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Abstract

We introduce a second-order theory V-Krom of bounded
arithmetic for nondeterministic log space. This system is
based on Gréadel’s characterization of NL by second-order
Krom formulae with only universal first-order quantifiers,
which in turn is motivated by the result that the decision
problem for 2-CNF satisfiability is complete for coNL (and
hence for NL). This theory has the style of the authors’
theory Vi-Horn [APAL 124 (2003)] for polynomial time.
Both theories use Zambella’s elegant second-order syntax,
and are axiomatized by a set 2-BASIC of simple formulae,
together with a comprehension scheme for either second-
order Horn formulae (in the case of V/;-Horn), or second-
order Krom (2CNF) formulae (in the case of V'-Krom). Our
main result for V'-Krom is a formalization of the Immerman-
Szelepcsényi theorem that NL is closed under complemen-
tation. This formalization is necessary to show that the
NL functions are X.Z-definable in V-Krom. The only other
theory for NL in the literature relies on the Immerman-
Szelepcsényi’s result rather than proving it.

1. Introduction

The two most prominent approachesto complexity from
logical perspective are descriptive complexity (finite model
theory) and bounded arithmetic; the latter is closely related
to proof complexity. There has been intensive research
in each of these two areas and their relations to the tra-
ditional structural complexity. In particular, the relation-
ship between bounded arithmetic and proof complexity is
well-studied. However, little is known about the direct con-
nection between descriptive complexity and bounded arith-
metic.

In bounded arithmetic, the objects are weak fragments
of arithmetic; complexity classes are represented by classes
of functions provably total in these systems. In descriptive
complexity, the objects are classes of formulae (logics) that
can express properties of certain complexity. So both ap-
proaches study classes of formulae corresponding to com-

plexity classes. Bounded arithmetic studies the complexity
of proving properties of these classes of formulae, whereas
descriptive complexity is concerned with their expressive
power. The most important distinction between different
systems of bounded arithmetic is the strength of their in-
duction (or comprehension) axiom schemes. This leads to
the following question: how does the expressive power of
the class of formulae in the induction axioms relate to the
power of the resulting system?
Each of the complexity classes
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among others has been associated with one or more theo-
ries of bounded arithmetic. In this paper we are concerned
with the class NL (nondeterministic log space). This class
is different from all the others, because the proof that NL is
closed under complementation is difficult (see Immerman
or Szelepcsényi, [Imm88, SzeB88]). Closure under comple-
mentationis necessary for NL to have anice associated func-
tion class, and hence a nice associated theory.

To our knowledge only one other theory has been associ-
ated with the class NL, namely the theory SN!°9 of [CT92].
This theory is axiomatized by induction over encodings of
NL Turing machines, and the authors of [CT92] state that it
is very awkward and hope that it will be a stepping stone to
abetter system. We believe that the theory V' -Krom that we
present hereis such a better system.

Our theory V-Krom is in the same style as the theory
V1 -Horn for deterministic polynomial time presented in our
previous work [CKO3]. The system V;-Horn is a second-
order theory (with sorts for numbers and finite sets of num-
bers, or “strings’) which is axiomatized by a set 2-BASIC
of simple axioms, together with a comprehension axiom
for essentially Gradel’s [Gra92] SO-Horn formulae. (These
formulae capture polynomia time in second-order finite
model theory.) Our new system V' -Krom has the same lan-
guage and same set 2-BASIC of simple axioms, but allows
comprehension for essentially SO-Krom formulae instead
of SO-Horn formulae. In the same paper [Gra92], Gradel
showed that these formul ae capture the class NL.

We note that the intuitive reason that the two formula



classes capture the two complexity classesis that the satisfi-
ability problem for propositional Horn formulaeis complete
for polynomial time, whereas the satisfiability problem for
Kromformulae (2CNF) iscompletefor coNL (and hence for
NL).

In general, in the second-order setting, a relation
R(z, X) has natural number variables z and string variables
X. Thisrelation isin a given complexity class C if, when
inputs Z are presented in unary notation and inputs X are
presented as bit strings, an appropriate machine or circuit
can determine whether R(z, X) holds using specified re-
sources. Inthe case of NL, the machineisanondeterministic
Turing machine, and the resource bound in space O(log n).
A string valued function F(z, X) isin the associated com-
plexity class FC if its length |F(Z, X)| is bounded by a
polynomial in (z,|X|), and its bitgraph G isin C, where
G r(z, X) holdsiff thei-th bit of F(z, X) is 1.

However, this class F'C' is not closed under composition
unless C' is closed under complementation, assuming that
the function which interchanges0 and 1isin theclass. This
is why the function class F'N L did not become interesting
before the Immerman-Szel epcsényi theorem.

Our main result for V-Krom is to show that V/-Krom
proves the Immerman-Szel epcsényi theorem. (Thiswas not
shown for the theory S™'°9 of [CT92].) We do this by
showing how to formalize the proof given in [Imm99]. Af-
ter this, we provethat V-Krom* captures’ F'N L in the stan-
dard sense that a function is X Z-definable in V-Krom iff it
isin FNL.

2. System V-Krom.

The system V-Krom defined in this work belongs to
a family of second-order systems with syntax similar to
that of Zambella's $2-comp ([Zam96]). The language of
V-Kromis £% = {0,1,+,,| |; <,=, €}, which is a natu-
ral second-order extension of the language of Peano Arith-
metic L4 = {0,1,+,-;<,=}. Let N, be astandard struc-
ture with natural numbers and finite sets of natural numbers
in the universe; our first-order objects (denoted by lower-
case letters, called number variables) are natural numbers;
second-order objects (denoted by upper-case letters, called
string variables) are binary strings or, equivalently, (finite)
sets of numbers. Treating a second-order variable X as a
set, its “length” | X | is defined to be the largest element
y € X plusone, or 0 if X isan empty set.

Bounded number quantifiers are defined in the usual
way. A bounded string quantifier 3X < t¢ stands for
AX(|X] < t A @), and VX < t¢ stands for VX (| X| <
t D ¢). We use X7 to denote the set of formulae with all
number quantifiers bounded and no string quantifiers, and
%8 denotes the class of formulae which begin with zero or
more bounded existential string quantifiers followed by a

¥5 formula. The classes © 8 and 12 are defined similarly,
where in all cases string quantifiers must be bounded and
appear in front of the formula.

The system V?,i > 0 is axiomatized by the 2-BASIC
axioms together with a comprehension scheme for . Z for-
mulae. Fori > 1, V? isRSUV isomorphic to the first-order
theory Si. The system V' corresponds to the complexity
class uniform AC®.

Similarly to V;-Horn from [CKO03], the system V' -Krom
is defined as 2-BASIC axioms plus the comprehension
scheme over a version of SO3-Krom formulae over £%.
By Gréadel’s result, SO3-Krom formulae capture NL in the
finite model theory setting (in presence of order).

Definition 2.1. A quantifier-free formula ¢(P, X, %) is
Krom with respect to P if ¢ is a CNF formula in which
each occurrence of each P; isasa P-literal P;(t) or = P;(t)
in a clause, where t is aterm (¢ may not involve any term
of the form | P;|.) Further, each clause may contain at most
two P-literals, athoughit may contain any number of other
literals.

Thatis, aKromformulaisessentially a2-CNFif we only
consider P;(t) assignificant literals, and P; may only occur
asa P-literal.

Definition 2.2. A formulais X;-Kromif it is of the form:
APVz < ig(P,z, A, a)

where A and @ are free second- and first order variables, 7
areterms not involving z or P and ¢ is Krom with respect
to P.

Let ¢(i,a, X) be a ¥;-Krom formula with first-order
free variables i and a and second-order free variables X.
Then a comprehension axiom for ¢ and avariable b is

AZVi < b(Z(i) & ¢(i,a, X)). (£1-Krom-comp)

Note that b could be used to bound the length of Z with-
out changing the meaning. Since the only way of intro-
ducing second-order variables into the system is by apply-
ing the comprehension axiom, every second-order variable
could be bounded by a polynomial in first-order variables.

Definition 2.3. The theory V-Krom is the theory over £2
axiomatized by 2-BASIC axioms together with a compre-
hension scheme X, -Krom-comp over X1 -Krom formulae.

3. Basic properties of VV-Krom

Many of the basic properties of V-Krom are proved in
the same way they are for V;-Horn, so in this section we
frequently refer to V;-Horn as presented in [CKO03]. Since
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Table 1. The 2-BASIC axioms

thelength function | X | tells usthat afinite nonempty set has
amaximum element, it is easy to show that V'-Krom proves
the LNP for finite sets, as well as the induction axiom

XO0O)AVy<z(X(y) > X(y+ 1)) = X(2)

From this and X;-Krom comprehension it follows that
V-Krom proves the induction scheme and LNP for
¥1-Krom formulae, and in particular for open formulae.
Using a standard pairing function V-Krom can code a tu-
ple z of numbers as a single number, and many of our
definitions and results implicitly assume this coding. Also
V-Krom proves the replacement scheme for 3 ;-Krom for-
mulae, just as V;-Horn proves replacement for ¥ Z-Horn
formulae.

3.1. Simulating ¥ formulae.

Existential first-order quantifiers are not allowed in a
¥;-Krom formula. That is, a £ formulais not automat-
ically a ¥;-Krom formula, though ¥,-Krom clearly has
much more expressive power. In this section, we develop
a construction which allows us to convert ¥ F formulae to
Y1-Krom. A similar result holds in V;-Horn, but the con-
struction for V-Krom is quite different.

Theorem 3.1. For every 5 formula 1 there is a £;-Krom
formula «»* such that

V-Krom k¢ < ¢*
From this theorem, the following corollary is easy.

Corollary 3.2. Comprehension over & formulae is a the-
orem of V-Krom. Thus, V-Krom is an extension of V° and
proves the X induction axioms.

The idea behind the proof of Theorem 3.1 isthat ¢ * be-
ginswith 35, where S isamulti-dimensional array with one
dimension per each alternation of quantifier in ¢». For every
dimension corresponding to existential, the first element is
set to false, and the last element to true. The clauses en-
code a pass through the array from thefirst to last element,

with a property that false values can only become true val-
ues during this passif awitness to the existential quantifier
was found. O

With the help of Corollary 3.2, V-Krom proves induc-
tion on both X% and ¥;-Krom formulae. By using the
comprehension scheme for both formulaclasseswe can jus-
tify induction over © 5 (X -Krom) formulae, and in fact over
formulae built by nesting X1 -Krom formulae with bounded
guantifiers and the Boolean connectives. Thisideais used
implicitly in later sections.

4. V-Krom(TrCl)

In this section we show how to introduce the transi-
tive closure operator into V-Krom, and use it to prove the
Immerman-Szel epcsényi theorem. We show that V-Krom
can formalize the proof givenin [Imm99], sections 9.2-9.5.

4.1. Definitions

We wish to define the transitive closure of a relation
given by a formula ¢(z,y) (which may contain free vari-
ables besides z, y) onthedomain {0, 1, ...,n — 1} of n ele-
ments. Any relation R(x, y) that containsthistransitive clo-
sure must satisfy conditions of reflexivity and ¢-step tran-
sitivity on the domain above. The following formulaC'ond
encodes these conditions:

Cond(¢,R,n) =
Va,y,z < n(R(z,z) A (¢(x,y) A R(y,z) = R(x,z2)))

We will writejust Cond(¢, R) when n is clear from the
context.

Remark 4.1. It isimportant for the proof of Theorem 4.3
that the negation of the RHS of (AXTC) is equivalent to a
¥,-Krom formula if ¢ is quantifier-free. This is because
when Cond(¢, R,n) is put in conjunctive normal form,
each clause has at most two occurrences of R. Note that
an alternative definition of TrC'l would be to change the
condition Cond(¢, R) to a condition Cond’ (¢, R), where
Cond' (¢, R) asserts that R is reflexive, transitive, and
¢(z,y) DO R(z,y). However then the negation of the RHS
of (AXTC) would not be a X;-Krom formula because the
transitivity clause in Cond’ requires three occurrences of
R. Our use of Cond instead of Cond’ makes the proof of
transitivity of 7'rC1 just alittle harder (see Lemma4.4).

Now we define the transitive closure relation TrCl¢ to
betheintersection of all relations R satisfying Cond(¢, R).

TrCly yé(x,y)a,b,n] <+ VR(Cond(¢, R,n) = R(a,b))
(AXTC)



We want to extend the vocabulary of V-Krom by includ-
ing instances of TrCl as defined above.

Definition 4.2. The class X (TrCl) is defined inductively
asfollows:

(i) Every quantifier-free formulaof V-Kromisin & (TrCl)
(ii) If ¢ isin F(TrCl), then o isTrCl, ,¢(x, y)[a, b, n]
(iii) Every ¥ combination of formulagin X & (TrCl)

isin XZ(TrCl)

The class S (TrCl*) is defined in the same way, except in
(i) we alow only ©F combinations with positive occur-
rences of X5 (TrCl) formulae.

The system V-Krom(TrCl) is V-Krom augmented with
the class X (TrCl) of formulag, and has (AXTC) for each ¢
in 2B (TrCl).

Since the only new axioms in V-Krom(TrCl) are defi-
nitions of new relations, it is a conservative extension of
V-Krom.

Theorem 4.3. V-Krom(TrCI) proves the induction ax-
iom and the comprehension axiom for every formula in
L5(TrCl).

Proof. The essential point is that the negation of the RHS
of (AXTC) is equivdent to a X1-Krom formula if ¢ is
quantifier-free (see Remark 4.1). The theorem follows by
induction on the depth of nesting of T'rC1 formulae, using
the discussion following the proof of Corollary 3.2. O

In the axiom of transitive closure (AXTC), n is a bound
on the first-order variables, and the transitive closure re-
lation TrCl(a,b) is fase unless a,b < n. In the specid
casen = 0, TrCl(a,b) is dways false, and when n = 1,
TrCl(a,b) holdsiff a = b = 0.

4.2. Propertiesof transitive closure

In this section we make frequent tacit use of Theorem
4.3.

First we show that V' -Krom provesthe transitivity of the
transitive closure relation.

Lemma 4.4. Let TrCl(z,y) stand for TrCly ,d[z,y].
Then for all X2 (TrCl) formulae ¢, V -Krom(TrCl) proves

TrCl(z,y) NTrCl(y,z) — TrCl(z,2)

Proof. Reasoningin V-Krom(TrCl), fix z, y, z and assume
TrCl(z,y) and TrCl(y,z). Referring to (AXTC), let R
be any relation satisfying Cond(¢, R). It suffices to show
R(z, z).

Define R’ by the condition
R'(a,b) < (b=y A R(a,2)) V (b# y A R(a,b))

Note that R’ can be defined in V-Krom(TrCl) by compre-
hension. Using the facts Cond(¢, R) and R(y, z) (because
TrCl(y, z)) it is easy to show Cond(¢, R'). Therefore
R'(z,y) (because TrCl(z,y)), and hence R(z, z) (by def-
inition of R’). O

The definition of transitive closure is robust enough in
that adding ¢-edges from the left or from the right givesthe
same answer. That is, suppose that instead of Cond, we
define AXTC using Cond™ of the form

Cond"(¢,R,n) =
Va,y,z < n(R(z,z) A (R(z,y) A d(y,z) = R(x,z))

DefineTrCI1" by
TrCl"(a,b) <> YR(Cond" (¢, R,n) — R(a,b))
Lemma 4.5. V-Krom proves
TrCl"(a,b) < TrCly ,¢la,b,n]

Proof. By an argument similar to the proof of Lemma 4.4,
V-Krom proves transitivity of TrC1". Therefore V-Krom
provesCond(¢, TrCI1"), fromwhich theright-to-left direc-
tion follows. The left-to-right direction follows by symme-
try. O

4.3. Normal form of TrCl

In this section we formalize the proof from [EF95,
Imm99] of the theorem stating, informally, that any
bounded formula with only positive occurrences of transi-
tive closure operator can be converted into a formula with
only one, outermost occurrence of TrCl. Moreover, the
bounds of this transitive closure operator can be arbitrary
(under some restrictions). Thisis the most technical result
needed for the proof of closure of ¥ ,-Krom under comple-
mentation.

Inthefollowing result, thenotation [0, 71] standsfor [s, ¢],
where s and ¢ are term coding the tuples 0 and 7, respec-
tively, using standard tupling functions.

Theorem 4.6. Any X5(TrCI*) formula ¢ is equivalent to
TrClz z [0, n], where ¢ is quantifier-free. Here, 2 and the
number of variables in the vectors z, z', 0, i depend on the
structure of ¢. Moreover, V-Krom(TrCl) proves this equiv-
alence.

Proof. (Sketch) The proof is by structural induction on ¢,
and formalizes in V-Krom(TrCl) the arguments in [EF95,



Imm99], using results in the previous subsections. For ev-
ery boolean connective (except negation) and quantifier, an
equivalence between the original and constructed formula
is shown by expanding the definitions of transitive closure
via AxzT'C, negating both sides, and constructing assign-
mentsfor the variables under second-order existential quan-
tifiers for one side from the other. Since the negation of
AzTC for aquantifier-free ¢ is X1 -Krom, the existence of
such witnesses is guaranteed by ¥ ;-Krom comprehension
axioms. O

4.4. Relating ¥,-Krom and X2 (TrC1)

By the results of the previous sections, a bounded for-
mulawith positive occurrences of the transitive closure op-
erator can be converted into a formula with a single outer-
most occurrence of TrCl, and then to a negated X ;-Krom
formula by the axioms of transitive closure. This section
shows how to convert an arbitrary ¥,-Krom formula to
negation of a ©F(TrCl) formula; by appealing to Theo-
rem 4.6 it is equivalent to a negated transitive closure of a
quantifier-free formula.

441 SO3-Krom unsatisfiability algorithm

To achieve this goal we formalize the SO Krom satisfiabil-
ity algorithm [Kro67], and represent it as negated transitive
closureformulae. Using a pairing function, we may assume
that we only have one second-order variable. Let & be the
following £, -Krom formula:

& = IPYz, <ny...Vop <npb(P,T), (1)

m

where)(P,z) = /\(Lj(tj(;i)) \% L;(t;(f)) V ¢;(Z)).

Here, L; and L; are P or =P, and ¢; are quantifier-freeand
contain no occurrence of P.

The agorithm below reduces the truth of this formula
(given values for the free variables) to reachability in a di-
rected graph. Step 1 reduces truth to the satisfiability of
a propositional CNF formula A with at most two literals
per clause, and Steps 2 and 3 construct a directed graph G
whose nodes areliteralsin theformula, such that A isunsat-
isfiable iff G has a directed cycle containing some variable
and its negation.

Step 1: Convert a SO3-Krom formulato propositional
2-CNF. Make a conjunction of nq - ... - n; copies of the
formula, one for each (z; ...z), and evaluate the terms
in each copy on a corresponding value of (x; ...x). If a
clause evaluates to true due to ¢; (Z) becoming true, delete
theclause. If ¢; evaluatesto false, thenif there are no quan-
tified second-order variablesin this formula, the whole for-
mulaisfalse. Otherwise delete ¢; from the clause, evaluate

t;() and ¢’,(z) and assign propositional variables to them
asfollows:

Assign a different propositional variable p; to every
value of aterm on atuple of first-order variables, and make
an occurrence of it negated if the corresponding literal was
—P. There are as many variables as there are possible val-
uesof t;’sonz, at most 2m - ny - ... - ng. If two different
terms evaluate to the same value on possibly different tu-
ples, they get mapped to the same propositional variable.

Step 22 Now we construct a graph of the resulting
propositional formula. The vertices of the graph are the
propositional variablesand their negations. For every clause
(p; V py) create edges —p; — p; and —pj; — p;.

Step 3. For every propositional variable p;, check
whether both paths from p; to —p; and from —p; to p; are
in the graph. If there exists p; for which there are both such
paths, then the original formulais unsatisfiable, otherwise
satisfiable.

If there is no variable with both paths in the graph, con-
struct the satisfying assignment by repeating the following
procedure: pick a variable p; to which no value has been
assigned yet. We know that p; /4 —p; or =p; 4 p;. Inthe
first case, set p; to true, otherwise set —p; to true; set the op-
posite literal to false. Now set to true al literals reachable
from the literal we set to true (p; or —p;).

4.4.2 Construction

Here is how we construct a formula equivalent to ® from
(1), with occurrences of transitive closure and no second-
order quantifiers. If aclause c; is of the form

¢j = (L;(t;(2)) V Lj(t;(2)) V 6;(2)),

where L; and L} are positive or negative second-order
atoms, it trandlates into two clauses corresponding to the
two implications (—L; — L)) and (=L} — L;). Thereare
five pieces of information about each clause: valuesof ¢ ;(Z)
and t’;(z), whether L; and L’; are P or =P, and the value
of ¢;(Z). Thereis a step of transitive closure on the trans-
lation of the original clause if one of the two implications
(=Lj = L), (=L — Lj;) holds.

Introduce for every clause constants z j,zj’- depending
only on the structure of c; to encode whether L;, L; have
negation: (z; = 0iff L; = =P, and 2} = 0iff L’ = - P).
Let (u,s),(v,s") be variables used in the transitive clo-
sure: astepis (u,s) — (v,s'), where u,v correspond to
P(u), P(v), and s, s’ to the negation parameters. For ex-
ample, (u, 1) — (v, 1) meansthat theimplication (P (u) —
P(v)) must hold in order for some clause to be satisfied.
Now atranglation C; of ¢; becomes



The nodes of the graph of the propositional formula are
the values of all terms on al tuples of z. We need to find
avauei < t, wheret = max;(t;(n),t}(n)), such that
thereare chains of implicationsfrom (i, 0) to (¢, 1) and from
(i, 1) to (i, 0), corresponding to chains of implications from
—p; to p; and from p; to —p;. Let

Y (u,s,0,8)=AT <0 \/ C;(z)
j=1

The following formulais equivalent to the negation of ®
from (1):

Ji < t(TrClys,vs ' (u, s,v,5")[i0,i1]
ATrClysws ' (u,s,v,5")[i1,40])

(NegKrom)

4.4.3 Proof of correctness

Theorem 4.7. Let ®(X,7) be a ¥;-Krom formula. Then
there exists a quantifier-free formula ¢ and tuples 0, 2 such
that

V-Krom(TrCl) + (X, §) < ~TrClz 2 [0, 7]

Proof. By Theorem 4.6 (normal form theorem) it suffices
to prove equivalence between @ in (1) and the negation of
(NegKrom).

Let ® = 3PVz < ny(P, ) betheformula(1). We need
to prove the equivalence

IPVz < ny(P, T) <
Vi < t3Q[Cond(y', Q, (t,2)) A (=Q(i0,i1) V =Q(i1,i0))]
@)

where

Cond(¢',Q, (t,2)) = Vu,v,w < t¥s, s',s" < 2
Q(us,us) A (Y (us,vs") A Q(vs',ws") = Q(us,ws"))

First, note that +)' does not depend on i. The second part
is equivalent to

3Q Cond(y', Q, (t,2)) AVi < t(=Q(i0, 1) V =Q(il, i0))

The easy direction of the proof is to show that given
a satisfying assignment P to the origina formula we can
construct Q. We define ) such that Q(ui,vj) holds iff
the variable corresponding to ui implies the variable cor-
responding to vj, under the truth assignment P. Explic-
itly, we define ) by cases: Q(u0,v0) < (P(v) — P(u)),
Q(u0,vl) & (=P(u) = —P(v)), Q(ul,v0) & (P(u) —
-P(v)), Q(ul,vl) & (P(u) = P(v)).

Itisclear that for @ defined in thisfashion —=Q(i1,:0) V
—Q(:0,41) for al 4, because exactly one of them will be
T — L. If P(i) holds, then Q(i1,10) is false, otherwise

Q(i0,1) fails. Also, thisdefinition trivially satisfies reflex-
ivity.

To show that () satisfies step-transitivity, consider
=’ (us,vs") V =Q(vs',ws") V Q(us, ws"). Suppose that
Q(vs',ws") and =Q(us, ws") hold. Incaseof s = s’ =
s" =1, that correspondsto P(v) — P(w) and —=(P(u) —
P(w)). That can happen only when P(u) = T, and
P(w) = L. Then P(v) = L by Q(v1,wl). It remainsto
be shown that ¢’ (u1, v1) fails. Supposethereexists z < 7
and C; suchthat C'j(Z,u, 1,v,1) holds. Theoriginal clause
correspondingto C'; is (=P (u) V P(v) V ¢(z)). Since C;
holds, —¢(z), and since P(u) = T and P(v) = L, this
clause is not satisfied by P, contradicting the assumption
that P is a satisfying assignment. The cases for other val-
uesof s, s’, s’ aresimilar.

The more complicated direction isto construct a satisfy-
ing assignment P given (). Let

Force(i,s) = Q(i—s,is) V (Ij < t
Q(j0,51) AQ(j1,1s) V Q(j1,j0) A Q(j0,is))

Force(i, 1) holdsif P(i) isdirectly forcedto T, that is,
if either (=P (i) — P(i)) or (L(j) — P(i))and L(j) =T,
where L is either P or =P. Force(i,0) means P(i) = L.
Let UnForced(i) = ~Force(i,0) A ~Force(i,1).

The hard case is when nothing is forcing P(i) to be
T or L except consistency with already assigned values.
The idea here is to set the minimal of every set of unas-
signed variables to T and make sure that we account for
all variables forced to some values by this decision. Since
() contains transitive closure, for al variables i forced by
P(j) = sto P(i) = ¢, Q(js,is’). So, we say that i is
assigned s if

Assign(i,s) = 37 < tVk < tUnForced(j)
ANUnForced(k) — k > j) AN Q(jl,is).
Now P is defined as follows:
P(i) & (Force(i,1) VUnForced(i) N\ Assign(i,1))

Suppose for the sake of contradiction that P is not a satis-
fying assignment, that is, there exists an assignment z to =
andaclause (L;(;(Zo)) V L (t}(Zo)) V ¢;(Zo)) that eval-
uates to L under P. The proof proceeds by cases: L ; and
L;. can be negated literals or not, and in each combination
of negations the cases depend on thereasonwhy L ; and L',
are set to false (forced vs. assigned P(7)). O

4.5. Immer man-Szelepcsényi’sconstruction

Now we can formalize Immerman’s construction.



Theorem 4.8. For any SZ(TrCI+) formula ¢ there is a
LB (TrCI*) formula ¢’ such that

V-Krom(TrCl) - ¢ <> —=¢'

Thus, by theorem 4.7 and AzT'C, for any X1 -Krom formula
® there exists a X1 -Krom formula &’ such that V-Krom +
b — =@’

We would liketo construct aformula NegTrCl (¢, z,n)
with only positive occurrences of transitive closure operator
such that

V-Krom - =T'rCl,, [0, z] <> NegTrCl(y,z,n).

We associate with the pair ¢, n a graph with n vertices
numbered 0 through n-1, and with an edge u, v whenever
¥ (u,v) holds. The question becomes the reachability of a
vertex numbered = from the vertex numbered 0.

The main idea of Immerman’s construction is counting,
for every distance d < n, the exact number of vertices
reachable from 0 in d steps, as well as counting the num-
ber of vertices other than = reachable from 0 in d steps. If
the two numbers are the same, then z is not reachable from
0ind steps, and if d = n — 1, then x is not reachable from
0 at al, so (0, x) is not in the transitive closure of ¢. Inthe
subsequent formulae, v, v’ correspond to the vertices of the
graph, ¢ and ¢’ are the values of the counter, and n 4 is the
number of vertices reachablefrom 0 in d steps.

The two main formulae used in the construction are
DIST(z,d) and NDIST (z,d;m), stating, respectively,
that 2 isreachablefrom 0 ind stepsfor D1ST and that there
areat least m verticesreachablefrom0 in d stepsnot includ-
ing z for NDIST. The fina formula NegTrCl (), z,n)
states, essentially, that there is some number k of vertices
reachable from 0 and the number of verticesreachablefrom
0 not including = isat least k. Thebulk of the proof is show-
ing, inductively, that for every distance d there is a unique
number n 4 such that there are exactly n 4 vertices reachable
from0in d steps.

Sincethe constructionis based on counting, we we intro-
duceanotion of “counters’ to formalize Immerman’s proof.

Definition 4.9. A counter (transitive closure counter) is
a formula of the form CNT(vc,v'c’) = (¢ = ¢+1 A
d(v,v',¢) Ve = ¢ A v, c)), where ¢ and ¢ are
YB(TrCl+). A counter is fair if ¢ and ¢’ are not free vari-
ables of ¢ and ¢. A fair counter is linear if, additionally,
A(v' = v+1) isether apart of the counter formula, or the
part of both ¢ and ¢. In the first case, ¢ and ¢ only take
one argument, usually v’. A counter is exact if ¢ < —¢;
otherwise a counter is sloppy.

Usually we are interested in the value of transitive
closure over a counter, with the ranges on vertices and

on counter variables as bounds. TrCl. .t CNT[yd, z€]
means that there exists a ¢-path from y to z of length at
least e — d. The“at least” part of this statement is due to
overlapping ¢ and ¢ steps: if there are k steps on which
both ¢ and ¢ hold, then TrCl,. .+ CNT[yd, ze] holds for
k consecutive values of e. Since for fair counters the actual
values of counter variables do not matter (only the differ-
ence does), most countersstartat v = 0,¢ = 1 or¢ = 0 and
gotov = n, with the second boundary value of ¢ being the
object of interest.

Thesimplest counter in Immerman’sconstructionisa =
[(Y(v,v) Vo =v) A =c+1], with ¢, = (Y(v,0") V
v =1v")and ¢, = L. Itisusedto define DIST(z,d) =
TrClye v a00, zd]. Themeaning is that there is a4)-path
from 0 to = of length at most d. The counter « is fair, but
not linear and not exact.

All formulae under transitive closurein the Immerman’s
construction (o, 5,y and §) are counters. Of them, § is
the only unfair counter, and 8 and ~ are linear, where
is sloppy, and ~ can be shown to be exact. The following
lemmas are the bulk of the proof:

Lemma 4.10. Let LCNT(ve,v'c’) be an exact linear
counter. Then

V-Krom - Vy < n3lz < nTrClyc,, e LCNT[01, y2]

Proof. We provethis statement by induction ony. Theonly
two cases to consider for the induction step are whether
#(y + 1) or ¢(y + 1) holds; in either case the value of z
is clear. O

Lemma4.11. Let LCNT;(ve, v'c’) and LCNT2(ve, v'c’) be
two linear counters with Vo < n¢i(v) — ¢é2(v) and
$2(v) — é1(v), and let LCNT, be exact. Then, provably
in V-Krom, LCNT; cannot count to a larger value than
LCNT,. Moreover, if for some v < y ¢2(v+1) A= (v+1),

TrClyew e LCNT2[01, yd] = =TrClye, e LCNT1[01, yd];

otherwise (that is, if Vo < y(¢2(v + 1) = ¢1(v + 1)),
TrClye,y o LCNT2[01, yd] = T7Clye, e LCNT[01, yd]

Proof. The proof isby inductionony. We omit details. [

The body of the proof of Immerman’s theorem is by in-
duction on the number of steps d of the outermost counter
(that is, on the length of paths starting at 0). The formula
~ defining the value of n 4 for every step is alinear counter
with ¢, = DIST(v',d+1) and

¢y =Yz < n(NDIST(z,d;m) V (z # v' A=p(z,0"))).

Intuitively, v increments its counter variable ¢ for ev-
ery v reachable in d + 1 steps and does not increment



the counter for unreachable (in d + 1 steps) vertices, un-
der the assumption that there are at least m vertices reach-
ablein d steps. The induction statement is that for a step
d, v is an exact counter giving a unique value ny4 and
Ve < n(NDIST(x,d;ng) ¢+ ~DIST(z,d)). Thefirst
part is proven by using Lemma 4.10 with LCNT = ~; the
second part by applying Lemma 4.11 with LCNT2 = ~
and LcNT1 being the counter formulaof NDIST, 3, with
¢s = DIST(v',d) Av #xand ¢ = T.

For d = n — 1 this statement implies that if there are
k = n,_1 vertices reachable from 0 and by the formula
NDIST(z,n — 1;n,_1) the vertex z is not one of them,
then -DIST (z,n—1). Theproof iscompleted by showing
that DIST (z,n — 1) > TrCl, ,¥[0, z].

5. Definability in V-Krom

In this section the goal is to prove that V' -Krom indeed
capturesNL tightly.

Definition 5.1. A predicate R(z,Y) is AB-definablein a
second-order system of arithmetic V' if thereare = £ formu-
las ¢ and v such that R satisfies

R(z,Y) < ¢(z,Y))

and B B
VE(¢(z,Y) < (z,Y)

V captures a complexity class C if the A Z-definable predi-
cates of V' are exactly the predicates of C.

Theorem 5.2. A predicate R(z,Y) is AP-definable in
V-Krom iff it is in NL.

Proof. By Gradel’stheorem, every co-NL predicate (and by
Immerman-Szel epcsényi every NL predicate) is definable by
a ¥;-Krom formula. From Theorem 4.8 and the fact that
¥, -Kromformulaeare also X P formulag, it follows that ev-
ery NL predicateis A £-definablein V-Krom. The converse
follows from Theorem 5.7 (withessing) below. O

We define the function class F'N L associated with NL in
the standard way for the second-order setting (see [Coo02,
Coo04]): number functions are defined from NL predicates
using bounded minimization, and string functions must be
polybounded and have NL bit graphs. The following defi-
nition provides a way of introducing function symbols for
FNL functionsin atheory. It makes sense because the NL
predicates are precisely those definable by X -Krom formu-
lae.

Definition 5.3. A number function f : N*¥ x ({0,1}*)! = N
is NL-definable iff thereisaformula¢ € X,-Krom and a
polynomial p such that f has defining axiom

f(&,Y) =minz < p(z,[Y])é(2,7,Y)

A string function F : N¥ x ({0,1}*)! — {0,1}* is NL-
definableiff thereisaformula¢ € X;-Krom and a polyno-
mial p such that F' has defining axiom

F(z,Y)(i) < i <p(@,|Y]) A o(i,2,Y)

Lemma 5.4. Let ¢ be a ©F formula with possible occur-
rences of string and number function symbols from the def-
inition 5.3. Then there exists a ¥;-Krom formula with no
occurrences of function symbols that is provably in V-Krom
equivalent to ¢.

Proof. Structural induction on ¢, using Theorems 4.6, 4.7,
and 4.8. O

Definition 5.5. A string function F(z,Y) is ©¥-definable
in V-Kromiff thereisa ¥ # formula¢ such that

Z=F(x,Y)+ ¢(z,Y,2)

and
V-Krom+ VzvY3'Z¢(z,Y, Z)

Similarly for number functions.

Theorem 5.6. A function (string or number) is ¥ -
definable in V-Krom iff itis in F'N L.

Proof. NL number functions are ¥ Z-definable because
V-Krom proves bounded minimization for ¥-Krom for-
mulae, and NL string functions are ¥ £-definable because
V-Krom proves X;-Krom comprehension. The converse
follows from the following witnessing theorem. O

Theorem 5.7 (Witnessing theorem for V-Krom). If
V-Krom + 3ZB(%,Y, Z), where B € XF, then there is
astring function F'(z,Y") € FN L such that

V-Krom, AX(F) + B(z,Y,F(z,Y)),
where AX (F) is a defining axiom for F'.

The proof is based on a cut-elimination argument using
the method pioneered by Buss [Bus86] (see [Coo02] for a
second-order version). Theideais to put proof of the ¥ B
formulainto a normal form in which every formulais X &.
Unfortunately the ¥, -Krom comprehension axioms are ¥ £
formulae, so we need a modified system in which the com-
prehension axioms areindeed ¥ B formulae.

5.1. ¥B-axiomatized version of V-Krom

Here we give a system that has comprehension formulae
which are“general £”. That is, they have aprenex formin
which bounded number quantifiers precede a £ formula.
The main thing is that they can be easily witnessed in NL.

By Theorem 4.8 we know that for every X, -Krom for-
mula ¢ thereis a &, -Krom formula ¢ such that V-Krom +
é + —¢. Now we can replace a negated occurrence of ¢ in
the comprehension axiom of V-Krom by .



Definition 5.8. The system V—Krorp consists of axioms
2-BASIC, together with sequents ¢, ¢ — and — ¢, ¢
for every ¢ € ¥,-Krom, and a comprehension scheme

AZVy < b((Z(y) = ) A (~Z(y) = 6(y))).
(21-Krom-comp’)

Lemma 5.9. The systems V-Krom and V-Krom have the
same theorems.

Proof. Since V-Krom proves ¢ «» —a, it suffices to ob-
serve that the revised scheme (X -Krom-comp’) is equiva
lent to the original scheme (X 1-Krom-comp) under the as-
sumption ¢ <+ . O

Lemma 5.10. The scheme (X;-Krom-comp’) is equivalent
in V-Krom to a ¥ formula.

Proof. Consider the subformula of X;-Krom-comp’ with
7 as a free variable. Now it is a X1-Krom formula,
preceded by a universal first-order quantifier. Let ¢ =
3Pz < t(a, X)y(y,z,P',a,X) and ¢ = IQ'VE <
t'(a, X)) (y, & ,Q’',a, X); assume without loss of general-
ity that ¢ = ¢’. Putting the subformulaunder 3ZVy < bin
prenex form, and encoding, using pairing function, vectors

of second-order variables as single variables, get

AP'3QVz, 7' < t(a, X)(Z(y) — ¢(y,z,P"))
N=Z(y) = Py, 7, Q")

Applying replacement, obtain

IPAQVyY < Wz, T < t(a, X)(Z(y) = ¢(y, z, PY))
N=Z(y) = Py, 7', QM)).

Since al free variables, in particular Z, are implicitly
universally quantified in this formula, existence of Z satis-
fying the first formulaimplies existence of Z satisfying the
second (and, in fact, Z can be the same). O

5.2. Proof of thewithessing theorem.

Since V-Krom and V-Krom are equivalent theories, to
prove Theorem 5.7 if suffices to prove the statement with
V-Krom replacing V-Krom. The proof follows the same
steps as the proof of V0 witnessing theorem in [Co002).
The only differenceisin proving the base case, the case of
comprehension axiom.

Lemma5.11. The string quantifiers in X1 -Krom-comp’ can
be witnessed by NL functions.

Proof. By Lemma5.10 and using pairing function to com-
bine several second-order variables into one, ¥ ;-Krom-
comp’ is equivalent to the following formula (omitting the

free variables):

373P3QVy < Wz, &' < t(a, X)(Z(y) = ¢(y, z, P¥))
N-Z(y) = oy, 7, QM)

It is very easy to witness Z: simply use a function de-
fined by the bit graph of ¢. To witness P and (9 we again
appeal to transitive closure.

Define a transitive closure function TC (X, 4, 1)(a, b)
by setting its bitgraph to be AXTC. The existence and
uniqueness of the graph of this function is proven by com-
prehension over the negation of AXTC (that is, there ex-
ists Z'(a,b) «» AzT'C(a,b) and Z(a,b) <> =Z'(a,b) for
a,b < n). Now for al i < n Pl and Q[ can be de-
fined by the construction from Section 4.4.3, using T'C'y,
and TC; respectively instead of ¢ and =@ in the formula
(2). By Lemma5.4, aXF formulawith occurrences of TC
is equivalent to a ¥1-Krom formula, which in turn defines
an NL function, which is a witnessing function for P
and QY. From there we obtain functions F,.(a, b,y) and
Fgz(a,b,y) (with free variables of ¢ and ¢), which witness
P and @), respectively. O

The proof of the witnessing theorem here uses proof-
theoretic techniques similar to those of Buss' original proof
of S2 witnessing theorem from [Bus86]. We use Gentzen-
style sequent calculus system, extended by second-order
quantifier introduction rules; such system is anchored if the
cut rule can only apply to axioms (logical or non-logical).

We start by considering an anchored LK 2-V-Krom
proof of — 3ZB(a, X, Z). Sinceit is anchored, the cut
ruleis only applied to formulagin axioms of V-Krom. The
last formula in the proof is © 2, so every formula in the
proof that is 2 ¥ aswell.

The most interesting case is the base case. Suppose that
the sequent isan axiom of V-Krom. If it only involves open
axioms B1-B13, L1,L.2, then no withessing function is nec-
essary. If it is an instance of comprehension scheme, the
three quantifiers are witnessed according to Lemma 5.11.

The remaining cases are —» ¢, ¢ and ¢, ¢ —» . The
second case does hot need witnessing, and thefirst case can
again be witnessed by construction from Lemma5.11, omit-
ting y.

Therest of the proof of witnessing theorem is exactly the
same asin the case of V° from [Co002].

6. V-Krom isfinitely axiomatizable.

Since it is possible to encode X -Krom satisfiability as
a X1-Krom formula, we can show that V-Krom is finitely
axiomatizablein asimilar fashion to the proof that V;-Horn
isfinitely axiomatizable.



We know that V0, axiomatized by 2-BASIC with com-
prehension scheme over ¥ formulag, is finitely axioma-
tizable (see [CKO3] for the proof). Since the ©F compre-
hension scheme is provable in V-Krom, V-Krom can be
viewed as V° extended by the %;-Krom comprehension
axiom scheme. If we can show that finitely many occur-
rences of X1 -Krom comprehension are sufficient, we prove
that V-Krom is finitely axiomatizable.

In proving Theorem 4.7 we showed that every X ;-Krom
formula® (X, y, a) isprovably equivalent to a negated tran-
sitive closure. This is done by showing that @ is provably
equivalent to the negation of the formula(NegKrom), which
involves the transitive closure of a formula ¢’ (u, s, v, s').
Inspection of thelatter argument showsthat thisequivalence
can be proved in V0. Notice that ¢’ is a =& formula, and
has free variable parametersy, a, X, which we will indicate
by writing ¢’ (u, s, v, s',y,a, X ). We can use £ compre-
hension to define a string variable E(u, s, v, s’, y), which
for fixed X and a a codesthe valuesof +’. Thus

VO F3EVu,v < tVs,s' < 2Vy < b
[E(’U,, S? ’Ua SI: y) A4 1/11(’“’7 S: U: SI7 y: d: X)]

The proof of Theorem 4.7 shows that ®( X, y, a) is equiv-
aent to the RHS of (2), and this is provable in V0. Let
U (y, E) be the result of replacing each occurrenceof ' in
the RHS of (2) by E. Then it suffices to add the following
single comprehension axiom for ¥ to V' ° to get V-Krom.

7Yy < b(Z(y) & V(y, E))

This is because the comprehension axiom for ®( X, y,a)
followsfrom this one comprehension axiom by reasoning in
V0, and this axiom is the same for every X ;-Krom formula
P,

7. Future work

Another natural way of representing NL is to define a
system of arithmetic by augmenting V' ° by adding a string
function TC'(E, n), together with axioms defining it as the
transitive closure of the edge relation E restricted to the
nodes {0, ...,n — 1}. This could be made a universal theory
by adding AC® functions, similar to the way that 1 ° is made
into auniversal theory V0 in [Coo04]. The resulting theory
should be a universal conservative extension of V-Krom.

A more interesting direction, however, is to extend this
Y B-definability result to classes of formulae other than
S0O3-Krom, and thus to other complexity classes. Suppose
that a class of formulaeis (provably) closed under AC® re-
ductions and its descriptive complexity and complexity of
satisfiability coincide. Construct a system of arithmetic by
adding comprehension over that class of formulae to V' °,
just as V-Krom is V0 with comprehension over ¥ ;-Krom

formulae. Then X £-definability properties of this system
should be similar to V-Krom: namely, descriptive complex-
ity and complexity of ¥ Z-definable predicates in that sys-
tem should be the same.
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