comput. complex. 19 (2010), 501-519 © Springer Basel AG 2010
1016-3328/10/040501-19, published online 11 August 2010 . N
DOI 10.1007/500037-010-0293-1 | computational complexity

RANDOM CNF’S ARE HARD FOR THE
POLYNOMIAL CALCULUS
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Abstract. We prove linear lower bounds on the Polynomial Calculus
(PC) refutation-degree of random CNF whenever the underlying field
has characteristic greater than 2. Our proof follows by showing the PC
refutation-degree of a unsatisfiable system of linear equations modulo 2
is equivalent to its Gaussian width, a concept defined by the late Mikhail
Alekhnovich.

The equivalence of refutation-degree and Gaussian width which is the
main contribution of this paper, allows us to also simplify the refutation-
degree lower bounds of Buss et al. (2001) and additionally prove non-
trivial upper bounds on the resolution and PC complexity of refuting
unsatisfiable systems of linear equations.
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1. Introduction

The seminal paper of Chvétal & Szemerédi (1988) showed that almost every
unsatisfiable 3-CNF formula with n variables and cn clauses (for ¢ a large
enough constant), is extremely hard for Resolution to refute, i.e. the refutation
size is exponential in n. This result came shortly after lower bounds for concrete
contradictions were shown, most notably for the unsatisfiable CNF encoding the
pigeonhole principle (Haken 1985) and for Tseitin contradictions over expander
graphs (Urquhart 1987), and showed that the weakness of Resolution is not
limited to specially tailored formulas. On the contrary, the formulas that are
easy to refute are the exception.

In the 1990’s several algebraic proof systems have entered the proof com-
plexity scene, the Polynomial Calculus (PC) drawing most attention, because
of its simplicity and partial automatizability (Clegg et al. 1996; Pitassi 1996).
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The main complexity measure of PC is the minimal refutation-degree, which
was shown by Clegg et al. (1996) to be closely related to minimal PC refu-
tation size. Several refutation-degree lower bounds have been established for
concrete contradictions such as the pigeonhole principle (Impagliazzo et al.
1999a; Razborov 1998), Tseitin contradictions and other counting principles
(Buss et al. 2001). A major open question has been whether PC displays a
weakness for random inputs, similar to that of Resolution. The main result of
this paper is a positive resolution of this question for all fields of characteristic
greater than 2. The case of characteristic 2 was resolved by Alekhnovich &
Razborov (2003) via different techniques shortly after our initial report was
published. Our proof technique allows us to derive the bounds of Buss et al.
(2001) in a simpler manner and to prove nontrivial upper bounds on the refu-
tation complexity of systems of linear equations modulo 2 in Resolution and
PC. Next we describe in detail our main results, followed by an overview of the
proof technique.

1.1. Main results.

Lower bounds for random CNF’s. It is well-known since the work of
Chvétal & Szemerédi (1988) that with high probability a random k-CNF with
n variables and O(n) clauses, demands exponential size resolution refutations.
Stated simply: Resolution is usually no better than exhaustively checking all
possible 2™ assignments. The simplest explanation for this inefficiency is that
Resolution performs badly on inputs that have high expansion (according to
Definition 3.2 below) and random CNFs do have large expansion. Our first
main result, stated next, is that PC does not fare significantly better on random
CNF and for similar reasons. The main complexity measure studied in the
context of the polynomial calculus is that of refutation degree (see Section 2
for a formal definition). The refutation degree of a CNF F, formulated as a
set of polynomials, is the minimal degree d such that there exists a polynomial
calculus refutation of F in which each line (which is a polynomial) has degree
at most d.

DEFINITION 1.1 (Random k-CNF’s). Let F ~ .7-',?’A denote that F is a ran-
dom k-CNF formula on n variables and m = A - n clauses, chosen at random
by picking A -n clauses i.i.d from the set of all (Z) -2F clauses, with repetitions.
A is called the clause density.
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THEOREM 1.2 (Random CNFs are hard for PC). For integer k>3 and A>0
there exists a constant € = e(k, A) > 0 such that the following holds. For F a
field of characteristic greater than 2, with high probability the refutation-degree
of F ~ F"® over F is at least en.

As shown in (Impagliazzo et al. 1999b, Section 6), the minimal number of
monomials appearing in a polynomial calculus refutation of a 3-CNF F over n
variables is exponential d%/n where d denotes the refutation degree of F. Thus,
Theorem 1.2 also implies exponential lower bounds on the size of polynomial
calculus refutations of a random CNF.

Simplified lower bounds for Tseitin and related contradictions. The
work reported in Buss et al. (2001) proved linear lower bounds on the refutation-
degree of Tseitin contradictions and certain counting principles. We provide
a different proof of these statements and as an example provide the proof for
Tseitin contradictions. Recall that a linear equation modulo 2 of the form
S 4 = b (mod 2) for b € {0,1} can be expressed in a unique way as a
k-CNF formula with 287! clauses of size k each. We call this CNF the defining
CNF of the linear equation and the clauses of this CNF are referred to as the
defining clauses of the linear equation.

DEFINITION 1.3 (Tseitin contradiction). Let G = (V,E) be an undirected
simple graph over n vertices. Let b : V — {0,1} be an odd-labeling of V,
i.e., a labeling satisfying ) ., b(v) = 1 (mod 2). The Tseitin contradiction
over G and b, denoted T (G, b), is the CNF over variable set {z. : e € E} that
is the conjunction of the defining CNF's of the following linear constraints

er =b(v) (mod 2), veV.

esv

It is well-known since the work of Tseitin (1968); Urquhart (1987) that
T(G,b) is unsatisfiable and furthermore, requires exponentially long proofs
when G is an expander graph. This result was extended to the case of PC
refutation-degree in Buss et al. (2001) who proved the following result, for
which our techniques provide an arguably simpler proof (see Section 3).

THEOREM 1.4 (Buss et al. 2001). Let G = (V, E) be a connected graph and
b:V — {0,1} be an odd-labeling of V. For T(G,b) the Tseitin contradiction
over G and b, and F a field of characteristic greater than 2, the refutation-
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degree of T(G,b) over F is at least half the expansion of G, defined as

e(Q) :min{|E(S,V\S)| : % <5 < 2|3V|}

Upper bounds on refutation-degree. Our final set of results use the refu-
tation system for unsatisfiable systems of linear equations introduced in Sec-
tion 2 under the name Gaussian calculus to give nontrivial upper bounds on
the resolution proof size and PC refutation-degree of systems of linear systems
modulo 2. In particular, we prove that every such system has a resolution
refutation of size at most 2"/2*°(") and a PC refutation of degree at most
n/4 + o(n). This is in contrast to work reported by Pudldk & Impagliazzo
(2000) which showed that tree-like resolution of such systems can require size
2(1=9n for arbitrary e > 0, thus approaching exhaustive search.

1.2. Proof techniques. All results reported in this paper come from con-
sidering unsatisfiable systems of linear equations modulo 2. Let Az = b denote
such a system, where A is a m x n matrix with {0, 1} values, b € {0,1}" and
T =uI,...,T,Isaset of variables. Basic linear algebra shows that Az = bis un-
satisfiable if and only if there exists y € {0, 1} such that y" A = (0,0,...,0)7
and b = 1, where all computations are carried out modulo 2. Thus, the
vector y can be viewed as a refutation of Az = b.

The following analogous view of this refutation, suggested by the late
Mikhail Alekhnovich [personal communication, 1999], will be crucial for obtain-
ing our results. View the i*" row of A; and the i*" element of b as a constraint
on z. A Gaussian refutation of Ax = b is a sequence of lines, where each line is
either a constraint A;x = b; or a linear combination of two previous lines and
the final line is (0,0,...,0) 2 = 1. The Gaussian width of such a refutation is
the maximal number of variables appearing in a line in the refutation and the
Gaussian refutation width of the system is the minimal Gaussian width taken
over all Gaussian refutations.

The observation of Alekhnovich is that the Gaussian width of Az = b is
essentially equal to the resolution refutation width of the CNF defining Az = b.
Our main observation is that the Gaussian width is also equivalent to half the
refutation-degree of the related CNF when working in a field of characteristic
> 2. With this observation we can apply the width-method of Ben-Sasson &
Wigderson (2001) to obtain linear lower bounds on the refutation-degree of
various ezpanding sets of constraints. Informally, a set of constraints is said
to be expanding if every relatively small subset of constraints mentions many
distinct variables.
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As an application of our proof technique we now sketch the proof of the
lower bound on refutation-degree of random 3CNFs. A set of linear constraints
modulo 2, where each constraint mentions at most 3 variables, can be encoded
as a 3CNF in a natural way. The converse is also true, namely, a 3CNF can
be viewed as a subset of clauses that define a linear system modulo 2 with at
most 3 variables per constraint. Furthermore, if the 3CNF is expanding, so is
the underlying linear system. Random 3CNFs are well-known to be expand-
ing, implying their underlying systems are expanding. By our key observation
such linear systems have large refutation-degree over fields of characteristic
> 2. This also implies that the 3CNF which induced them must have large
refutation-degree, because this CNF can be derived from the linear system
using constant degree. This completes the sketch of the proof of Theorem 1.2.

1.3. Subsequent developments. The main open question left by our work
was to understand the PC refutation-degree of random CNFs over fields of
characteristic 2. This problem was resolved via different methods than reported
here by Alekhnovich & Razborov (2003).

Organization of the rest of the paper. In Section 2 we define Gaussian
width and show it is equivalent to PC refutation-degree for linear systems
modulo 2. Section 3 presents lower bounds for Gaussian width in terms of
the expansion of the input system. Section 4 proves Theorem 1.2 by reducing
random linear equations to random CNF’s. In Section 5 we conclude with
upper bounds for Resolution width and PC refutation-degree for systems of
linear equations.

2. Gaussian width and refutation degree

In this section we define Gaussian width and prove that it is equivalent to PC
refutation-degree for systems of linear equations modulo 2 that are formulated
over fields of characteristic greater than 2.

Notation. The letter F' will denote a field and F| a finite field of size q.
Calligraphic letters denote sets of formulas: P will be a set of polynomials, and
L will be reserved for sets of linear equations.

We shall start by dealing with unsatisfiable sets of linear equations mod g¢,
a prime (most of the paper sets ¢ = 2). Let £ = {{;}7, be such a set over n
variables x1,...,x,. For simplicity let us assume that £ is minimal unsatisfi-
able, i.e. every proper subset of it is satisfiable. For reasons that will become
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clear later on, we allow variables to appear on both sides of the equality sign,
so formally ¢; has the following syntactic structure:

(2.1) Zaj-mj:c+2bj-mj

JES JESiy

where a;,b; € F,\{0} and ¢ € F,. We say that two lines are equivalent modulo q
if subtracting one from the other modulo ¢ gives the equation 0 = 0.

Perhaps the most natural way to prove that £ is unsatisfiable is by Gaussian
elimination in the field F,. We start with the lines of £ as axioms and produce
new linear equations by addition of existing lines and scalar multiplication.
We prove that £ is unsatisfiable by deriving the unsatisfiable linear equation
1 = 0. The number of lines needed to refute £ is at most m. Let us call such
a refutation a Gaussian Calculus refutation, or simply, a Gaussian refutation.
Let the Gaussian width of refuting £, denoted wg (L), be the maximal number
of variables appearing in a line of the Gaussian refutation.

Suppose we wish to show that £ is unsatisfiable, but we work within a field F’
with characteristic p # ¢, which has a primitive ¢’th root of unity called w. The
multiplicative group generated by w is isomorphic to the additive group Z,, and
we use this isomorphism to translate £ into a set of polynomials over F' such
that there is a bijection between the set of assignments satisfying £ and the set
of common roots of the corresponding set of polynomials (such a set is called
an algebraic set or a variety).

DEFINITION 2.2 (Linear equations modulo g # p as a set of polynomials). Let
L = {{;}, be a minimal unsatisfiable set of linear equations mod q, where {;
is as described in (2.1). Let F be a field of characteristic p # q, having a
primitive root of unity of order q, denoted w. The polynomial translation of
the equation ¢; to F, denoted Pp({;) is the following polynomial:

(2.3) H Yy —we H y;)’

JESH JESiy

The translation of L to F, denoted Pr(L) is the set of polynomials that is
the union of:

(i) {y} — 1} ,. This set ensures the roots of the system of polynomials are
contained in {1, w,w?, ... wi~1}".

(i) {Pr(C:)}i-



cc 19 (2010) Random CNF’s are hard for the polynomial calculus 507

REMARK 2.4. (i) Notice Pp(L) is a set of binomials, i.e. polynomials with
two monomials. This simple observation will play a crucial role in our
investigation.

(ii) The transformation described in the previous definition is invertible,
i.e. every binomial P which has structure as in (2.3) where a;,bj,c €
{0,1,...,q— 1}, corresponds to a linear equation {. Moreover, { is satis-
fied by an assignment a = (ay, ..., ap) € {0,...,¢q—1}" iff (W™, ... ,w*)
is a root of Pp({).

(iii) Suppose Pp({1), Prp({2) are polynomial translations of {1, {5, respectively.
Let I denote the ideal generated by {y! — 1}?_,. Then ¢, is equivalent to
ly modulo q if and only if Pp({1) = Pr({y) (mod I).

If £ is unsatisfiable then Pr(L) is unsatisfiable in F', i.e., it has no common
roots, but Gaussian elimination is not sufficient for proving this fact. In order
to reach a contradiction, one must allow multiplication of lines by variables,
working within the framework of the Polynomial Calculus, introduced in Clegg
et al. (1996) and further developed in Beame et al. (1994); Razborov (1998).

DEFINITION 2.5 (The Polynomial Calculus). Let F' be a fixed field, and P a
set of polynomials over F'. A polynomial calculus derivation, or simply, deriva-
tion, of a polynomial ) from P is a sequence of polynomials m = {Pi, ..., Ps}
such that Ps = @, and each P; is either an axiom from P or derived from
previous polynomials by addition or by multiplication by scalars and variables.
A refutation is a derivation of the polynomial 1 (that clearly has no roots). The
set P is said to be unsatisfiable or contradictory iff its set of roots is empty,
which happens iff P has a refutation.

The natural complexity measure for the Polynomial Calculus is its refuta-
tion-degree, defined next.

DEFINITION 2.6 (Refutation-degree). The degree of a Polynomial Calculus
refutation is the maximal degree of a polynomial appearing in the refutation.

The refutation-degree of an unsatisfiable set of polynomials P, denoted
d(P), is the minimal degree of a refutation of P.

The main theorem of this section is stated next. The rest of this section is
devoted to its proof.
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THEOREM 2.7. Let £ be an unsatisfiable set of linear equations modulo 2 of
width at most k, let F' be a field of characteristic p # 2, and let P = P(L).
Then,

max {k: ;wg(.c)} < d(P) < max {k ;wg([,)} 41

In our proof of Theorem 2.7 we shall require a couple of lemmas, stated
next. Their proof follows that of Theorem 2.7. The first lemma, stated here
for ¢ = 2, can be generalized to systems of linear equations mod ¢ # 2 using
the same proof strategy as below.

LEMMA 2.8. Let Pp(l1), Pr(l2) be the translations of two equivalent linear
equations mod 2, denoted {1, (s, to a field F' with characteristic greater than 2.
Then there is a PC derivation of Pr(lsy) from Pp(¢1)U{y? — 1}, with degree
at most 1 + max{d(Prp(¢1)),d(Pr(ls))}.

The next lemma can be proved either by use of the Laurent relation de-
scribed in Buss et al. (2001) or by means of the Groebner Basis algorithm
described in Clegg et al. (1996). We take the latter approach. In what follows,
a binomial refutation is a refutation in which all polynomials are binomials.

LEMMA 2.9. IfP is a set of binomials, then there is a binomial refutation of P
of minimal degree. Moreover, if all coefficients of P are in {1, —1}, then there
is binomial refutation of P of minimal degree, in which all monomials have
coefficients in {1, —1}.

PROOF OF THEOREM 2.7.  To see that d(P) < [max{k, swe(L)]} + 1, take
any Gaussian refutation of width w, and let d = [w/2] + 1. Without loss
of generality a line ¢ in the refutation is equivalent to ) ,_¢x; = b for some
S C{l,....,n},|S| <wand b e {0,1}. We shall now prove, by induction on
the number of lines in the Gaussian refutation, that any polynomial [[;cs vi —
(=1)*TTics, vi with Sy, S, a partition of S satisfying [S],]Ss2| < [w/2] has a
PC derivation from P of degree at most max{k + 1, d}.

The base case of ¢ € L follows from Lemma 2.8 because Pp(¢) € P is of
degree at most k. Next, assume £ is the sum of the two lines £ := >, qx; = b
and fy := Y, = b and £ has the form gz = (b+ b (mod 2)).
Let Py, P, be corresponding polynomials, such that P; is equivalent to Pg(¢;)
modulo {y? — 1} ,, and similarly for P. Define R = SNT,r = |R|,s =
|S — R|,t =|T — R|. Note that s+t =|S® T| < w.

Suppose r < [w/2]. Assume wlog s < t. Let 7" C T — R be an arbitrary
set of size t' = min{¢, [w/2]}, and let 7”7 = (T'— R) — T" and t" = |T"|. We
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claim that t” + s < [w/2]. To see this notice that if ' = [w/2] then
"+s=0t—-t)+s=t+s—[w/2] <w-—[w/2] < [w/2].

On the other hand, if ' = ¢ < [w/2] then t” = 0 hence t" + s = s < [w/2] by
our assumption that s <t and s+t < w. We have shown that t" + s < [w/2]
as claimed. Additionally, we have r + t” < [w/2]. To see this, assuming
t' = [w/2] we have

r+t" =T -t <w-—[w/2] < [w/2],

whereas assuming ' =t < [w/2] we get t" = 0sor+t" =r < [w/2] with
the last inequality following from the supposition made at the beginning of this
paragraph.

Use P to derive

P3 = H yi_(_l)b/Hyi~

i€ RUT" €T’
Use P; to derive
Py = Hyi - (*1)b H Yi
i€R i€S—R

and multiply Py by [[;cqw yi to derive
Poi= [ wi—=0" I
i€ RUT" ie(S—R)UT"
Subtract P; from Ps to derive
P = H Yi — (—1)be H Yi -
ie(S—R)UT" €T’

Inspection reveals that the maximal degree of {Pi,..., Ps} is at most d, and
by use of Lemma 2.8 this completes the proof of the case r < [w/2].

Next we deal with the case of r > [w/2]. Let R' C R be an arbitrary set
of size |R'| = [w/2] and set R” = R — R'. Use P; to derive

P31:Hyi—(—1)b H Yi -

i€R! i€ES—R/

P, = H yi — (1) H Ys -

i€R! i€T—R'

Use P, to derive
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Subtract the two to get the binomial

Ps = H Z/z‘*(*l)bb/ H Yi -

i€S—R' i€T—R'

Notice that the polynomial modulo 2 corresponding to this polynomial is equiv-
alent to the polynomial modulo 2 corresponding to the polynomial

Ps = H yi—(—l)bb/ H Yi -

i€S—R i€T—R

Thus, by Lemma 2.8 we conclude Py can be derived from Ps in degree at most d
as claimed.

In the other direction, assume £, has a PC refutation of degree d, hence, by
Lemma 2.9 it has a refutation in which each line is a multilinear binomial and all
coefficients are either 1 or —1. We may construct inductively a corresponding
Gaussian refutation with Gaussian width at most 2d. To see this, notice that
the PC refutation has no scalar multiplications by constants other than —1.
A multiplication of P by the variable y; corresponds to changing > . ¢ 7; =
b+ e, Tiinto 2+ 37 g @i = b+ x5+ Y g v, and for any addition of Py
and P, one of the monomials in P;, P, must be identical (otherwise the output
would not be a binomial), and hence adding the corresponding linear equations
would yield the proper result.

If we get a single monomial by adding two binomials in the PC refutation,
then both sides of the above polynomials involve the same sets Sy, So of vari-
ables, but with different constants b. Then adding the corresponding linear
equations will give us a nonzero constant equaling 0, and we have obtained a
contradiction. Thus, wg(L£) < 2d(P) as claimed and the proof is complete. [

PROOF OF LEMMA 2.8. {1, {; are equivalent iff 1 is Y, ¢ @5 = ¢+, Ti
and ) ;o T = c+ ) ioq, T Where Sy @11 = S @ T and @ denotes symmetric
difference. We argue the case of S; = Sy U {z1},To = T1 U {z1}. The full case
then follows by induction. We have that Pp({;) is

[Tv-CoTlvi=w]]vi—- 0 T
1€S1 €T ISP €T

where 1 ¢ T7. We multiply the above equation by y; yielding

vi[lvi— 0 Tw

€S i€Tr
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Next, we multiply the axiom y? — 1 by Hi652 y; and subtract this from the
previous equation, yielding Pr(f2). Notice the degree of this derivation is at
most 1 + max{d(Pr({1)),d(Pr(¢2))} and this completes the proof. O

PROOF OF LEMMA 2.9. In Clegg et al. (1996) it is shown that if a system
of equations has a degree d refutation, then such a refutation is generated by
the Groebner basis algorithm (using any degree-respecting order on terms).
Thus, it suffices to prove our claim for this particular refutation, which we do
by induction on the number of steps in the Greobner basis refutation.
Inspection of the Groebner basis algorithm shows that the refutation so
generated has the following property: each time a polynomial P is generated
as a linear combination of two previous polynomials P = aP; + bP,, then
a =1 and b is chosen such that some monomial in P; is canceled by this sum,
meaning Py, P, can be written respectively as P, = my+P|, P, = ma+ P, where
bms+my = 0. Thus, if P;, P, are binomials with {—1, 1}-coefficients then so is
P. Furthermore, multiplying a binomial with {—1, 1}-coefficients by a variable
results in a binomial with {—1, 1}-coefficients. This completes the proof of the
inductive step and shows that all lines in the Groebner refutation (which has
minimal degree) are binomials with {—1, 1}-coefficients, as claimed. O

3. High expansion yields high degree

In this section we show that the Gaussian width and, by Theorem 2.7, the
refutation-degree, of a system of linear equations is directly connected to its
expansion, defined next. To define expansion we require the notion of a bound-
ary.

DEFINITION 3.1 (Boundary). For f a function and x a variable, we say that f
depends on z if there is some assignment to all variables other than x, such
that the value of f is not fixed. let Vars(f) be the set of all variables that f
depends on and let the width of f be |Vars(f)|.

For F a set of functions, the boundary of F, denoted OF, is the set of
variables x such that there is exactly one function f € F that depends on x.

DEFINITION 3.2 (Expansion). For F an unsatisfiable set of functions, let s be
the minimal size of an unsatisfiable subset of F. The expansion of F is
e(F) £ min {|8]—"| : F' CF,

S 28
< |F < 2N
S<| |3}
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An alternative, graph oriented, definition of expansion is as follows. Let G
be the bipartite graph with left vertex set F, right vertex set Vars(F) and an
edge connecting f to x if f depends on x. Then e(F) is the minimal size of the
set of unique-neighbors of a “medium size” subset of the left hand vertices.

The following theorem is the main result of this section. The proof closely
follows the width lower bound method of Ben-Sasson & Wigderson (2001).

THEOREM 3.3. Let L be an unsatisfiable set of linear equations modulo 2 of
width at most k and let F' be a field of characteristic p # 2. Then,

d(Pr(L)) > max {k ;e(ﬁ)} :

PrOOF. We assume that k& < %e(ﬁ). By Theorem 2.7 we only have to prove
that we(L) > e(L). Let s be the minimal size of an unsatisfiable subset of L.
We say that a set of equations £ C L implies an equation £ and denote this by
L' |= ¢ if and only if every assignment that satisfies £’ also satisfies ¢. Define
the following measure on linear equations:

pl) Emin{|L'|: L' CL, L =1},
The following claims can be verified by inspection:
1. For e L, pu(f) < 1.
2. u(1=0)=s.

3. pu(ly + b)) < pu(ly) + p(ly).
This is because if £y | {1, Ly | lo, then clearly £1 U Ly = ¢4 + ls.

Hence, in every Gaussian refutation there must be a line ¢ for which 3 <
p(f) < 2. Fix such a line ¢, and let £’ be a minimal subset of size p(()
implying £. We claim that ¢ depends on every variable in 0L'. Assume this is
not the case, i.e. assume z; € 0L\ Vars(¢), and let ¢ be the unique equation
in £’ which depends on ;. By the minimality of £ there is some assignment «
that satisfies all of £\ {¢'} but falsifies ¢’ and ¢. One can flip the assignment
of av on z; so as to satisfy ¢/, without affecting ¢ or the rest of L', thus £ [~ /.
Contradiction. O

With the aid of Theorem 3.3 we can derive the lower bounds of Buss et al.
(2001) on the refutation degree of Tseitin contradictions and related formulas.
As an example we study the case of Tseitin contradictions and prove Theo-
rem 1.4.
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PROOF OF THEOREM 1.4. First we notice as in Tseitin (1968); Urquhart
(1987) that if G is connected then 7 (G, b) is minimal unsatisfiable, i.e., remov-
ing any single constraint from it makes the residual system satisfiable. Next,
we argue that the expansion of 7 (G, b) as per Definition 3.2 coincides with the
definition of the term in Theorem 1.4. Indeed, S C V has t edges going from
S to V'\ S if and only if the set of constraints

> e =bw) (mod 2), veS

esv

has a boundary of size ¢, because for each crossing edge e= (v, u),v€S,ucV\S
the variable . appears in exactly one constraint, namely, the constraint over
vertex v. Now that we have shown that the two definitions, in Definition 3.2
and in Theorem 1.4, of the term “expansion” coincide, we apply Theorem 3.3
and complete our proof. O

4. Random k-CNEF’s

In this section we prove Theorem 1.2 and show that PC is not much better
than Resolution in refuting random k-CNEFE’s. Our proof goes by reducing the
refutation-degree of a random CNF to the refutation-degree of a closely related
random set of linear equations.

4.1. Proof of Theorem 1.2. The standard formulation of a clause C' as a
polynomial is Po = [ [icpesitive (1 = i) * [ [icnegative Zi> Where positive is the set of
positive literals appearing in C' (the set negative is similarly defined). A CNF
formula C = {C;}",, formulated in polynomial calculus, is the following set of
polynomials {Pg, }™; U {z? — z;}"_,. From now on, we shall think of all CNF
formulas as formulated in this manner.

To connect random CNFs to random linear equations we use a different
method for producing the distribution F;’ 2 over random k-CNFs from Defini-
tion 1.1.

DEFINITION 4.1 (Random linear equations). Let £ ~ EZ’A denote that L is
a random set of linear equations mod 2, each having k variables, chosen at
random by picking An equation i.i.d from the set of all 2(2) equations, with
repetitions.

Given £]"*, one can produce F;"® from Definition 1.1 by replacing each
¢ € L with one of its 2571 defining clauses (as defined before Definition 1.3)
picked at random, with equal probability. Let us denote by C; any CNF formula
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derived from £ by this process. Notice that £ = C., but the converse is not
necessarily true. In the other direction, for any clause C' there is a unique linear
equation mod 2 {- such that - depends on all variables of C' and (¢ = C.
For C a CNF formula, let Lo = {lc : C' € C} be the (unique) linear closure
of C. This gives a way to produce £;"* from F*2.

The following theorem is the main observation of this section. It says that
taking the linear closure of a unsatisfiable CNF which has high expansion,
cannot help decrease the refutation-degree substantially.

THEOREM 4.2. For C a k-CNF, and Pr(L¢) the formulation of the linear clo-
sure of C as a set of polynomials in the field F', of characteristic greater than 2,
we have d(C) > max{d(Pr(Lc)), k + 1}.

The following lemma appears originally in Chvatal & Szemerédi (1988) for
CNF formulas. It is proved using what is by now a standard union bound
and applies to sets of linear equations just as well (see, e.g. (Ben-Sasson &
Wigderson 2001, Section 6.3)).

LEMMA 4.3. For integer k > 3 and A > 0 there exists a constant kK =
k(k,A) > 0 such that

Prl ~ L%e(L) > kn=1—0(1).

ProOOF OF THEOREM 1.2. Lemma 4.3 claims that with high probability a
random set of linear equations £ has expansion that is linear in the number of
underlying variables. Theorem 3.3 implies the refutation-degree of a random set
of linear equations is with high probability linear in n, as long as the underlying
field has characteristic > 2. Theorem 4.2 completes the proof by showing that
with high probability a random CNF requires linear refutation-degree. g

4.2. Proof of Theorem 4.2. The following definition and lemma from Buss
et al. (2001) will assist us in our reduction of random CNFs to random systems
of linear equations.

DEFINITION 4.4 (Buss et al. 2001). Let P(%), Q(y) be two sets of polynomials
over a field F'. Then P(Z) is (dy, ds)-reducible to Q(y) if there exists a degree dy
polynomial r;(Z) for every y; such that Q(7(Z)) has a PC derivation of degree
dy from P(T).
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LEMMA 4.5 (Buss et al. 2001). Suppose that P(x) is (d1, da)-reducible to Q(y).
Then if there is a degree d3 PC refutation of Q(y), then there is a degree
mazx(ds, dsd;) PC refutation of P(z).

Our proof of Theorem 4.2 also requires the following lemma.

LEMMA 4.6. Let £ be a linear equation mod 2, over the variables x1, ..., Ty,
and let P = Pp(€) U{y? — 1}%_, be its formulation as a set of polynomials over
a field F of characteristic # 2. Let C be a clause over x1,...,x; such that
(= C. Pis (1, k + 1)-reducible to Pc.

PROOF.  Set x; = (14 y;)/2. From this definition and y? — 1 one can deduce
2? —z;. PC is implicationally complete, thus, there is a derivation of C' from P,
using only variables that appear either in P or in C. This derivation can be
assumed to have degree at most k + 1, because every time a monomial with
degree k + 1 appears in the derivation, some variable z has degree 2, and
the monomial can be reduced to degree k by use of the previously derived
polynomials z? — z;. O

We conclude this section with the proof of Theorem 4.2.

PROOF OF THEOREM 4.2. Let C; be the k-CNF definition of the linear equa-
tion ¢, and let C; be the conjunction of the C,’s, for all £ € £ (formulated as a
set of polynomials). Clearly, C C C,, hence any refutation of C is also a refuta-
tion of C. The previous Lemma 4.6 implies that Pr(L¢) is (1, k + 1)-reducible
to Cr, and the theorem follows. O

5. Upper bounds on refutations of linear equations

In this section we prove nontrivial upper bounds on the complexity of refut-
ing unsatisfiable systems of linear equations modulo 2 in Resolution and the
Polynomial Calculus. All upper bounds stated below follow directly from the
following theorem, the proof of which constitutes the bulk of this section.

THEOREM 5.1 (Upper bounds on Gaussian width). For £ an unsatisfiable sys-
tem of linear equations modulo 2 of width k = O(1) over n variables,

wa(L) <n/2+o(n).
Moreover, there exists a refutation of size at most n that achieves this width.

Let Sg(F),wr(F) respectively denote the minimal size, width, of a Reso-
lution refutation of the CNF F. The previous result and its proof have the
following implications:
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COROLLARY 5.2. For F(L) the CNF formulation of a system of width O(1)
linear equations mod 2,

wr(F(L)) <n/2+ o(n).

COROLLARY 5.3. For F(L) the CNF formulation of a system of width O(1)
linear equations mod 2,

Sr(F(L)) < 2/t

COROLLARY 5.4. For P, a system of linear equations mod 2, in the field F),
p>2,
d(Py) <n/4+o(n).

The corollaries mentioned above show that for tautologies expressing sys-
tems of linear equations modulo 2, proof complexity can be significantly less
than that of exhaustive search refutation. These results contrast with the work
of Pudlék & Impagliazzo (2000) which showed that tree-like resolution refu-
tations of such systems can require size 279" for arbitrary ¢ > 0. Hence,
resolution based methods with more memory could be faster than DLL algo-
rithms for larger clause sizes.

PROOF OF THEOREM 5.1. Let the equations be Ziesj z;=>bjforj=1,...,
m, with|S;| < k. Assume without loss of generality that the equations are
minimally dependent, i.e., that ©;5; = 0 and }_;b; = 1 (mod 2). Let 7 be
a random permutation of 1,...,m, and consider the refutation obtained by
always adding the equations one by one in the order m(1),...,7(m). We claim
that with high probability the width of this refutation, which by construction
has size m < n, is at most n/2 +o(n). Let 1 < j < m ; we will show that with
high probability, the width of the j’th line, W; = |@;/<; Szj»| < n/240(n). Let
q = j/n. Consider the random experiment of picking equations with probability
q independently and summing the picked equations to get ), o x; = b’ for
some set S" and bit &’. Let C' be the number of chosen equations. Then if we
subsequently subtract C' — j chosen equations if C' > j or add 7 — C random
unchosen equations otherwise, the result is distributed as the jth equation.
The difference in widths of the two processes is bounded by |C — j|k. Since the
expectation of C'is j and it is normally distributed, Pr[|C'—j| > an!/?] < e=*/2.
Thus, we concentrate on the width of 5.

Let t; be the number of equations x; appears in; since the sum of equations
gives 0 = 1, t; is even. Let Bad = {i|t; > kn'/*}. Since m < n, we know that
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|Bad| < n®*. Look at the random indicator variable R; which is 1 if z; € S".
Let R =} ,,p,4 Ri be the number of “good” elements in 5.

Pr(R, = 0) ~ Pr(R, = 1) = 3_(~1) (tz> £(1 - gt
= (I —2¢)" >0

This implies F(R;) < 1/2 for every i. Additionally,
V(R) = BE(R*) - (E(R)*)
= Y (E(RiRy) — E(R;)E(Ry))

i,i'¢Bad

IN

)3 (E(R.R:)E(R)E(R,))

i,i’ZBad and Jec such that i,i’€S.
< kn°/*.

So,
Pr(R > n/2 + kn®*) < Pr (IR — E(R)| > kn**)
< kn5/4/(k2n3/2) < TL_l/4.

Hence, with probability 1 — 2n=1/4,

W; < R+ |Bad| + |C — j|k
< n/2+kn3/4+n3/4+n1/2lnn
=n/2+ O(kn**).

We only obtained a probability 1—0O(n~'/4) bound on the above probability.
However, this suffices to show that with probability 3/4, each j which is a
multiple of Dn®/* for a sufficiently large constant D has W; < n/2+ O(kn®/%).
However, if this is true, then since W; < W + k|j — j'|, the same is true for
any j, using j' the nearest multiple of Dn3/%.

Note that the process of adding the lines one by one ensures that the set of
variables for each new equation involves at most k variables that do not appear
in the old one. This is used to prove Corollary 5.3, since then the derivation
of the j’th line in the Gaussian refutation is logically valid and depends on
at most W, + k variables. It thus follows from the implicational completeness

of resolution that the line can be simulated by a resolution refutation of size
2Wj+k. O
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