. In the third example the quantifier-free
part of the formula is the conjunction of two decidable predicates, which is therefore also decidable
(recall that the intersection of decidable languages is decidable).

e The objects that belong (or not) to each language are encodings of the free variables of the cor-
responding formula. For instance, in the third example, the free variables of the formula are M;
and My (because the formula defines a predicate that depends on M; and Ms); and the elements of
the language COMMON that the predicate represents are encodings of the pair of M; and Ms.

This is not an accident about the above three languages. As the following theorem states, it is true of
all recognizable languages and only of recognizable languages!

Theorem 18 A language L is recognizable (i.e., L € ¥;) if and only if L = {x: 3y P(z,y)} for some
decidable predicate P(z,y).

The existentially quantified variable y in the above formula is sometimes called a certificate. This is
because, through the predicate P, which is called a verifier, it confirms x’s membership in the language L:
if a certificate y exists so that P(z,y) is satisfied, then z is in L; and, conversely, if no such y exists, then
x is not in L.

PROOF.
IF: Suppose L is a language such that L = {x: JyP(x,y)}, for a decidable predicate P. Let Mp be a
Turing machine that decides P. Then the following TM is a recognizer for L:

L-RECOGNIZER := on input z:

1 for each y in shortlex order do
2 run Mp on (z,y)
3 if Mp accepts then accept

If x € L then, by definition of L, there is some y such that P(z,y) holds. Therefore the decider Mp on
input (z,y) accepts, and so L-RECOGNIZER accepts . If ¢ L then there is no y such that P(z,y) holds
and so L-RECOGNIZER on input x will loop and it does not accept . Therefore L-RECOGNIZER is indeed
a recognizer for L.



ONLY IF: Suppose L is a recognizable language. Thus, there is a Turing machine, say M7, that recognizes L.
We want to find a decidable predicate P(x,y) such that x € L if and only if Jy P(x,y). What would
constitute a certificate y that confirms z’s membership in L? But, of course, an accepting computation of
My, on x would! So, we have that = € L if and only if 3¢ T'(My,x,c), and by Observation |17| we have a
formula of exactly the desired form. (Note that T'(Mp, x, ¢) is actually a predicate with only two variables,
x and ¢, since the first argument is instantiated with the specific Turing machine M .) O

You may be wondering about the discrepancy between the statement of this theorem, which asserts
that there is a formula with a single existential quantifier that represents a recognizable language, and
the formulas for EMPTY, which has two existentially quantified variables, and COMMON, which has three.
There is in fact no discrepancy, since we can encode three variables z, y, z as a triple (x,y, z), and refer to
x, y, and z by decoding (x,y, z). So, we could write the formula for COMMON as

E|<$a01762> (T(Mlyxacl)/\T(M%xaCQ))' (2)
More accurately, we could write it as
3y T'(My, Ma, y)

where T (M, Ms,y) is the predicate that is true if and only if y decodes into the three elements z, ¢y, co,
where ¢ is an accepting computation of M; on x and ¢ is an accepting computation of My on x. The
predicate T'(My, M, y) is decidable because a Turing machine can decode the string y into the unique
three strings z, ¢1, and cs, that y encodes and then use the universal Turing machine to check that ¢; and
co are indeed accepting computations of My and Ms, respectively, on x. Henceforth we will write formulas
such as to indicate the combination of multiple variables quantified by the same quantifier — all 3 or
all V — into a single variable under that quantifier.

Theorem [I8]is very useful as it allows us to quickly classify certain languages as recognizable: All we
have to do is find a (correct!) description of the language by a formula that has the proper form: an
existentially quantified formula of a decidable predicate. For example, consider the language

B = {(M): M accepts a string whose length is exactly equal to the number of states of M }.

This language is recognizable because

B = {(M) Jz3e (T(M,z,c) A |z| = number of states of M)}

M @)
Note that the predicates (1) and (2) are both decidable ((1) by Observation [17, and a Turing machine can
certainly decide (2) given (M, z,c)) and therefore so is their conjunction. Thus B can be expressed as an
existentially quantified formula of a decidable predicate (the two existentially quantified variables can be
combined into one, as we have seen) and so by Theorem B is recognizable. Note that B is undecidable,
but Theorem [18 does not allow us to conclude this. All that theorem says is that B is recognizable; some
recognizable languages are decidable and some, like B, are not. (You can prove that B is undecidable
using the Recursion Theorem.)

Co-recognizable languages

By definition, language L is co-recognizable if and only if L is recognizable. By Theorem L is co-
recognizable if and only if there is a decidable predicate P such that z € L < =3y P(z,y). But, =3y P(z,y)
is logically equivalent to Yy —P(z,y). Furthermore, P(x,y) is decidable if and only if =P (x,y) is decidable
(simply by swapping the accept and reject states of any Turing machine that decides P(z,y)). Therefore
we have the following characterization for co-recognizable languages:



Corollary 19 A language L is co-recognizable (i.e., L € 11y) if and only if there is a decidable predicate
P(z,y) such that L = {z: Vy P(x,y)}.

Consider, for example, the language EMPTY of codes of Turing machines that accept no input: EMPTY =
{(M): L(M) = @}. We have proved that this is a co-recognizable language (by giving a deterministic Turing
machine that recognizes its complement EMPTY using dovetailing or by giving a nondeterministic Turing
machine that recognizes EMPTY by “guessing” a string and verifying that it is accepted by M) but here is
another proof of this fact, based on Corollary [19] simply by noting that EMPTY = {(M): VaVc —T(M, z,c)}.
Since T'(M, x, ¢) is decidable so is =T (M, x, ¢) and we can combine the two universally quantified variables
into one, as usual. So, by Corollary EMPTY is a co-recognizable language.

2.3 Characterization of higher levels of the hierarchy

It is nice and useful to have this logical characterizable of the languages in the first level of the hierarchy.
As we will see next, each level of the hierarchy is characterized exactly by logical formulas adhering to a
specific format of increasing complexity as the level increases!

Lemma 20 The language FIN = {(M) : L(M) is finite} is in Xs.

ProOF. Consider the language
A={(M,z): M accepts some input y that is after z in shortlex order}.

It is easy to see that A is recognizable. (We can prove this by giving a Turing machine that recognizes it
or by noting that A is represented by the following formula

Iy, ¢) (y is after x in shortlex order A T(M,y,c))

decidable predicate of M, z,y,c

so, since the quantifier-free part of the formula is a decidable predicate (of M, y, z, and ¢), Theorem
immediately implies that A € ¥;.)
Consider now the following OTM that uses A as an oracle.
on input (M):
for each x in shortlex order do
write (M, x) on the query tape
enter the query state
if the response of the oracle is “no” then accept

T W N~

o If M accepts a finite set of strings, then there is some string x such that M accepts no string that is
after = in shortlex order. When the loop is executed for the first such x, the oracle will respond “no”
and the OTM accepts (M).

e If M accepts an infinite set of strings, then for every x there is some string y that is after x is shortlex
order and M accepts y. So in that case the oracle answers “yes” in every iteration, the while loop
never ends, and the OTM does not accept (M).

Therefore, the above OTM with oracle A recognizes FIN. Since A € %1, by Definition [} FIN € 3. O

To say that the language of a Turing machine M is finite is to say that there is some string x so that
M accepts no string y that comes after x in shortlex order. Thus FIN can be represented by the formula

JaV(y,c) (y is after z in shortlex order — —T'(M,y,c))

decidable predicate of M, z,y,c

10



Note that the predicate in the quantifier-free part of the formula, over the brace, is decidable: Given (M),
x, y, and ¢, a Turing machine can check whether y is after z in shortlex order and then, using the universal
Turing machine, check whether ¢ is an accepting computation of M on y.

The format of the formula that represents the 3o language FIN is not an accident. It turns out that the
pattern established by Theorem [18] for 3 is extended for ¥y and, in fact, for all levels of the Arithmetic
Hierarchy:

e A language L is in ¥y if and only if L = {z : Jy1Vy2 P(x, y1,y2)}, for some decidable predicate P,

a language L is in X3 if and only if L = {z : Jy1Vy23ys P(x, y1,y2,y3)}, for some decidable predi-
cate P,

a language L is in Xy if and only if L = {x : Jy1Yy2TysVys P(z,y1,Y2,y3,y4)}, for some decidable
predicate P,

and, in general,

a language L is in %; if and only if L = {z : Jy1Vy23ys ... Qu; P(z,y1,92,93,-.-v:)}, and for some
decidable predicate P, where the quantifier Q is V if ¢ is even, and 3 if 7 is odd.

By complementing the language, negating the formula, and noting that if a predicate is decidable then
so is its negation, we also have:

e A language L is in II; if and only if L = {z : Vyi13y2Vys...Qu; P(x,y1,92,93,-..yi)}, for some
decidable predicate P, where the quantifier Q is V if 4 is odd, and 3 if i is even.

A few remarks about are in order before we prove this important and useful fact.

(1) The logical formulas that describe the predicates are in prenex normal form, i.e., they consist of
a sequence of quantifiers, followed by a quantifier-free formula. You know from CSCB36 that every
predicate logic formula is equivalent to a formula in prenex normal form.

(2) The quantifier-free part of the formula defines a predicate that is decidable: There is a Turing machine
that, given specific values for all the arguments, can determine whether the predicate is true or not for
those values.

(3) For languages in ¥;, the string of quantifiers starts with 3 and then the type of quantifiers alternate
between 3 and V; for languages in 1I;, the string of quantifiers starts with V and then the type of
quantifiers alternates.

(4) What determines the level i is the number of alternations, not the number of quantifiers. This is
because, as we mentioned earlier, we can encode a run of similarly-quantified variables by a single
quantified variable; for example, Yy;1Vy;2 . .. Yy, can be written as Vy;, where y; = (yi1, Yi2, - - -, Yik);
and similarly for a run of existential quantifiers.

Notation 21 For every positive integer i we will use the symbol Q; to stand for the quantifier 3 if © is

odd and for the quantifier V if i is even; the symbol Q; stands for the dual quantifier: V if i is odd and 3
if i is even.
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Theorem 22 (Kleene) For every i > 1, a language L is in

(a) 3; if and only if L = {x : Iy VyoJys ... Qiyi P(x,y1,v2,y3,...Yi)}, and

(b) 1I; if and only if L = {x : Yy13y2Vys3 ... Qui P(x,y1,vy2,Y3,...vi)},
where P is some decidable predicate.

The following lemma generalizes Theorem [I§ and does most of the work for the proof of Theorem [22]

Lemma 23 For every i > 1, a language L is in ¥; if and only if L = {z : JyP(z,y)}, where P is a Il;_
predicatef]

ProOF OF LEMMA [23]  Use induction on ¢, generalizing ideas in the proof of Theorem
The basis, ¢ = 1, is just Theorem since a Il predicate is, by definition of Ily, decidable. For the
induction step, let ¢ > 2 and suppose that the lemma holds for ¢ — 1; we will prove that it holds for i.

IF: Suppose L = {z : Jy P(x,y)} where P(z,y) is a II,_; predicate. We will prove that L € ¥; by
constructing an OTM that accepts L using an oracle in ¥;_1.

Recall that to say P(z,y) is a II;_; predicate means that the language Lp = {(z,y): P(z,y)} is in
I, ;. Thus, Lp = {(z,y): P(x,y)} is in ¥;_1. Consider the following OTM, using oracle Lp, where y; is
the ith string in shortlex order:

1 on input x:

2 for each i:=1,2,3,... do

3 write (x,y;) on the query tape

4 enter the query state

b) if the response of the oracle is “no” then accept

We now show that this OTM using oracle Lp recognizes L.

e If x € L, by definition of L, there is some string y such that P(x,y). Therefore, in some iteration of
the while loop the string (x,y) written on the query tape belongs to Lp, and thus the oracle for Lp
will reply “no”, and the OTM accepts x.

o If z ¢ L, by definition of L, there is no string y such that P(z,y). Therefore, in every iteration of
the while loop the string (z,y) written on the query tape does not belong to Lp, and so the oracle
for Lp will reply “yes” and the loop will not terminate. Thus, the OTM does not accept x.

This shows that the above OTM with oracle Lp € ¥;_1 recognizes L, so L € ¥;, as wanted.
ONLY IF: Now suppose that L € ;. We want to show that there is a predicate P in II;_; such that

xel < JyP(x,y). (3)

Since L € ¥; there is an OTM M that recognizes L using an oracle A € ¥;_1. By the induction hypothesis
applied to language A, there is a II;_o predicate R such that

yeA <«  3JvR(y,v), (4)
and therefore z¢ A < VYw =R(z,w). (5)

Roughly speaking, the predicate P(z,y) we are looking for, that satisfies , asserts that y encodes an
accepting computation ¢ of M on z using A.

To see how to do this, let us consider such an accepting computation ¢ of M on x using A. It consists
of a finite sequence of configurations. A step of the computation is the transition between successive

SRecall that “P is a IT;_; predicate” is an abbreviation for “the language Lp represented by the predicate P is in IT;_1”.

12



configurations in this sequence. We call a step from configuration C' to configuration C’ regular, if the
OTM is not in the query state ¢ in configuration C; we call it a yes query step (respectively, no query
step), if the OTM is in the query state in C' and responds “yes” (respectively “no”) in C’. To be an
accepting computation of M on x using oracle A, ¢ must satisfy the following conditions:

(a) It starts with the initial configuration of M on x;

b

it ends with an accepting configuration of M;

every regular step of c is consistent with the transition function of M;

d) in every yes query step of ¢, the string in the query tape before the step belongs to A; and

e) in every no query step of ¢, the string in the query tape before the step does not belong to A.

(b)
(c)
(d)
()
As we noted when we justified Observation (a)-(c) can be checked by a Turing machine; (d) and (e),
however, cannot necessarily be checked by a Turing machine because A is a language in ¥;_1 and is therefore
quite possibly undecidable. To check (d) and (e) we will use the predicate R that acts as a verifier for A,

and leverage and to construct the predicate P that acts as a verifier for L.
Consider the predicate S(M,x, ¢, v, w) defined to be true if and only if all of the following hold:

(1) ¢ encodes a finite sequence of configurations of M that starts with the initial configuration of M on
x, ends with an accepting configuration of M, and each configuration other than the first is obtained
from the previous configuration by a valid move of M.

(2) chas some number k of yes query steps with strings y1, y2, . . ., yx on the query tape, and some number ¢
of no query steps with strings 21, 2o, ..., 2z, on the query tape.

3) v encodes a sequence of k strings vy, ve,..., V.

4) w encodes a sequence of £ strings wi, wa, . . ., wp.

3)

(4)

(5) For each i € [1..k], R(yi,v;) holds; i.e., v; certifies that y; € A.

(6) For each ¢ € [1..4], =R(z;, w;) holds; i.e., w; does not certify that z; € AH

Since the predicate R is in II;,_o, the language it represents Lr = {(y,v): R(y,v)} is also in II;_o;
therefore L is in ¥;_5. There is an OTM N that decides (not merely recognizes) S(M,x,c,v,w), using
the X;_5 oracle Lg: For (1)-(4) N does not need an oracle, and for (5) and (6) it uses Lr: To determine
whether R(y;,v;) is true, N extracts y; from the sequence of configurations that ¢ encodes, writes the
pair (y;,v;) on the query tape, and enters the query state; the Ly oracle responds “no” if and only if
R(yi,v;) is true, and so N can determine whether (5) holds. Similarly, to determine whether R(z;, w;) is
true, N extracts z; from ¢, writes the pair (z;,w;) on the query tape, and enters the query state; the Lg
oracle responds “yes” if and only if = R(z;,v;) is true, and so N can determine whether (6) holds. Thus,
the language Lg represented by S is decided by the OTM N using Lg, and therefore the language Lg
represented by —S is decided by an OTM using Lr (merely by swapping the accept and reject states of
N). Therefore,

the predicate ~S(M, z, ¢, v, w) is decidable by an OTM using oracle Lg. (6)

Claim 24 Let P'(x,y) be any predicate that is decidable by an OTM using some oracle B. Then the
predicate 3y P'(x,y) is recognizable by an OTM using B.

5Be sure to understand the difference between w; not certifying that z; is a member of A (which is what we claim here),
and w; certifying that z; is not a member of A.
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PRrROOF OF CLAIM [24] We define a recognizer that uses B as follows: It runs through all possible y
and checks whether P’(z,y) holds using the OTM decider for P'(z,y); if the decider accepts, then our
recognizer accepts z, as it is true that the predicate Jy P'(z,y) is true; if the decider rejects, we continue
with the next y. So, if x satisfies the predicate Jy P’'(x,y), then the OTM accepts x; and if x does not
satisfy the predicate Jy P’'(z,y), the recognizer will loop and does not accept z. ]

Applying Claim [24] to @, we conclude that 3w —S(M, x, c,v,w) is recognizable using oracle Lg; and
since Lp is in X;_9, the predicate Jw ~S(M, x, c,v,w) is in ¥;_1. Thus, its negation is in II;_;:

the predicate Yw S(M, z,c,v,w) is in II;_;. (7)
Finally, consider the predicate
e, v)Vw S(M, z, c,v,w).

The free variables of this formula are M and z, and the formula states that there is a computation ¢ and
a string v so that for all strings w the following are true:

(1) ¢ encodes a finite sequence of configurations of M that starts with the initial configuration of M on
x, ends with and accepting configuration of M, and each configuration other than the first is obtained
from the previous configuration by a valid move of M.

(2) ¢ has some number k of yes query steps with strings y1, y2, . . ., yx on the query tape, and some number

¢ of no query steps with strings z1, 29, ..., 2¢ on the query tape.
3) v encodes a sequence of k strings vy, ve,..., Ug.

3)
(4) w encodes a sequence of ¢ strings wy, we, . .., wy.

(5) For each i € [1..k], R(yi,v;) holds; i.e., v; certifies that y; € A.

(6) For each i € [1..4], ~R(z;, w;) holds; i.e., w; does not certify that z; € A.

In other words, the predicate is true if and only if there is an accepting computation of the OTM M on
input x using oracle A, i.e., if and only if z € L. So,

rel < Fcv)VwSM,z,c,v,w).
in IT;_1 (see

Thus, taking P(z, (c,v)) to be Yw S(M, z,c,v,w), we have that
xel < Few) Pz, (c,v))
for some II;_; predicate P, as wanted. This concludes the proof of Lemma O
From Lemma [23| we immediately get

Corollary 25 For every i > 1, a language L is in II; if and only if L = {z : Yy P(z,y)}, where P is a
>.;_1 predicate.

Finally, using Lemma [23| and Corollary [25|, we can give the

PROOF OF THEOREM [22] By induction on i. The base case ¢ = 1 is just Theorem [1§ and Corollary
For the induction step, consider any ¢ > 1 and assume that the Theorem holds for 7 — 1; we will prove that
it holds for 3.

14



For part (a), consider any language L € ¥;. By Lemma
relL & Ty P'(x,y1), for some II;_1 predicate P”. (8)

By definition of the language Lp~ represented by the predicate P” and part (b) of the induction hypothesis
applied to Lpr, we have

P'(z,y1) < (x,y1) € Lpr < YypIys...Quui P'((z,y1), 92,93, -, i) 9)
for some decidable predicate P’.

Now define the predicate P(x,y1,¥y2,¥s,-..,¥;) to be true if and only if P’'({x,y1),y2,¥3,...,¥;) is true.
(That is, P is an (i + 1)-place predicate that has the same truth value as the i-place predicate P’ when we
replace in the first two arguments x and y; of P by their encoding as a pair (z,y;) and plug this, along
with the remaining ¢ — 1 arguments of P, into P’.) Since P’ is decidable, so is P.

From this, and @ we have

rel & yP'(z,y1) & FInVye3ys... Qui P((x,y1),v2, U3, -+, i)
< TyVyeTdys ... Qi P(x,y1,2.Y3,-- -, Vi)
decidable

which proves part (a).
Part (b) follows by noting that L € II; if and only if L € 3;, representing L by a predicate according
to part (a), and negating that predicate to get one that represents L. O

2.4 Placing some languages in the hierarchy

Theorem is very helpful in placing languages in the arithmetic hierarchy. Given the definition of a
language, we look to represent that language using a formula in prenex normal form whose quantifier-free
part involves decidable predicates; the number ¢ of quantifier alternations determines the level at which
the formula places the language and the type of the leading quantifier (3 versus V) determines whether the
language is in ¥; or II;. We strive for the simplest (correct!) formula, to place the language in the lowest
(most restrictive) set. We have seen a few examples of this process already; we demonstrate it further with
more examples.

Some languages in level 2 of the arithmetic hierarchy

We have seen that FIN is in 32 based on two different approaches: First, we proved it by giving a recognizer
that uses a X1 oracle (see Lemma and its proof). We also gave a Yo-type predicate that represents FIN,
namely

JxVyVe (y is after = in shortlex order — —T'(M,y, c))

decidable predicate of M, z,y,c

By definition of I, the complement of FIN, INFIN, is in IIo. We can also see this by noting that INFIN
is represented by the following formula:

Yzdydc (y is after « in shortlex order A T'(M, v, c))

decidable predicate of M, z,y,c

which expresses the fact that M accepts an infinite number of string by asserting that for every string x,
however large in shortlex order, there is an even larger y that M accepts.
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As another example of a Il language consider ALL = {(M): L(M) = ¥3},} (where X); denotes the
input alphabet of Turing machine M). We can express this language as the set of codes of Turing machines
M so that for every string = there is an accepting computation ¢ of M on input z. So, ALL is represented
by the predicate VYa3e T'(M, z,c). Since this has two alternations of quantifiers, starting with a universal
one, the corresponding language is in II;. Since ALL is in Il its complement ALL is in ¥5. By Theorem
this can also be seen by the fact that ALL is represented by the predicate 3xVe —T(M, x, c): there is some
string  such that every c is not an accepting computation of M on z.

Consider the language EQuiv = {(My, Ma): L(M;) = L(M>z)}. To say that two Turing machines
recognize the same language is to say that for each string = either both TMs do not accept x or both
accept . So EQUIV is represented by the predicate

VaVe1Vegdezdey ((—|T(M1,x, c1) N =T (Ma, x, 02)) Y, (T(Ml,:v, c3) NT(Ms, x, 04))>

decidable predicate of M7, M2, x,c1,c2,c3,cC4

which, according to Theorem places EQUIV in IIs. EQUIV is also represented by the predicate

Va JegTey Ve Veo ((ﬁT(Ml,x, c1) A =T (Ma, z,c2)) V (T(My, z, c3) NT(Ma, x, 04)))

~~

decidable predicate of M1, M2, x,c1,ca,c3,ca

which differs from the previous one only in the order of the underlined quantifiers. This formulation puts
EqQuiv in II3!

There is no contradiction here: We know from Theorem that Il C II3. The second of these choices
represents EQUIV with more quantifier alternations than is necessary. In general, the lowest possible level
of the hierarchy, being more restrictive, gives us more information about the language. So, in general,
we try to represent a language with the fewest possible number of quantifier alternations. We will return
briefly to this phenomenon later (see subsection entitled “Complete languages”).

It is important to understand that in general, we cannot move quantifiers around willy-nilly without
changing the meaning of the formula. In the case of the two formulas that represent EQUIV we could
switch the order of the quantifiers for ¢, co, c3, c4 because, roughly speaking, each of them refers only to a
different part of the quantifier-free part of the formula. In general, however, Vx3y P(z,y) is not equivalent
to JyVz P(x,y). For example, if P(x,y) means “x is before y in shortlex order”, then Vx3y P(z,y) is true
but JyVz P(z,y) is false.

Placing a language in Ay

We have seen in Theorem (a) that A; = 3; N II;. Thus, one way of placing a language in A; is to
find two formulas that represent it, one placing it in ¥; and one placing it in II;. Consider the language
UNIQUE = {(M): |L(M)| = 1}. This can be represented by the formula

JzIe,VyVey, (T(M, z,¢0) A (y # 2z — —T(M,y, cy))>

decidable predicate of M, x,cz,y, cy

where of course we can combine the two existential quantifiers into one 3(z, ¢;) and the two universal ones
into one V(y, ¢,), and then have the encoded pairs be decoded in the (still decidable) quantifier-free part of
the formula. This formula says that there is an accepting computation of M on some input z and that all
other inputs y have no accepting computation by M. Since there are two quantifier alternations starting
with 3, this places UNIQUE into Y.

UNIQUE can also be represented by the formula

VaVe,VyVe,3z3c, ((T(M,x, cx) NT(M,y,zy) >z =y) NT(M,z, cz)) .

decidable predicate of M, x,cy,y,cy,x,
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This expresses the fact that M accepts exactly one string in a different way: Any two strings x and y that
M accepts are the same, and there is some string z that M accepts. The form of this predicate places
UNIQUE into Ily, since there are two quantifier alternations and the leading quantifier is V. Since UNIQUE
is in both X9 and Ilo, it is in As.

Some languages in level 3 of the arithmetic hierarchy

A language is called cofinite if its complement is finite. Clearly every cofinite language is infinite, but not
every infinite language is cofinite. For example, the set of even-length strings over some alphabet is an
infinite language that is not cofinite since its complement, the set of odd-length strings, is also infinite. A
language is cofinite if, starting with some string z, it contains every string y after x in shortlex order. So,
the set COFIN = {(M): L(M) is cofinite} is represented by the formula

JxVydc (y is after = in shortlex order — T'(M, y, c)) .

decidable predicate of M, z,y,c

This places COFIN into 3.

Consider the language REG = {(M): L(M) is regular}, i.e., the set of codes of Turing machines that
recognize regular languages. Just as we can encode Turing machine as strings, we can encode finite
state automata (FSA) as strings by establishing conventions for how to represent states, symbols, and the
transition function, and how to identify the start state and the accepting states of the automaton. Without
giving the details of such an encoding, let us assume an arbitrary, reasonable one; by “reasonable” we mean
an encoding so that, given the code (A) of a FSA A, a Turing machine can determine the component parts
of the FSA (e.g., it can determine the code of the initial state) and can use the encoding of the transition
function to simulate the operation of A on any input string :CE] We can then represent the language REG
by the following formula:

J(A)VaVedd <(—|A accepts © — —T(M,z,c)) A (A accepts & — T(M, x,c’))) .

~
decidable predicate of A, x,c,c’

This states that there is a FSA A that accepts the same strings as M, i.e., M recognizes the same language
as some FSA. Since a language is regular if and only if it is accepted by a FSA, the above formula represents
REG, and this places REG in X3: the formula has three quantifier alternations starting with an existential
quantifier applied to a decidable quantifier-free predicate. (Recall that by our assumption of a reasonable
encoding for FSA, given (A) and x, a Turing machine can determine if A accepts x or not; there is no
danger of looping in FSA!)

Consider the language UNDEC = {(M): L(M) is undecidable}, i.e., the set of codes of Turing machines
that recognize undecidable languages. A language is undecidable if every Turing machine that recognizes it
loops on some input. Let H(M,z,c) be the predicate that is true if and only if ¢ is a halting computation
of Turing machine M on input z; i.e., ¢ takes M from the initial configuration ggx to a configuration where
M’s state is the accept or reject state. Like Kleene’s T-predicate, H (M, x,c) is decidable. So, we can
represent UNDEC by the following predicate

V(M"\VaVeiVeaIegIey TyVes

(((ﬂT(M, 1) A~T(M',z,¢2)) V (T(M, z,c5) NT(M', , C4))) s —H(M',y, C5)>.

~~

M and M’ are equivalent: for every x, both don’t accept it or both accept it

"An example of an unreasonable encoding would be one that includes rules such as “a state of the FSA is an accepting
state if and only if it is encoded by a string that also represents a Turing machine that halts on empty tape”. These are
logically sound rules, but a Turing machine cannot use them to simulate the operation of the FSA.
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It states that every Turing machine M’ that is equivalent to M (every string is either rejected by both or
accepted by both) fails to halt on some input y — i.e., M’ is not a decider. This places UNDEC in IT3.

Complete languages

Recall our example of EQUIvV, which one formula placed in Il and another in II3. As we explained, the
first formula gives us more accurate information about the actual “degree of unsolvability” of this language
than the second. But this raises the question: can we know when the predicate that represents a language
gives us the most accurate information? In terms of Theorem [22] this means expressing it with the fewest
quantifier alternations. How do we know, for example, that there is no way of representing EQUIV with
just one kind of quantifier (all existential or all universal), placing it in level 17

One way of doing this is by using the concept of complete languages, which we introduced earlier to
prove that every level of the arithmetic hierarchy contains new languages, inherently “more undecidable”
than those in lower levels. For example, if we show that EQUIV is a complete language for Il,, which as
you will recall intuitively means that EQUIV is one of the “hardest” languages in Ily, then EQUIV cannot
also be in II;.

To see why this is the case, we first note the following:

Theorem 26 Let L, L' be languages such that L <,, L', and A be any language.

(a) If L' is recognizable using oracle A then so is L; equivalently, if L is not recognizable using A then
neither is L.

(b) If L' is decidadable using oracle A then so is L; equivalently, if L is not decidadable using A then
neither is L'.

This generalizes facts we have already seen in relation to regular (non-oracle) Turing machines, and is
proved in a very similar way (left as an exercise to remind you the proofs of these earlier results).

Theorem 27 For all i > j > 1, if L is ¥;-complete (respectively, Il;-complete) then L ¢ ¥; (respec-
tively, I1;).

ProOF. We will show the proof for 3; the proof for II is similar.

Suppose, for contradiction, that L is a ¥;-complete language, yet L € X; for some j < ¢. Since L is
Y;-complete and H' € ;, we have H* <,, L. Since L € >, and HJ is Y ;-complete, we also have L <,, .
So, by transitivity of <,,, H* <,, H’. Since H’ € X5, HY is recognized by an OTM using some oracle in
> ;—1; and since H' <,, H’, by Theorem [26{a), H® is recognized by an OTM using some oracle in -1, S0
H' € ¥, contradicting Theorem |15| (recall that H' is in ; and not in lower levels). t

As an application, consider the language FIN. We have already seen that this language is in s — in
fact we have proved this in two different ways, (a) by showing a recognizer for FIN that uses a X1 oracle (see
proof of Theorem and (b) by representing the language with a formula of the appropriate form based
on Theorem We will prove that FIN is ¥o-complete; so, by Theorem level 2 is the lowest to which
FIN belongs: it cannot be represented by a formula that involves fewer than two quantifier alternations.

Theorem 28 FIN is Yo-complete.

PROOF. By Theorem FIN € Ys. It remains to prove that for each L € Yo, L <,,, FIN. Since L € X,
there is a decidable predicate P(z,y, z) such that

xeLl & FYWzP(x,y.2). (10)

Let Mp be a Turing machine that decides P. We will show a computable function f: z +— (M) so that
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(a) if z € L then £(M) is finite, and

(b) if x ¢ L then L£(M) is infinite.

SO W N

Given z, the computable function f produces the code (M) of the following Turing machine:

M := on input w:

for each y that precedes w in shortlex order do
for each z in shortlex order do
run Mp on (z,y, z)
If Mp rejects (i.e., P(x,y, z) is false) then break +# continue with next y
accept

Ifx e L, by , there exists some y such that for all z, P(z,y, z) is true. Let yy be the first such y in
shortlex order. Consider the computation of M on any input w that is after yg in lexicographic order.
By the choice of yg, for every y preceding yq is lexicographic order there is some z such that P(x,y, z)
is false, so all iterations of the outer for-loop for y preceding yy will terminate by the conditional
in line 5. When the outer for-loop is executed for yg, the inner for-loop will not terminate, because
Mp will accept input (z,yo, 2), for every z (since P(x,yo, 2) is true for all z). Therefore M does not
accept any string w that is after yo in shortlex order, and so £(M) is finite, as wanted for (a).

If x ¢ L, by , for every y there is some x such that P(x,y, z) is false. Consider the computation
of M on any input w. For each y considered in the outer for-loop, eventually the inner for-loop will
be executed for some z such that P(z,y,z) is false, and so the inner for-loop will terminate by the
conditional in line 5. So, after being executed for all y that precede w in shortlex order, the outer
for-loop will also terminate and M accepts w in line 6. Therefore, in this case M accepts every input
w and so £(M) is infinite, as wanted for (b). O

Since FIN is complete for 3o, it is straightforward to argue that its complement, INFIN, is likewise

complete for IIp. It turns out that ALL is complete for IT, and therefore ALL is complete for X9, and that
CoFIN, and REG are complete for ¥3 (and so their complements complete for II3), and that UNDEC is
complete for I3 (and so its complement DEC is complete for X3). The proofs of these results are beyond
the scope of this document.
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