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Abstract

We propose and explore a novel alternative framework to study the complexity of counting problems,
called Holant Problems. Compared to counting Constrained Satisfaction Problems (#CSP), it is a
refinement with a more explicit role for the function constraints. Both graph homomorphism and
#CSP can be viewed as special cases of Holant Problems. We prove complexity dichotomy theorems
in this framework. Because the framework is more stringent, previous dichotomy theorems for #CSP
problems no longer apply. Indeed, we discover surprising tractable subclasses of counting problems,
which could not have been easily specified in the #CSP framework. The main technical tool we use
and develop is holographic reductions. Another technical tool used in combination with holographic
reductions is polynomial interpolations.



1 Introduction

In order to study the complexity of counting problems, several interesting frameworks have been
proposed. One is called counting Constrained Satisfaction Problems (#CSP) [4, 2, 15, 3]. Another well
studied framework is called Graph Homomorphisms or H-coloring problems, which can be viewed as a
special case of #CSP problems [5, 6, 18, 19, 16, 17, 21, 7]. One reason such frameworks are interesting
is because the language is expressive enough so that they can express many natural counting problems,
while specific enough so that we can prove complete complexity classifications for them [12]. The
natural counting problems which can be expressed as graph homomorphism problems include counting
the number of vertex covers, the number of k-colorings in a graph, and many others. However, there are
some natural and important counting problems, which can not be expressed as a graph homomorphism
problem. In [20], it is proved that counting the number of perfect matchings in a graph cannot be
expressed as a graph homomorphism function. Additionally, sometimes a problem can be expressed in
the existing framework, such as #CSP, but only with some contrived restrictions.

In this paper, we propose and explore an alternative framework to study the complexity of counting
problems, called Holant Problems. This notion is motivated by holographic reductions proposed by
Valiant [29, 30]. Compared to #CSP, it is a refinement with a more explicit role for the function
constraints. Both graph homomorphism and #CSP can be viewed as special cases of Holant Problems.
We give a brief description here and a more formal definition is given in Section 2. A signature grid
Q = (G,F,n) is a tuple, where G = (V, E) is a graph, and 7 maps each v € V(G) to a function
fo € F. We consider all edge assignments. An assignment o for every e € F gives an evaluation
[loev fo(o |E@)), where E(v) denotes the incident edges of v. The counting problem on the instance (2

is to compute
Holantq = Z H fo(o |B@w)-
o veV

For example, consider the PERFECT MATCHING problem on G. This problem corresponds to attaching
the EXACT-ONE function at every vertex of GG, and then consider all 0-1 edge assignments. In this
case, Holantq counts the number of perfect matchings. If we use the AT-MO0OST-ONE function at every
vertex, then we are counting all (not necessarily perfect) matchings. So this new framework can express
some natural counting problems which are not expressible as graph homomorphisms.

To see that Holant is a more expressive framework, we show that every #CSP problem can be
simulated by a Holant problem. Represent an instance of a #CSP problem by a bipartite graph where
LHS are labeled by variables and RHS are labeled by constraints. Now the signature grid {2 on this
bipartite graph is as follows: Every variable node on LHS is attached an EQUALITY function, every
constraint node on RHS has the given constraint function. Then Holantq is exactly the answer to the
counting #CSP problem. In effect, the EQUALITY function on each variable node forces the incident
edges to take the same value; this effectively reduces to assigning values to each variable on LHS as in
#CSP. It follows that #CSP problems are precisely the special case of Holant problems on bipartite
graphs where every node on LHS is attached an EQUALITY function. We can show that the class of
#CSP problems is equivalent to Holant problems where all EQUALITY functions are always assumed to
be freely available, and implicitly so. Graph homomorphism is a further special case where not only all
EQUALITY functions are freely (and implicitly) available, but the function set F in our signature grid Q
contains exactly one binary function (other than these EQUALITY functions). It turns out that allowing
EQuALITY functions has a major influence on the computational complexity of the problems. By making
the presence of these EQUALITY functions explicit, the Holant framework of counting problems can make
a finer complexity classification, which is difficult to do in #CSP.

Our Holant Problem framework is strongly influenced by the development of holographic algorithms
and holographic reductions [29, 30, 8, 11]. Indeed, we will use and develop holographic reductions



here as a primary technique. One advantage of our new framework is that one can naturally consider
new subclasses of counting problems as special cases of Holant problems other than #CSP problems.
For instance, by assuming all unary functions are freely available, we propose an interesting counting
problem family called Holant* Problems. Our first main result is a complexity dichotomy theorem for
all Holant* Problems for arbitrary complex valued symmetric functions over Boolean variables: Each
problem in the class is either #P-hard or solvable in P. In this dichotomy theorem, all tractable cases
are accomplished by holographic algorithms with Fibonacci gates [11]. And what is more interesting
and surprising is that the key technique used in the hardness proof is also holographic reductions.
Furthermore, we prove that the theorem holds for planar graphs.

Our second main result is a dichotomy theorem for an even more appealing family of counting
problems, called Holant® Problems, where we only assume two special unary functions Ay and A; are
available. These two unary functions simply set a particular edge (variable) to a constant value 0 and
1. We can prove again that every problem in the class is either #P-hard or solvable in P. However here
we can only prove it for all real valued symmetric functions over Boolean variables. (We conjecture that
it is still true over C.) Note that when we assume fewer functions are freely available in the framework
it makes the specification of the family more stringent. It delineates more precisely what functions
and in what combinations lead to #P-hardness, or to tractability, respectively. However, the fewer
functions are assumed free, the more challenging it is to prove #P-hardness. We make essential use of
the dichotomy theorem just proved for Holant* Problems, as a launching station to prove our dichotomy
theorem for Holant® Problems.

It is precisely the presence of EQUALITY functions as freely available in #CSP that makes #CSP
a less exacting framework than Holant Problems. The Holant® Problems are basically generic Holant
Problems with the ability to fix the assignments of some edges. In many natural counting problems,
this is indeed the case, such as counting problems for perfect matchings. By the Pinning Lemma in
[15], in any #CSP problem, Ay, A; can be simulated, and as a result can be viewed as freely available.
In other words EQUALITY functions are stronger than Ay and A;. Therefore Holant® Problems already
subsume #CSP, and in the meanwhile provide a way for a more exacting account of what makes a
problem tractable or #P-hard.

The main technique for the proof of the second dichotomy theorem is polynomial interpolations.
Once we can interpolate all the unary functions, we can apply the result for Holant* Problems. Our
dichotomy theorems have already paid dividend in the study of classifications of #CSP problems. Since
#CSP can be viewed as a special case of Holant® Problems, the dichotomy theorem for Holant® Problems
automatically implies a dichotomy theorem for Boolean #CSP problems with real symmetric constraints.
Motivated by this, we investigated how one might generalize the tractable cases to unsymmetric ones.
Surprisingly it turns out that the symmetric tractable cases already supplied the essential ingredients
for all possible (including unsymmetric) tractable ones. This led us to a dichotomy theorem for the
whole family of complex weighted Boolean #CSP. However the proof there requires substantial new
techniques and we report it in a separate paper [10].

2 Definitions and Background

Our functions take values in C by default. We will mostly be concerned with symmetric functions on
Boolean variables, however the framework of Holant Problems is defined for functions mapping any
[¢]F — C for a finite ¢. For brevity we will mostly restrict ¢ = 2.

As stated, a signature grid Q = (H,F,n) consists of a graph H = (V, E)) with each vertex labeled
by a function f, € F. We use F, when variables range over [¢]. The Holant problem on instance
is to compute Holantg = > [[,cy fu(0 [Ew)), @ sum over all edge assignments. A function f, can



be represented as a truth table, or a tensor in ((C2)®deg(”). This is called a signature. We denote by
=j the EQUALITY signature of arity k. Ag (respectively A;) denotes the unary signature which takes
value 1 on input 0 (respectively 1), and 0 otherwise. A symmetric function f on k Boolean variables
can be expressed by [fo, fi,..., fx], where f; is the value of f on inputs of Hamming weight j. Thus,
(=¢) = [1,0,...,0,1], Ap = [1,0] and A; = [0,1]. A Holant problem is parameterized by a set of
signatures.

Definition 2.1. Given a set of signatures F, we define a counting problem Holant(F):
Input: A signature grid Q = (G, F,m);
Output: Holantg.

We would like to characterize the complexity of Holant problems in terms of its signature sets.
Some special families of Holant problems have already been widely studied. For example, if 7, contains
all EQUALITY signatures {=1,=2,=3,--- }, then this is exactly the weighted #CSP problem. #CSP
problems are a special family of Holant problems, where we assume that all EQUALITY functions are
freely available. Graph homomorphism is a further special case, where we only allow a single binary
function in F, other than all the EQUALITY functions.

We now define two more special families of Holant problems by assuming some signatures are freely
available. We define them for ¢ = 2; they can be easily extended to arbitrary [q].

Definition 2.2. let U denote the set of all unary signatures. Given a set of signatures F, we use
Holant™(F) to denote Holant(F UU).

Definition 2.3. Given a set of signatures F, we use Holant(F) to denote Holant(F U {Ag, A1}).

Replacing a signature f € F by a constant multiple cf, where ¢ # 0, does not change the complexity
of Holant(F). So we view f and c¢f as the same signature. An important property of a signature is
whether it is degenerate.

Definition 2.4. A signature is degenerate iff it is a tensor product of unary signatures.

In particular, a symmetric signature in F is degenerate iff it can be expressed as [z, y]®*. Also a

symmetric signature [zg, z1,...,x,] is non-degenerate iff rank [i? w;j} =92.

To introduce the idea of holographic reductions, it is convenient to consider bipartite graphs. This
is without loss of generality. For any general graph, we can make it bipartite by adding an additional
vertex on each edge, and giving each new vertex the EQUALITY function =9 on 2 inputs.

We use #G,|R, to denote all counting problems, expressed as Holant problems on bipartite
graphs H = (U,V, E), where each signature for a vertex in U or V is from G, or R,, respectively.
An input instance for the bipartite Holant problem is a bipartite signature grid and is denoted as
QN = (H,G,|R,, ). Signatures in G, are denoted by column vectors (or contravariant tensors); signatures
in R, are denoted by row vectors (or covariant tensors) [14].

One can perform (contravariant and covariant) tensor transformations on the signatures, which
may produce exponential cancelations in tensor spaces. We will define a simple version of holographic
reductions, which are invertible. Suppose #G,|R, and #G',|R’, are two Holant problems defined for the
same family of graphs, and 7' € GL4(C) is a basis. We say that there is a holographic reduction from
#G4| Ry to #G'4|Ry, if the contravariant transformation G’ = T®9G and the covariant transformation
R = R'T® map G € G, to G' € ¢, and R € R, to R € R';, where G and R have arity g and r
respectively. (Notice the reversal of directions when the transformation 7T%" is applied. This is the
meaning of contravariance and covariance.)



Theorem 2.1 (Valiant’s Holant Theorem). Suppose there is a holographic reduction from #G,|R, to
#G'4|R'; mapping signature grid 2 to ', then Holantq = Holantgy.

In particular, for invertible holographic reductions from #G,|R, to #G'4|R’,, one problem is in P
iff the other one is, and similarly one problem is #P-hard iff the other one is also.

Theorem 2.2. Let F be a set of signatures and M be a q X q orthogonal matriz, i.e., MMT = 1,. For
any signature grid Q = (G, Fy, m), replacing every signature F € F, by M®"F, where n is the arity of
F, we can get a new signature grid Q. Then Holanto = Holantgy.

Proof. First we use a standard technique to reformulate the signature grid Q = (G, F,, m). We insert a
new vertex at each edge of G with signature =5. This will not change the value of the signature grid.
Then for the new bipartite signature grid (G, Fo|{=2}, 7), we apply a holographic reduction with basis
M. This will map a signature F' € F, to M®"F, where n is the arity of F. It is an algebraic fact that
=5 will map to itself. Now we can replace each new =5 node back to an edge to revert back to GG. This
gives the signature grid Q' as required. By the Holant theorem, its value is the same as (. O

This theorem is very useful as a way to normalize a given signature set F.

Starting from next section, we will exclusively focus on Boolean variables. A technical issue is the
model of computation for C. Strictly speaking we must only use computable numbers [1, 24]. We will
state our results for all C, assuming all numbers in a particular instance (signature) are computable.

3 A Dichotomy Theorem for Holant*(F)

Theorem 3.1. Let F be a set of symmetric signatures over C. Then Holant™(F) is computable in
polynomial time in the following three Classes. In all other cases, Holant™(F) is #P-hard.

1. Every signature in F is of arity mo more than two;

2. There exist two constants a and b (not both zero, depending only on F ), such that for all signatures
[0, 21,...,2,] € F one of the two conditions is satisfied: (1) for every k = 0,1,...,n — 2, we
have azxy + bxrgy1 — axpro = 0; (2) n=2 and the signature [xg, x1,x2] is of form [2a\, b\, —2a)].

3. For every signature [xg,z1,...,T,] € F one of the two conditions is satisfied: (1) For every
E=0,1,...,n — 2, we have x + x12 = 0; (2) n = 2 and the signature [xo,x1,x2] is of form
I\, 0, AL

The dichotomy is still true even if the inputs are restricted to planar graphs.

Remark: Since all unary signatures can be used for free, we always assume the arity of every signature
in F is larger than one. And since all the degenerate signatures can be decomposed to unary signatures,
we also assume that every signature in F is non-degenerate.

Proof Outline: The first Class to be computable in P is easy. One can compute the signature of
a path by matrix multiplication. The other two polynomial time computable Classes follow from our
previous work on Fibonacci gates [11].

Now for the hardness, we first prove in Lemma 3.1 that the theorem holds if F contains a single
symmetric signature of arity three. The main technique is holographic reductions. We make use of the
signature theory developed in holographic algorithms [9, 8]. This theory gives us three Categories in a
certain parametrization for the signature according to the eigenvalues. For each Category, we choose
one #P-hard problem to reduce from, all using holographic reductions. In Lemma 3.2, we prove that if
one signature has the form in Class 2 of Theorem 3.1, and we combine it with another signature which



is not in this Class, then the Holant* problem is #P-hard. The main idea of the proof is to reduce it
to Lemma 3.1 with holographic reductions. In Lemma 3.3, we prove the same thing is true for Class 3.
Finally we extend the above proofs to a set of signatures of arbitrary arities and finish the whole proof.

The following lemma is the first important step towards the proof of Theorem 3.1. It says that
Theorem 3.1 holds if F only contains one signature of arity three. Holographic reductions play a
decisive role in the proof. This Lemma serves as the foundation for all subsequent lemmas.

Lemma 3.1. Let [xg,x1,z2,23] be a symmetric signature with arity 3, then Holant™([xo, x1, z2, x3]) is
#P-hard unless one of the following two statements is true: (1) there exist two constants a,b (not both
zero) such that axy + bxy — axe = 0 and axy + bxre — axs = 0; (2) xg+ x2 =0 and x1 + x3 = 0.

Proof: Assume [zg,x1,x2,23] does not satisfy either of the two statements, we prove that
Holant™*([zg, z1, z2, 23]) is #P-hard. Our starting point is that #]0, 1, 1]|[1, 0,0, 1] and #[1, 0, 1]|[1, 1, 0, 0]
are both #P-Complete [31]. The first problem is simply counting the number of vertex covers for 3-
regular graphs; while the second is to count the number of (not necessarily perfect) matchings for
3-regular graphs. We remark that both of them remain #P-Complete even for planar graphs.

First we use the signature theory from holographic algorithms to give a better parametrization.
Given a non-degenerate signature [xg, z1, T2, 3], there are three Categories:

e Category 1. z; = a:{’_ia’é + ﬁi’_iﬁé, where ajan # 0, 5102 # 0 and a1 82 — a1 # 0;
e Category 2. x; = Aia’~! 4+ Ba', where A # 0; or
e Category 3. x; = A(3 —4)a®~" + Ba’~%, where A # 0.

Category 3 can be viewed as the reversal of Category 2, so we will omit the proof for Category 3. The
choices made here in this particular parametrization is informed by the “signature theory” [9, 8] that
we have developed in previous work. (But one can directly check that for any non-degenerate signature
[xg, 1, T2, 3], one of these three parameterizations is always possible. Note that, if « = 0 then we take
the convention that the expression ia’~! =0,1,0,0 for i = 0, 1,2, 3 respectively.)

For Category 1, we have

B2

We restate our conditions from the Lemma statement in this new parametrization. The fact that X is
non-degenerate implies that a; s — a1 # 0. The fact that X is not in the case indicated in statement
(1) implies that o101 + agfs # 0. This follows from Prop 5.4. The fact that X is not in the case
indicated in statement (2) implies that of + a3 # 0 or 37 + 33 # 0. This follows from Prop 5.5. By
symmetry, we can assume that oz% + Oz% £ 0.

Under the condition a% + a% # 0, we can apply an orthogonal transformation to map the vector
(a1, a9) to be of the form (af,0), where o) # 0. We may use a (complex orthogonal) Householder
matrix for this purpose. Then under this orthogonal basis, the signature becomes

o183 3 ®3
X' = [z, 2}, xh, 2] = [01] + [ﬁg] )
By Proposition 5.3, this transformation does not change the complexity of the Holant problem. So it
suffices to prove the #P-hardness result for this signature. By a scalar multiplication we assume o = 1.
So, reuse the notation X, we can assume the signature is of this form
®3

51}
B2

] 3 ®3
X = [xo, 21,22, 23] = [az] + [ } .

1 ®3
X = [1170,1131,1132,1133] = |:0:| + |:

5



The two conditions from the statement of the Lemma become simply (132 # 0.
Now under the basis T' = [(1) g;] , signature [1,0,0, 1] becomes [xq, 1, T2, x3]. This is the result of the

contravariant transformation (on truth tables) (zg,z1, 21, T2, T1, T2, T2, 23)T = T%3(1,0,0,0,0,0,0,1)",

®3 ®3
namely X = 793 <m + m > Under the same basis, [0, 1, 1] undergoes a covariant transformation,

we have
9 1

B3
Again, we can ignore the scalar factor 1/ ﬁ%. So by the holographic reduction defined by 7', the
complexity of the problem #[0, B2, 1—201]|[z0, x1, 2, 23] is the same as #[0, 1, 1]|[1,0, 0, 1], which is #P-
Complete (vertex cover). In order to prove that Holant*([zg, 21, 22, x3]) is #P-Complete, we only need
to show that the signature [0, B2, 1 — 23] can be realized by [z, x1, 2, x3] with some unary signatures.

For a binary signature F' we can write it in a matrix form [?E?g; ?E?B} We use the gadget in

(0717171)(T_1)® (075275271_251)’

(to, ta) (S0, 81) (to, ta)

|

N Y

Figure 1: We use this gadget to realize the signature [0, 32,1 — 2/31]. All (three) nodes of degree 3 in
this gadget have the signature [zg, z1, x2, 23].

Figure 1 to realize [0, 52,1 — 2], where the two unary signatures (¢p, t1) and (sp, s1) will be determined

later. Let . Lo 3 2 a4
_ _ et o 102
a=lpoa=lo o m=[5eom= [ )

In X, if one input is 0, the induced binary signature has matrix form A 4 5y B. If one input is 1, the
induced binary signature has matrix form G B. It follows that the signature of the above gadget is

(to(A+ B1B) + t152B)(s0(A + 51 B) + s162B)(to(A + 51 B) + t162B)
= (toA + (toﬂl + tlﬂg)B)(SoA + (8051 + Slﬁg)B)(toA + (toﬁl + tlﬁg)B).

Now we use a new set of variables x = tg,y = tof1 + t162,2 = sg, w = So1 + s12, and write the
above matrix as (zA + yB)(zA + wB)(zA + yB). We note that for any given z,y, z,w, we can find
to, t1, S0, $1 to satisfy the above relationships. Then, to realize [0, 32,1 — 2/3;], we just want to choose
some x, ¥, z,w such that

(¢A +yB)(zA + wB)(zA + yB) = {502 1_62261].

We show that we can find some x, ¥, z, w to satisfy the above condition.
Substituting A and B, and denote by v = 57 + (33, we have the following:

(xA+yB)(zA+wB)(zA+ yB)

Bi(x+yv)?  ybifey(z+ yv)] L [ (x+yB3)?  ybifa(z+ypsi)
Y6132y (x + y) y2 337> yB1 B2 (% + y3}) Y2233



We may choose w = (z +y3?)? and z = —3?(x +y7)? to make the (1,1) entry zero. The (1,2) (and
(2,1)) entry is
g1 = zybB3(x + Biy) (@ + yv);

and the (2,2) entry is
92 = wy? By (207 + 53) + 2y(B1 + B163)).

We want to choose some z,y such that [g1, g2] = [B2,1 — 231]. We have B2 # 0. We will choose xy # 0.
As both g; and gy are homogenous in x and y, we can ignore the common factor xy33 of g; and go. It
follows that we only have to satisfy that go/g1 = (1 — 201)/82 with y = 1. We need the following

0= fBago— (1-2B1)g1 = B1(261 — V)a® + (267 — 1+ B3) (2687 + B2)x + BB + 53) (267 — B +263). (1)

What we have to prove is that at least one of the roots to the equation in (1) is not a root of g1 =
g1(w,1) = 0. The roots of g; = 0 are x = 0,7 = —(37 and 2 = —. Firstly we can verify that = —3}
can not be a root of (1). This is because when z = —/3?, the expression in (1) can be simplified to
B233 # 0. Secondly if # = —7 is a root of (1), the expression in (1) can be simplified to —337, and
this would force 7 = 0. So, assuming the expression in (1) as a polynomial in z is indeed of degree 2,
then the only case we need to worry is that 2 = 0 is a double root of (1). In fact, suppose (1) is indeed
quadratic, and = 0 is not a double root, then we may let & # 0 be a root of (1). This & # —32,
because —37 is not a root of (1); & can’t be —v either, for otherwise —y would be a root of (1) which
we had proved it would force v = 0, and thus £ = —y = 0, a contradiction. Thus & is a root of (1) but
not a root of g1, as is needed.

Now let’s consider the exceptional cases: either # = 0 is a double root of (1), or (1) has degree less
than 2. If x = 0 is a double root of (1), we have

(267 — B1+ B3) (267 + B3) = BL (BT + B33) (267 — B +263) = 0.

To satisfy this, there are only four exceptional cases (Al to Ad): f1 = 1,0 = +ior f; = —%, By = i%.

On the other hand, if the polynomial in (1) has degree less than 2, then 3 = % In this case, the
polynomial becomes
(1/2+ 43z + (1/4 + 43)/2 = 0.

This gives us four additional exceptional cases (Bl to B4): [ = %,[32 = :t%, in which case the
polynomial is linear with root z = 0; or 51 = %, Bo = iﬁ, in which case the polynomial degenerates to

a (non-zero) constant. In all other cases, there is a root of (1) which is not a root of g1, which completes
the #P-completeness proof.

For the cases Al and A2, we use a new starting problem #[1, 1,0]|[1, 0,0, 1], which is the reversal of
the previous problem and therefore it is also #P-Complete. Then all previous part of the proof is still
valid, except that the signature of arity two we would like to realize is

1—p1 1—p1 B—25
B B B

Substituting 81 = 1, B2 = +i, the signature is [1, 0, 1] which is trivially realizable by one edge. So we have
proved that it is #P-Complete in the cases A1 and A2. Now consider the case A3 and A4, 5, = —%, By =
:l:%. We will give a different parametrization. For case A3, we apply an orthogonal transformation

M=% V2| and ] ltiplier 2i on the signat d it b %2 9%
= \/5 i and a scalar mu lp 1er zZ7 on e Slgna ure and 1 ecomes 0 + 2\/57; . 1S 1S

(1,1,1,0(T~H®? = (1 ).

not one of the exceptional cases and we have proved that it is #P-Complete. For case A4, we apply



another orthogonal transformation M’ = [\}5 _ﬂ and a scalar multiplier —27 on the signature and

_ 1793 5 193
it becomes [0] + {_2 \/EJ

The cases B3 and B4 can be shown by the same method as in A4 and A3, using M’ and M
respectively. The only cases left are B1 and B2. Here we will use another gadget similar to the one in
Figure 1 except we remove the middle edge (including the node labeled (s, s1) and the middle node of
degree 3). For B1, the signature of this gadget is

(to(A+ 81 B) + t16:B)? = (zA + yB)?,

where A and B are as before, and with the specific values of (1,32, B = %E _Zl} By setting x = i

and y = —2i, we have (vA + yB)? = L% i{f

[0, B2, 1 —2031] = [0, %, 0]. This finishes case B1. The case B2 can be done with z =1 and y = —2.
Now we prove for Category 2. In this case x; = Aia’~! + Ba’, the condition that it does not

satisfy statement (2) in Lemma 3.1 implies that o # +i. This is because rank [IO — xl] = 2 and its

ry — T3 T2

}, which is the matrix form of the target signature

determinant can be shown to be —A?(1 + a?). Under this condition, we can choose some orthogonal
B-1

transformation to make it in the form [z, y,0,0] where y # 0. In fact, if we let T' = B N +'—i3;1a} , then
3

the signature [zg, 1,22, 3] can be expressed as
T _ p®3 T
(wo,xl,1'1,.’1'2,.’1'1,1'2,$2,$3) =T (171717071707070) .

(We chose these basis transformations based on an underlying signature theory of holographic
algorithms, not “out of blue”. But for brevity of exposition we state these transformations as is

without discussing the background. They can be directly verified, albeit a bit tedious.) Let T'= QR be
1

its QR factorization, where () is orthogonal and R is upper triangular. In fact if we denote T' = [a HE

then we can choose our @ as the (orthogonal) Householder matrix, which is a (complex) reflection,

Q =Q" = \/117[(1 _al] Then QT = R = [g ﬂ is upper triangular, where u = V1 +a2. As

det@Q = —1, det R = —detT = —A # 0, we have uv # 0. This Q is our choice of the orthogonal
transformation. It follows that

Q%3 (w0, w1, 21, T2, T1, T, To, T3) T
= (QT)®*(1,1,1,0,1,0,0,0)T
R®3(1,1,1,0,1,0,0,0)T

(" W BB+ e Bl BBl 1)
i< Bl e B+ Lo Ble f+ L1l o

This can be written as a symmetric signature form [u? + 3u?w, u?v,0,0]. Note that the entry u?v # 0.
By a scalar multiplication, we can make the entry u?v equal to 1. So we only have to deal with a
signature of the form [v,1,0,0] for an arbitrary given v.
For this signature, we can apply a holographic transformation defined by the matrix 7' =

[(1) UTgl} with inverse T'"1 = [é _?} To prove #P-hardness, we will reduce from the match-
ing problem #[1,0,1] | [1,1,0,0]. Under a contravariant transformation (v,1,1,0,1,0,0,0)T =

7'%3(1,1,1,0,1,0,0,0)™, the signature [1,1,0,0] becomes [v,1,0,0]. Under the same basis, [1,0,1]



undergoes the covariant transformation to become (1,0,0,1)(7"~1)®? = ((1,0)®2 + (0,1)®2)(T'~1)®2 =
(=02

(1, 15”, 1;3”, 1+%). Le., the signature [1, 0, 1] becomes a new symmetric signature [1, 1;3”, 1+=5=].

The proof is then to use the same gadget as in Figure 1 to realize this signature, using unary signatures
and [v,1,0,0].
We will rename the values x = tg, y = t1, 2 = sgp and w = s1 in Figure 1. The signature of this

gadget in matrix form is (zA + yB)(zA + wB)(zA + yB), where A = [11’ é] and B = [1 0]. After

0 0
some calculations we found that this signature in matrix form is

w - (2202 + 2xyv + y?) + 2 - (22 (03 + 20) + 22y (v? + 1) + y?v) w- (2P0 +zy) + 2 - (2202 + 1) + a:yv)}

w- (220 +2y) + 2 - (22(0? + 1) + 2y0) w-z? 4z 2%
1—v
Our goal is to choose , y, z and w such that it is equal to |, 14+ (31_1))2 . We can write this as
3 9

a system of three linear equations in z and w. Then we can complete the proof, if we can choose x and
y such that the following matrix has determinant 0, yet the first two columns have rank 2.

220% + 2zyv +y? 22 (0P + 20) + 22y (v? + 1) + y?v 1
2?0 + zy 22 (v? + 1) + zyv v
N2
72 %0 14 =7

2 2
y* 2zy+yTv f3
After some row operations it becomes [my z? + zyv f2:|, where f1, f2, f3 are polynomials in v, and

z2 z%v f1
explicitly, fi = (10 — 2v +v%)/9 and fs = (3 — 13v + 2v* — v3)/9. Subtracting from the second column
v 22y f3
the first column multiplied by v, we get [xg z? f2:|. We will set x = 1; this guarantees that the first
x 0 fi
v 2y f3
two columns have rank 2, and gives the matrix |y 1 f2|. Now the determinant is easily calculated,
10 fi

(subtract the first row by the second row multiplied by y, and the second from the third multiplied by
y). The determinant is —(f1y? — 2foy + f3). As long as f; and fo are not simultaneously 0, we can
always choose a y to make this determinant 0.

However it is easy to show that f; and f, have no common zero in v, as 3(fs +vf1) =1 — v and
v =118 not a zero of either f; or fs. This completes the proof.

O

Lemma 3.1 shows us what happens when there is a single non-degenerate symmetric signature of
arity 3. It explicitly lists two exceptional cases for being not #P-hard. The next Lemma addresses what
happens if one signature of arity 3 happens to be in the first exceptional case, but some other signature
does not quite fit.

Lemma 3.2. Let [xg, 1,2, 23] and [y, y1,y2] be non-degenerate symmetric signatures with arity three
and two respectively. Suppose there exist two constants a,b (not both zero), such that axg+bxry —axe = 0
and ax1+bre —axs = 0, but ayo+by; —ays # 0 and [yo, y1,y2] is not of the form [2a\, b\, —2a)\]. Then
Holant™({[zo, x1, 2, z3], [0, Y1, y2|}) is #P-hard.

Lemma 3.3 does the same thing as Lemma 3.2 for the other exceptional case of the arity 3 signature.

Lemma 3.3. Let [z,y, —x, —y| be a symmetric signature with arity three and [yo,y1,y2] be a symmetric
signature with arity two. Suppose they are both non-degenerate. If yo + yo # 0 and [yo, y1,y2| is not of
the form [)‘7 0, )‘]; then HOlant*({[xa Y, —, _y]7 [y()a Y1, yQ]}) is #P-hard.



The proofs of the above two lemmas can be found in the appendix. The following lemma extends
the result to a signature with arbitrary arity. The proof is also given in the appendix.

Lemma 3.4. Let [zg,21,%2,...,T,] be a non-degenerate symmetric signature with arity n > 3, then
Holant™([zg, z1, T2, . . . , y]) is #P-hard unless one of the following two statements is true: (1) there exist
two constants a,b (not both zero), such that for all k = 0,1,...,n—2, we have axy +bryi1 — argis =0
(the pair (a,b) is unique up to a scalar factor); (2) for all k =0,1,...,n— 2, we have xj + xp1o = 0.

Finally we further extend this result to a set of signatures and finish the proof for Theorem 3.1. The
details can be found in the appendix.

4 A Dichotomy Theorem for Holant‘(F)

Theorem 4.1. Let F be a set of real symmetric signatures, and let F1,Fo and F3 be three families of
signatures defined as

Fio= {A[L0®*+i"[0, 11%%) | AeC,k=1,2,..., andr =0,1,2,3};

Fo = ML +i"[1,-1%%) | AeC,k=1,2,..., and r =0,1,2,3};

Fz = {1, %0 i1, —i]®%) | AeC,k=1,2,..., and r =0,1,2,3}.

Then Holant®(F) is computable in polynomial time if (1) Holant*(F) is computable in polynomial time
or (2) F C Fy UF U Fs. Otherwise, Holant®(F) is #P-hard.

We only give a proof outline here. The complete proof is given as an appendix in Section 11.
Proof Outline: By definition, every instance of Holant®(F) is also an instance of Holant*(F). So it
is obvious that if Holant™(F) is computable in polynomial time then so is Holant®(F). The polynomial
time algorithm for F C F; U Fy U F3 is non-trivial. The tractability crucially depends on algebraic
cancelations. The crux of the matter is a polynomial time algorithm to evaluate

Z L1 ()4 Lo (X) 4L (X)

z1,22,...,2=0,1

9

where each L;(X) is a 0-1 indicator function of a mod 2 sum. Thus the exponent on i can be viewed as
a mod 4 sum of mod 2 sums. It turns out that this tractability leads to a more general P-time algorithm
which includes unsymmetric signatures as well. In [10], we extend these families to a unified algorithm
which eventually leads a dichotomy theorem for complex valued Boolean #CSP.

The main result here is hardness. We want to prove that aside from these tractable cases, all
remaining problems are #P-hard. Here the main technique is polynomial interpolation. We prove the
second dichotomy theorem (Theorem 4.1) by a reduction to the first (Theorem 3.1). We will show
how to interpolate all the unary signatures. The interpolation method used here is briefly described
in Section 10. Once we can interpolate all unary signatures by Lemma 11.1, we can make use of the
dichotomy theorem for Holant*(F). The whole proof is organized as a sequence of lemmas (Lemma
11.3 to Lemma 11.7). In each lemma, we prove the theorem for a larger family of F, and the remaining
unproved ones are the beginning of the next lemma. Finally we prove the theorem for all possible
signature sets F. In some cases, the attempt to interpolate all unary signatures does not work. In
these cases, we employ yet another (the third) starting point of #P-hardness, which is the problem of
counting PERFECT MATCHINGS on 3-regular graphs [13]. We reduce the PERFECT MATCHING problem
also by polynomial interpolation, which is done in Lemma 11.2. However, note that counting PERFECT
MATCHINGS is computable in polynomial time for planar graphs [22, 23, 25|, therefore our dichotomy
theorem for Holant® problems here does not extend to planar graphs as our dichotomy theorem for
Holant™ problems does.

10
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Appendix

5 Some Preliminary Results

A signature from F, at a vertex is considered a basic realizable function. Instead of a single vertex,
we can use graph fragments to generalize this notion. An F,-gate I' is also a tuple (H, F,, 7), where
H = (V,E, D) is a graph with some dangling edges D. (See Figure 2 for one example.) Other than

~

w

Figure 2: An F-gate with 5 dangling edges.

these dangling edges, an F,-gate is the same as a signature grid. The role of dangling edges is similar to
that of external nodes in Valiant’s notion [28, 29], however we allow more than one dangling edges for
anode. In H = (V, E, D) each node is assigned a function in ¥, by the mapping = (we do not consider
“dangling” leaf nodes at the end of a dangling edge among these), E is the set of regular edges, denoted
as 1,2,...,m, and D is the set of dangling edges, denoted as m + 1,m + 2,...,m + n. Then we can
define a function for this F-gate I' = (H, F, ),

Ly, g yn) = > H(@zs myiye - yn),
T1X2Tm
where (y1,y2,...,yn) € {0,1}" denotes an assignment on the dangling edges and H(x122 -+ - Tpy1y2 -+ * Yn)
denotes the value of the signature grid on an assignment of all edges. We will also call this function
the signature of the F,-gate I'. An F,-gate can be used in a signature grid as if it is just a single node
with the particular signature. We note that even for a very simple signature set 7, the signatures for
all F,-gates can be quite complicated and expressive. Matchgate signatures are an example.

Using the idea of F,-gates, we can reduce one holant problem to another. Let g be the signature
of some F,-gate I'. Then Holant(F, U {g}) <7 Holant(F,). The reduction is quite simple. Given an
instance of Holant(F, U {g}), by replacing every appearance of g by an F,-gate I', we get an instance
of Holant(F,). Since the signature of I is g, the values for these two signature grids are identical.

We give some propositions which are useful in the proof. We first give one more definition.

Definition 5.1. Given a symmetric signature [z, 1, ..., Ty, and any I, h where 0 < 1 < h < n, we call
[z, X141, - - ., xp] a sub-signature of [xg,x1,...,2T,| with arity h — 1.
Proposition 5.1. If [z, 1411, ..., xp] is a sub-signature of [xg, x1, ..., x,] and Holant™ ([z;, x111, . . ., xp])

is #P-Complete, then Holant™([xo,z1,...,xy,]) is #P-Complete. This is also true for Holant®.

Proof. We use unary signatures [1, 0], [0, 1] and [z, z1, . . ., ;] to simulate a sub-signature [z, z;11, ..., zp].
We connect [ dangling edges to [zg, 21, . .., 2, with the unary signature [0, 1], and connect n—h dangling
edges with the unary signature [1,0]. O
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Proposition 5.2. Let n > 3 and let [z, z1,...,x,] be a non-degenerate symmetric signature. Then
for anym =2,3,...,n—1, there exists a non-degenerate sub-signature of [z, 1, ..., x| with arity m,
unless the signature is of the form [x9,0,...,0,x,].

g ... Tp-1

Proof. Since rank [
r1T ... In

} = 2, there must be non-zero entries among xg,x1,...,x,. If all

o ... 33n—2] = 2, or rank [331 Tn=11' _ 9 Otherwise

r1 ... Tp-1 o ... Ip
they are both of rank 1, and being non-zero, the second row is a multiple of the first row in both
matrices. Since they share at least one column, and being non-zero, this multiplier must be the same,

entries are non-zero, then either rank [

which says that rank [io 3:;_1] = 1, a contradiction. Then we use induction to complete the
1 ... n
proof.
Now suppose there are zero entries. Consider z1,...,2,-1. Since [zg,...,Z,] is not of the form
[0,0,...,0,z,], there must be some 1 < i < n—1such that z; # 0. Find az; # 0, forsome 1 <i <n—1,
Ti—1 T4

such that a neighbor z;_; = 0 or ;11 = 0. Now any submatrix containing | "

rank 2.

| has
Ti X4l .

Proposition 5.3. Let F be a set of signatures and M be a 2 x 2 orthogonal matriz, i.e., MM™ = I,.
We define a new set of signatures Fyr as follows:

Fu ={Y|Y = M®" X, where X is a signature in F with arity n.}
Then Holant™(F) and Holant™(Fys) have the same complexity.

Proof. This is a direct corollary of Theorem 2.2, given the fact that the unary signature set I/ is invariant
under any transformation M. O

Proposition 5.4. Let [xg,x1,x2, 23] be a symmetric signature of arity three, expressed as

[20, 1, T2, 23] = A(a1, a2)® + B(By, B2)%.

Then
ro T a p?
det [ 0 ] = ABdet [ } a1/,
xr1 X2 az
1 T ay 0 2
det |1 2]:ABdt[1 1} ,
¢ [332 T3 “las 8 ozl
and

ro — T2 T1
T — X3 T2

2
] — ABdet [31 ﬁl} (a181 + az2).

det [ ) B

In particular, if AB # 0 and det [31 gl] # 0, then, [xo,21,22,73] is non-degenerate and
2 P2

] = 0 iff the inner product a3y + a2 = 0. In this case, the unique (upto a scalar)

Trog — Ty X1 a —0
Tr1 — T3 T2 b -

is a= o101 = —azf2 and b= o132 + az3.

To— T2 T1
Ty — T3 T2
non-zero solution (a,b) to

det [

14



Proof: A straightforward calculation. U

Proposition 5.5. Let [zg,x1,x2, 23] be a symmetric signature of arity three, expressed as

[20, 1, T2, 23] = A1, a2)® + B(B1, £2)%3,

where AB # 0 and det Bl gl} # 0. Then, [xg,x1,x2, 23] is of the form [x,y, —x,—y| implies that
2 P2

af +a3 =7 + 05 =0.

Proof: The equations xg + 2 = 0 and x1 + x3 = 0 are respectively Aal(a% + a%) + Bﬂl(ﬂf + 622) =0
and Aas(a? + o) + BB2(8% 4 52) = 0. Viewed as a linear equation system on A and B, we obtain that
its determinant is zero:
det 127 Pl a2 4 a2)(82 + 82) — 0
e (a1 + a3)(B] + B2) = 0.
az o
It follows that at least one of the factors af + a3 = 0 or 37 + 33 = 0. In the first case, back to the
linear equation system, since (£, 32) is a non-zero vector, we get the second factor 3?2 + 32 = 0 as well.
Similarly starting with 57 + 53 = 0 we also get af + a3 = 0.
O

6 Proof of Lemma 3.2

We remark that, since [zg, 21, 2, 23] is non-degenerate, the constant pair (a,b) is unique upto a scalar
factor.

Proof: Our plan of the proof is as follows: We will show that the counting problem Holant*
({[xo,x1, 22, 23], [Y0,y1,y2]}) when restricted to instances where the input graph is bipartite and all
degree three nodes are on one side and given the signature [zg,x1,x2,z3], and all degree two nodes
are on the other side and given the signature [yo,y1,y2], is still #P-complete. (There might be any
number of degree one nodes, on either side of the bipartite graph, assigned any unary signatures.
We may denote this problem Holant™([zg, z1, 22, 23] | [y0,y1,92]).) We show its #P-complete by a
holographic reduction where [yg,y1,y2] is (covariantly) transformed to [1,0,1] and [xg,x1,x9,x3] is
(contravariantly) transformed to some [ug,ui,ug,us]. Note that [1,0,1] can be replaced by an edge,
and the unary signatures are transformed to some other unary signatures. Thus the complexity of
the problem Holant™([xo, x1, 22, 23] | [yo, Y1, y2]) is the same as Holant™ ([ug, u1, u2, us]). We then apply
Lemma 3.1 to [ug, u1, us, us).

o ﬁl} such that (T~1)®2(yo, y1,y1,y2) "
az [

= (1,0,0,1)", but [ug,ur,us,u3] = [z0, 21,22, 23]T3 is not of the form [z,y, —x, —y] (exception
(2) in Lemma 3.1). We note that [ug,u;,us,us] is non-degenerate, for otherwise, [zg,z1,x2,z3] =
[ug, ut, ug, uz)(T~1)®3 would also be degenerate.

Our first step is to show that there exists a non-singular 7' = [

a1

Since [yo, y1, y2| is non-degenerate, clearly there exists a basis T' = [a 3 } such that (yo, y1,y1,%2)"
2 D2

T%2(1,0,0,1)T. Let [ug, u1,us, u3] = [xo, 1, 2o, 23] T3
We assume for a contradiction that [ug,u1, ug,us] is of the form [z,y, —x, —y]. Then we can find
scalars A and B, such that
[UO, U, u2, ’LL3] == A(l, i)®3 + B(l, —i)®3.

Let A = det(T) # 0, we have T71 = A~} [ ﬁ; _aﬁl] . Then it follows that
—Q2 1

[20, 1, T2, 23] = [uo, u1,ug, uz) (T~ 1) = AAT3(By — i, — 1 + 11)®® + BAT3(0a + agi, — 1 — 1) 3.
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Since [xg, z1, z2,z3] is non-degenerate, AB # (0. By the assumption on [xg,x1,x2,x3] and Proposi-
tion 5.4, we have

0= (B2 — a2i) (B2 + agi) + (=01 + a1i) (=1 — i) = of + a3 + 57 + 3.
And after a scaling, we also have a = a3 + 33 = —a? — 3% and b = —2(aya0 + B132). Now
(Yo, y1,91,92) " = T¥%(1,0,0,1)" = (af + 57, 102 + B1 52, arcg + 162, 05 + B3) "

Then [yo,y1,y2] = [—a, —b/2,a] is of the form [2a\,bA, —2a)], a contradiction.

This completes our first step. Our second step is to take care of the other exceptional case (exception
(1) in Lemma 3.1).

This exceptional case is that there exist two constants a’, b’ (not both zero), such that a’ug + b'uy —
a'us = 0 and a’uy + b'us — a’'uz = 0. We split this exceptional case into two cases depending on whether
a=0ora#0.

If a =0 then b # 0 and x1 = x93 = 0. As [x0,0,0, x3] is non-degenerate, zoxs # 0. We can write

[20,0,0,25] = 20 (1 0)*° + 23 (0 1)%°,
and
[uo, w1, g, us] = [19,0,0,23]T%* = zo((1 0) T)®* + z3((0 1) T)®.

The existence of @', (not both zero), such that a’ug + 0'u; — a’'us = 0 and a’uy + b'uy — a’uz = 0,
U2 — Uy U1
us —uUyp U
(1,0)T and (0,1)T is zero, i.e.,

implies that the matrix [ } is degenerate. By Proposition 5.4 we have the inner product of

arag + P12 = 0.

But noticing that y; = ajas + 8162 and a = 0, we have ayg + by; — ayo = 0, a contradiction.

Finally we consider the case a # 0. By a scaling we can assume a = 1. Then xo = bz1 + g,
23 = bxg + 1 = b’xy +bxg+ 1. Assume temporarily that b # 424, then the recurrence has two distinct
eigenvalues, and therefore Proposition 5.4 applies. We can then calculate that the determinant

Uy —u3z u2 az o

However now we dispense with the temporary assumption that b % 42¢; for this is a polynomial identity
valid for all values except for a finite number of exceptional points of b. Thus it holds for all values.

We know that det {al 51] # 0; the second factor af + 2 + b(ajas + B132) — a3 — (35 is exactly

2
det [uo T ul] = det [al 51] (2 + B2 4 blayag + B152) — a3 — (3)(brox — 22 + 22) = 0.

az [
Yo + by1 — y2 which is non-zero. So we have brgr; — x% + :17% = 0. Since bxgxri + x(z) — :17% = xoT9 — x%,
this says that [zg, 21,22, x3] is degenerate, a contradiction. O

7 Proof of Lemma 3.3

Proof: The overall plan of the proof of this Lemma is the same as for Lemma 3.2.
We can choose a basis T' = Bl gl} such that (yo,y1,91,92)7 = T%%(1,0,0,1)T.  Then
2 P2
under the same basis T, [x,y, —x, —y] will become [ug,u1,u,u3] = [z,y, —z, —y]T®3. Using a new
parametrization, we have
[l‘, Y, —Z, _y] = A(lv i)®3 + B(lv _i)®37
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and
[uo, w1, uz, us) = [x,y, —x, —y|T® = A(aq + agi, i + (20)%® + Blay — ai, B — B21) 2.

Since we assumed that [z,y, —z, —y] is non-degenerate, we have AB # 0.

By this holographic reduction, we only need to prove that Holant™({[ug, u1, ug, us]}) is #P-Complete.
Since [ug, u1, ug, us] is non-degenerate, by Lemma 3.1, we have to consider two cases.

If [ug, u1,usz,ug) is of the form [2/,y, —a', —y/], then by Proposition 5.5

0= (a1 4+ a2i)? + (81 + Poi)? = (a1 — a9i)? + (61 — Pai)®.

This gives ajag + 3132 = 0 and o2 + 32 = a2 + 2. Then by (yo,y1,91,v2)" = T%%(1,0,0,1)T, we know
that [yo, y1, yo] is of the form [\, 0, \], a contradiction.

Now we consider the second exceptional case from Lemma 3.1: there exist two constants a,b (not
both zero) such that aug + bu; — aug = 0 and au; + buy — aug = 0. By Proposition 5.4 we have

0 = (a1 4 agi)(oq — agi) + (81 + B2i)(B1 + Bai) = o2 + a2 + 52 + 2.

This gives yo +y2 = a2 + 32 + a3 + 32 = 0, a contradiction. O

8 Proof of Lemma 3.4

Proof: We assume that Holant*([zg, z1, x2, ..., 2,]) is not #P-Complete. Then we prove that it must
be in one of the two cases.
Case A: We first consider the case where for every k = 0,1,...,n—2, the sub-signature [z, Ti1, Tpio]

is non-degenerate. Then by Lemma 3.1, there are the following two exceptional cases (1) and (2) to be
considered for [xg, x1,x2, x3).

(1) There is a non-zero pair (a,b) such that azg + bry — axs = 0 and ax; + bxs — axg = 0. Such a
non-zero pair (a,b) must be unique up to a scalar factor, since otherwise [z, x1,z2,x3] is all 0. Then
by Lemma 3.2, for every k = 0,1,...,n — 2, axy + bxpi1 — axkyo = 0 or [Tk, Tkr12k12] is of the form
[2a\, DA, —2a)].

First we claim a # 0. Suppose otherwise a = 0, then xo = x1 = 0, from the linear relation. But
then surely x3 # 0, since [zg, 21, T2, 3] is non-degenerate. Consider when k = 2. If axs + brs —axy = 0,
then we have a contradiction. Hence [z9, 3, 24] is of the form [2a), b\, —2a)]. But then z4 = x5 = 0.
It follows that [x1,z9,x3,24] = [0,0,23,0]. This signature satisfies Lemma 3.1, then it follows that
Holant*([z1, z2, x3, 24]) is #P-Complete, contrary to assumption.

So we can assume a = 1. Now we show that the form [2a\,bA, —2a)] can not appear among all
[k, Tkt1, Tpao]. This will conclude that we are in the first of two cases in Lemma 3.3.

Suppose the form [2a\,bA\, —2a)\] does occur. Such a A certainly is non-zero, otherwise it is
degenerate.

After a scaling, we may take this form [2,b, —2]. If it occurs as [zk, i1, Tkro] for k = 0 or 1, then
together with axg + brqy — axre = 0 and azy + bry — axs = 0, we have b = +2i. But then [2,b, —2] is
degenerate. Thus, if this form [2,b, —2] appears as some [, k11, Tg+o], consider the minimal k where it
appears, then k& > 2, and there is a sub-signature [z, y, 2, b, —2] with arity 4, where ax + by —2a = 0 and
ay +2b — ab = 0. So the sub-signature is [b% + 2, —b,2,b, —2]. There is a sub-signature of [—b, 2, b, —2].
Applying Lemma 3.3 to [~b,2,b, —2] and [b® + 2,—b,2], we have b> +2 = —2 or b?> + 2 = 2. The
first case gives that [2,b, —2] is degenerate. So we have b? + 2 = 2 and thus b = 0. In this case, the
sub-signature is [2,0, 2,0, —2]. Using a unary signature [1,1], we will have [2,2,2, —2]. By Lemma 3.1,
this is #P-Complete, again contrary to assumption.
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(2) If [z, 1, 22, 23] is of the form [z,y, —x, —y|, then by Lemma 3.3, for every k =0,1,...,n — 2, we
have zy + Txyro = 0 or [zg, Tp11, Trro| is of the form [A,0,\]. We prove that [\, 0, A] can not appear.
This will conclude that we are in the second of two cases in Lemma 3.3.

Suppose the form [A,0, A\] does appear among [Tk, Tr11,Trro|. It is easy to see that if it occurred
t k=0 or 1, then [zg, 21,29, 23] = [x,y, —x, —y] is degenerate. Then look at the first k& > 2 where it
occurred, and to its left we have xp + z51o = 0. It follows that there must be a sub-signature (after a
scaling) of the form [1,0,—1,0,—1]. Now we can use a similar trick with a unary signature [1, 1] and
get [1,—1,—1,—1], which is #P-Complete.

This completes the proof of Case A.
Case B: There exists some 0 < k < n — 2, such that the sub-signature [zj, X1, k2] is degenerate.

If the signature is of the form [z,0,0,...,0,z,], we can choose (a,b) = (0,1). In the following we
assume the signature is not of this form.
By Proposition 5.2, there exist a s = 0, 1, ...,n—3, such that a sub-signature o3 = [zs, 511, Tst2, Tst3)

of arity three is non-degenerate. Starting from a degenerate sub-signature 7o = [zk, k11, Tk r2] of arity
two, we want to find a degenerate sub-signature 75 of arity two which is a sub-signature of o3. If
s <k < s+ 1, then 75 is already a sub-signature of o3. Otherwise, k < s or k > s+ 1. W.l.o.g, suppose
k < s. Consider the sub-signature [xpi1, Tkr2, Tgss]. If it is degenerate, we can replace it for 79, and
continue. If it is non-degenerate, then we can replace 75 by [Tk, Tgi1, Tpt2, Tx+3], and it will also be
non-degenerate.

Thus we can find a degenerate sub-signature of arity two which is a sub-signature of a non-degenerate
sub-signature of arity three. This must be of the form [s2, sr, 72, z] or [y, s%, sr,72]. By symmetry, we
only consider the first case. By Lemma 3.1, we have two cases.

For the first case, (r2 —s2)r? — (z—sr)sr = 0. This implies that srz = r*. If sr # 0, srz = r* implies
that [s2, sr, 72, 2] is degenerate, a contradiction. If s = 0, then r» = 0 by sraz = r*. Since [s2, sr, 2, z]
is non-degenerate, we must have s> # 0 and and x # 0. It is of form [s?,0,0,2]. As n > 3, there
must be entries to its left or to its right, say [s%,0,0,z,z]. Consider the pair [s,0,0,z] and [0, z, 2].
By Lemma 3.2, the (upto scale) unique pair for [s2,0,0,z] is (a,b) = (0,1). If z # 0, then Lemma 3.2
would imply #P-completeness. If z = 0, then we have a sub-signature [0,0,z,0]. This also implies
#P-completeness by Lemma 3.1.

Finally for the other case: s2+72 = 0 and sr+2z = 0. Then the signature must be [s2, s%i, —s2, —s2i]

or [s?, —s%i,—s%,5%]. Both are degenerate, a contradiction. O

2 2

9 Proof of Theorem 3.1

Proof. The first easy class is obvious.

For the second easy class, if a = 0, all functions in F have form [z1,0,...,0,z,] or [0,z2,0], so
Holant*(F) is obviously easy, and if a # 0, we consider two subcases, that a+bA—aA? = 0 has one double
root or two distinct roots. Suppose A1 and A9 are the two roots. If they are equal, all functions in F
with arity larger than 2, have form (1, A\1)®", which is equal to n functions [1, \{] applied to each inputs,
so Holant*(F) is easy. If A\ # Ay, because A\;\y = —1, neither of them is ¢ or —i. All functions in F

1 X\

L]

as base to do holographic reduction on #F|{=2}, which is the bipartite form of problem Holant*(F).

1+ A2 r’" [ 0

+ v 9

0 14+ A5

M®2G = [0, (4a2 + b%)/a, 0], and == [1,0,1] is turned into [1,0,1](M~1)®* = [1 + A2,0,1 + A2]. This
reduction reduces Holant™(F) to an obviously easy problem.

dn n
have form F' = u [ /\1 ] +v [ \ ] or G = [2a,b, —2a]. We use nonsingular matrix M = [
1 2

®n
Under this base, F' is turned into M®"F = u [ } , and G is turned into
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For the last easy class, we will prove that the Holant is zero unless the input graph is bipartite,
and there is a holographic algorithm for bipartite graphs. If there is a function [1,0, 1] applied to two
variables  and y, we just merge them into one variable and remove this function. Hence, all functions

on vertices of input graphs have form [u, v, —u, —v,...]. If the input graph G(V, E) is not bipartite, there
is a circle vy, €1, ..., v, e, v1 of odd length. We perfectly match all assignments for F into pairs (7,7"),
such that, T and 7" assign the same values on E — {e1,... e}, and opposite values on {eq,...,er}.

Under 7" and 77, all functions on V' — {v1,...,v;} give the same value, and if T'(e;) # T(ejt1), the
function on v; give the same value, and if T'(ej) = T'(ej41), the function on v; give the opposite values.
Consider T'(e1),T(e2),...,T(er),T(e1), there must be even many times value change in this sequence.
Since k is odd, there are odd many v;s, whose functions give opposite values under 7" and 7”. Hence, in
the summation, the contributions of T"and T” are canceled. If there input graph is bipartite, the problem
is #F|F. #F|F is turned into an easy problem #{[x1,0,...,0,z,]}|{[*1,0,...,0,2,]} by holographic
1 2

1 —

Now we prove that if F does not belong to any of the easy classes, Holant*(F) is #P-hard. Assume
for a contradiction that F fits in none of the exceptional cases yet it is still not #P-hard. We consider
two cases. First, if all the sub-signatures with arity 2 of every signature in F are non-degenerate, then
the same proof as in Lemma 3.4 works. Second, suppose this is not the case, again by the proof of
Lemma 3.4, there exists a signature of the form [x(,0,0,...,0,x,] for some arity n > 3. By connecting
to n — 3 unary signatures of (1,1), we have a new signature [z, 0,0, 2,] with arity 3. Then by Lemma
3.2 (with a = 0,b = 1), we know that all the signatures in F have this form [z,0,0,...,0,y]. But this
is of the second easy case with a = 0,b = 1, a contradiction. ]

reduction under base M = [

10 Polynomial Interpolation

In this section, we discuss the interpolation method we use for dichotomy theorem for Holant®.
Polynomial interpolation is a powerful tool in the study of counting problems initiated by Valiant [27]
and further developed by Vadhan, Dyer and Greenhill [26, 18]. The method we use here is essentially
the same as Vadhan [26].

For some set of signatures F, we want to show that for all unary signatures f = [z,y]|, we have
Holant(F U {[z,y]}) <r Holant(F). Let Q@ = (G,F U{[z,y]},7). We want to compute Holantq in
polynomial time using an oracle for Holant(F).

Let V; be the subset of vertices in G assigned f in Q. Suppose |[V¢| = n. We can classify all 0-1
assignments o in the holant sum according to how many vertices in V; whose incident edge is assigned
a 0 or a 1. Then the holant value can be expressed as

Holantg = Z cirty" (2)
0<i<n

where ¢; is the sum over all edge assignments o, of products of evaluations at all v € V(G) — Vy, where
o is such that exactly i vertices in Vy have their incident edges assigned 0 (and n — i have their incident
edges assigned 1.) If we can evaluate these ¢;, we can evaluate Holantg,.

Now suppose {G;} is a sequence of F-gates, and each G4 has one dangling edge. Denote the signature
of G5 by fs = [xs,ys), for s = 0,1,.... If we replace each occurrence of f by fs in Q we get a new
signature grid Q,, which is a instance of Holant(F), with

Holantq, = Z ity ™t (3)

0<i<n
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One can evaluate Holantq, by oracle access to Holant(F). Note that the same set of values ¢; occurs.
We can treat ¢; in (3) as a set of unknowns in a linear system. The idea of interpolation is to find a
suitable sequence {fs} such that the evaluation of Holantq, gives a linear system (3) of full rank, from
which we can solve all ¢;.

In this paper, the sequence {Gs} will be constructed recursively using suitable gadgetry. There are
two gadgets in a recursive construction: one gadget has arity 1, giving the initial signature g = [xq, yo];
the other has arity 2, giving the recursive iteration. It is more convenient to use a 2 X 2 matrix A to
denote it. So we can recursively connect them as in Figure 3 and get {Gs}.

(A2

Figure 3: Recursive construction.

The signatures of {Gs} have the following relation,
[ws] _ [an a12] [%-1] ()
Ys az a2 (Ys-1]’

where A = [all am} and g = [:EO}.
azr a2 Yo

We call this gadget pair (A, g) a recursive construction. It follows from lemma 6.1 in [26] that
Lemma 10.1. Let «, 8 be the two eigenvalues of A. If the following three conditions are satisfied
1. det(A) #0;
2. g is not a column eigenvector of A (nor the zero vector);
3. «/B is not a root of unity.
Then the recursive construction (A, g) can be used to interpolate all the unary signatures.

This similar interpolation method also works for signatures with larger arity but only have two
dimensions of freedom. For example, all the signatures are of form [0, z,0,y]. This example is used in
the proof of Lemma 11.2.

11 Proof of Theorem 4.1

In the dichotomy theorem for Holant*(F), we assume the arity of every signature in F is larger than one
and all the signatures in F are non-degenerate. In Holant(F), not all the unary signatures are freely
available, so we can not assume that. In some case, the present of some unary signatures or degenerate
signatures does change the complexity of the problem. However, we can still do some normalization here
to make the proof clear. Since any degenerate signature [x,y]®* can be replaced by the corresponding
unary signature [x,y] without change the complexity of the problem, we always assume that all the
signatures in F, whose arity is large than 1, is non-degenerate. Since [1,0] and [0, 1] are freely available,
we can construct any sub signature of the original signatures as well as any signatures realizable by
some F-gate.

The polynomial algorithm for F C F; U Fy U F3 is very non-trivial. In [10], we extend this family
to asymmetric cases and give a unified algorithm there. So we omit the algorithm here. In spirited by
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the tractable algorithm for this generalized family, we prove a dichotomy for all the boolean #CSP in
[10]. Here, F is a set of real signatures, so technically, we only need to consider the real signatures in
the three families Fp, F» and F3. We give the form of these three families as above because we believe
that it is the right form to express them and we also conjecture that this statement is also true for
complex symmetric signatures. The main idea of the proof is to interpolate all the unary function. A
brief description of this polynomial interpolation method is given in Section 10 . If we can do that, we
can reduce the problem Holant*(F) to Holant®(F) and finish the proof. In some cases, we can not do
that and we prove the theorem separately.

Lemma 11.1. If we can construct a gadget with signature [a,b, c], where b*> # ac, b# 0 and a + ¢ # 0,
then we can interpolate all the unary function. (And hence Theorem 4.1 holds.)

Proof. we use the interpolation method as described in Section 10. We consider two recursive

constructions ( [Z ZC)] , [(1)} ) and ( [Z ﬂ , [(1)] ), and argue that at least one of them will success given the

b
of Lemma 10.1 is satisfied for both of the two recursive constructions. If both [1,0] and [0, 1] are column
eigenvectors of A, then b = 0, a contradiction. So at least for one of the two recursive constructions, the
second condition of Lemma 10.1 is satisfied. Since A is a real symmetric matrix, so both its eigenvalues
are real. If the ratio of two real numbers is a root of unity, they must be the same or opposite to each
other. If the two eigenvalues are the same, we will have b = 0 and a = ¢, a contradiction. If the two
eigenvalues are opposite to each other, then we have a+ ¢ = 0, also a contradiction. Therefore, the third
condition of Lemma 10.1 is also satisfied for both of the two recursive constructions. To sum up, at
least one of the two recursive constructions satisfies all the conditions of Lemma 10.1. This completes
the proof. O

. bl . . .
conditions on a, b, c. We use A to denote [a c} . Since b? # ac, A is non-degenerate, the first condition

If we can construct a gadget with binary symmetric signature [a, b, ¢|, which satisfies all the conditions
in Lemma 11.1, then, we are done. Most of the cases, we prove the theorem by interpolating all the
unary signatures. However, in some cases, we are not able to do that. For example, if all the signature
have the parity condition, then all the unary signatures we can realize have form [a,0] or [0,a], so we
can not interpolate all the unary signatures. For these cases, our start point is the following lemma.

Lemma 11.2. If a # £1, Holant([0,1,0,a]) is #P Hard.

Proof. Our start point here is that Holant([0, 1,0, 0]) is #P-Hard. This is exactly the perfect matching
problem in 3-regular graph [13]. So the problem is #P-Hard if a = 0.

Now assume that a ¢ {—1,0, 1}, and we use this signature to interpolate all the signature of form
[0,1,0, ], in particular, we can interpolate [0,1,0,0] and finish the hardness reduction.

The recursive construction is depicted by Figure 4. By a simple parity argument, every F-gate N;
has a signature of form [0, z;,0,y;]. After some calculation, we can get that they satisfy the following

recursive relation:
Tiv1| _ 3a2+1) (a®*+a)| [z
Yi+1 3a®+a) a®+1 | |yl

In this case, the signature we want to interpolate are of arity 3. But since all of them are of form
[0, 2;,0,y;] with two dimensions freedom. We can also use the interpolation method as in Section

~ [3(a®>+1) (a®+a)
10 Let A = 3a*+a) a®+1
3(a*—1)% # 0, the first condition holds. Its characterize equation is X2 — (a®+3a%+4)X +3(a*—1)%? = 0.

}, then (4,[1,a]T) forms a recursive construction. Since det(A) =
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X

N, N, N

Figure 4: The recursive construction. The signature of every vertex in the gadget is [0, 1,0, a.

For this quadratic equation, A = (a®—3a%—2)2+12(a+a*)? > 0. So A has two distinct real eigenvalues.
The sum of the two eigenvalues is a® 4+ 3a® + 4 which is larger than zero. So they are not opposite to
each other. Therefore, the ratio of these two eigenvalues is not a root of unity and the third condition
holds. Consider the second condition, if the initial vector [1,a] is a column eigenvectors of A. We have
1 1 . . . .
A [a} = [a} , where \ is one eigenvalue of A. From this, we will conclude that a(a® — 1)(a* — 1) =0,
which will not happen given a ¢ {—1,0,1}. To sum up, this recursive relation satisfies all the three
conditions of Lemma 10.1 and can be used to interpolate all the signatures of form [0,1,0,z]. This
completes the proof. O

We define some families of symmetric signatures, which will be used in our proof.

gl = {[a,0,0,---,O,bHab#O}
Go = A{[xo,x1, - ,x]|Vi is even,x; = 0 or Vi is odd, z; = 0}

Gs = A{lxo,x1, - ,xk)|Vi, z; + 25402 = 0}

We note that G, Go and Gs are supersets of F1, Fo and Fj3 respectively. The following several lemmas
all have the form “If 7 € A, then Theorem 4.1 holds.” After proving that, in the later lemma, we only
need to consider the case that F C A.

Lemma 11.3. If F € G1 UGy U Gs, then Theorem 4.1 holds.

Proof. Since F € Gy UGy UGs, there exists a f € F and f &€ G1 UGo UGs. Since all the unary signatures
are in G, the arity of f is larger than 1 and f is non-degenerate. There are two cases according to
whether f has a zero entry or not.

(1) f has some zero entries. If there exists a sub signature of f has the form [0,a,b] or [a,b,0],
where ab # 0, then we are done by Lemma 11.1. Otherwise, we can conclude that there is no two
successive non-zero entries. So the signature f is like this [0°0z1 0% 250% - - - 2,0%], where xj # 0 and for
all1<j<k—-1,4; > 1 Ifforalll <j <k—1,1¢;is odd, then f € G, a contradiction. Otherwise there
exists a sub signature of form [z,0,0,--- ,0,y], where zy # 0 and there are even number of 0s between
x and y. If this is the whole f, then f € G;, a contradiction. So there is one 0 before = or after y. By
symmetric, we assume there is a 0 before z, so we have a sub signature [0, x,0,0,--- ,0,y], whose arity
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is even and larger than 3. We call its dangling edges 1,2, ,2k. Then for every i = 1,2,--- ,k — 1, we
connect dangling edges 2¢ + 1 and 27 + 2 together to a regular edge. After that, we have a F-gate with
arity 2, and its signature is [0, z,y]. Then we are done by Lemma 11.1.

(2) f has no zero entry. We only need to prove that we can construct a function [d’, b, /] satisfying
the three conditions in Lemma 11.1. Suppose all sub signatures of f with arity 2 do not satisfy
all the three conditions. For each sub-signature [a’,,c/], either o/ +¢ = 0, or b? = d/d. If all
of them satisfy a’ + ¢ = 0, then f € G3. A contradiction. If all of them satisfy b'?> = a/c/, then
f is degenerate. A contradiction. W.l.o.g, we can assume there is a sub-signature [a,b,c,d] of f,
such that a + ¢ = 0, b+d # 0, and ¢ = bd. Combining two [a,b,c,d], we can get a function
[a' 0, c] = [a® +2b> + 2, ab+2bc + cd, b + 22+ d?]. b = c¢(b+d) #0. a’' + = a® +3b*> + 32 +d? > 0.
Because ¢ = bd, a'c — b? = a?b® + 2a*c? + a®d? + 2b* + 4b?c? + 2b%d? # 0. We are done by Lemma
11.1. O

Lemma 11.4. If F € G1 U Fo UGs, then Theorem 4.1 holds.

Proof. If F & G1 U Ga U Gs, then by Lemma 11.3, we are done. Otherwise, there exists a signature
feFCG UG UGsand f ¢ G UFaUGs. Then it must be the case that f € Go. Note that every
signature with arity less than 3 in Go is also contained in G; U G, so f is of arity larger than 2. Since
f € Gy, there is some non-zero in the middle of the signature f, after normalization, we can assume
there is a sub signature of form [0,1,0,x] (or [z,0,1,0]). If x # +1, then by Lemma 11.2, we know
the problem is #P-Hard and we are done. Otherwise, for every such pattern , we have x = £1. Since
f & Fs, then there is some sub signature [0, 1,0, —1] and because f ¢ Gs, there is some sub signature
[0,1,0,1]. Therefore, there is a sub signature [1,0,1,0,—1] of f. Then we can construct a F-gate as
Figure 5 , whose signature is [8,0,4,0]. So by Lemma 11.2, we know that the problem is #P-Hard and

Figure 5: The signature of every degree 4 vertex in the gadget is [1,0,1,0,—1]. And the signature of
the degree 1 vertex in the gadget is [1,0].

we are done. This completes the proof. O

Lemma 11.5. If F € G; UGs, then Theorem 4.1 holds.

Proof. Ift F € G1 U Fs U G, then by Lemma 11.4, we are done. Otherwise, there exists a signature
feFCGUFUGsand f & Gy UGs. Then it must be the case that f € F5. Note that every signature
with arity less than 3 in Fy is also contained in G; U G3, so f is of arity larger than 2. Then f has a
sub signature [1,0,1,0] or [0,1,0,1]. By symmetry, we assume it is [1,0,1,0]. If F C F; U Fy U F3,
then Theorem 4.1 trivially holds and there is nothing to prove. If not, there exists a signature g is in
G —FIUFUF3 (C G —Fi)or Gz — FLUFUF3 (€G3 — Fs).
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For the first case, g € (G1 — F1), then after a scale, g is of form [1,0,0,--- ,b], where b ¢ {—1,0,1}.
If the arity of g is odd, we can realize [1,b]. (We connect its every two dangling edges into one edge and
left one dangling edge.) Then connecting this unary signature to one dangling edge of [1,0, 1, 0], we can
realize a binary signature [1,b,1]. Then by Lemma 11.1, Theorem 4.1 holds. If the arity of g is even,
we can realize [1,0,b] (left two dangling edges). By connecting one of its dangling edge to one dangling
edge of [1,0,1,0], we can have a new ternary signature [1,0,b,0]. By lemma 11.2, we know the problem
is #P-Hard.

For the second case g € (G3 — F3), then g has a sub signature of form [1,0], where b ¢ {—1,0,1}.
By the same argument as above, Theorem 4.1 holds. This completes the proof. O

Lemma 11.6. If F € G1 U F3, then Theorem 4.1 holds.

Proof. If F € G1 U Gs, then by Lemma 11.5, we are done. Otherwise, there exists a signature f € F C
GiUGs and f & G; U Fs. Then it must be the case that f € G3 , and f has a sub signature of form
[1,a,—1], where a ¢ {—1,0,1}.

If F C ({[1,0,1]} U Gs), then Holant™(F) is polynomial time computable by Theorem 3.1 and as a
result Theorem 4.1 trivially holds and there is nothing to prove.

If not, there exists a signature g € F C G UGz and g € {[1,0,1]} UGs. Then it mush be the case
that g € G1. The arity of g is large than 1.

Figure 6: The function on degree 2 nodes is [1,a,—1], and the function on degree 3 nodes is [1,0,0, b].

If the arity of g is 2, then g is of form [1,0, b], where b ¢ {—1,0,1}. Connecting two signatures [1, 0, b]
to the both sides of one binary signature [1,a, —1], we can get a new binary signature [1,ab, —b%]. It
satisfies all the conditions of Lemma 11.1, and we are done. If the arity of ¢ is larger than 2, then
we can always realize a signature [1,0,0,b], where b # 0. (We connect the unary signature [1,a] to all
its dangling edges except the three ones.) Then we can use an F-gate as Figure 6. Its signature is
[1,a2b,b%), and by Lemma 11.1, we are done. This completes the proof. O

By the above lemmas, the only case we have to handle is that F C G; U F3. This is done by the
following lemma. which completes the proof of Theorem 4.1.

Lemma 11.7. If F C Gy U F3, then Theorem 4.1 holds.

Proof. f F C FUF3 or F CU U F3U{[1,0,1]}, then Holant(F) is computable in polynomial time
and Theorem4.1 holds. Otherwise, there are two cases. There exists f € F such that f € Gy but
f & FLUUUFs. So the arity of f is larger than 1. W.l.o.g, we can assume f has form [1,0,a] or
[1,0,0,a], where a € {—1,0,1}. (By connecting its dangling edges together except two or three depends
on the parity of the arity of f. ) The other case is that there exists f1, fo € Gy such that fi € F; but
fi U U F3U{[1,0,1]}, and fo € U but fo & Fi. So the arity of f; is larger than 2 and with form
[1,0,0,--- ,41], and f5 is of form [1, a’], where @’ & {—1,0,1}. By connecting all the dangling edges of f;
except two with fo, we can construct a F-gate with signature of form [1,0, a], where a € {—1,0,1}.This
is one of the above two forms.
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If 7 C Gy U{[0,1,0]}, then Holant®(F) is computable in polynomial time and Theorem 4.1 holds.
Otherwise, there exists g € F C Gy UF3, and g ¢ G1 U{[0,1,0]}. Then g must have one of the following
sub signatures: [1,1,-1],[1,-1,-1],[1,0,—1,0],[0,1,0, —1]. By symmetric, we only need to consider
two cases [1,1,—1] and [1,0,—1,0].

According to f and g, we have four cases. If f = [1,0,a] and g = [1,1, —1], then connecting them
together into a chain fgf, we can realize [1,a, —a?]. By Lemma 11.1, we are done. If f = [1,0,a] and
g = [1,0,—1,0], for each of dangling edges of g, we extend it by one copy of f. Then we can realize
[1,0,—a?,0]. So by lemma 11.2, the problem is #P-hard. If f = [1,0,0,a] and g = [1,1, —1], we can
connect a unary signature [1,1] (sub signature of g) to one dangling edge of f, and realize a binary
signature f = [1,0,a]. This reduce to the first case, which has been proved. If f = [1,0,0,a] and
g =[1,0,—1,0], we can realize a unary signature [1,a] from f and then connect this unary signature to
one dangling edge of g to realize [1,—a,—1]. Note that [1,—a,—1] &€ G; U F3, by Lemma 11.6, we are
done. O

In the above proof, especially in Lemma 11.1, we use the fact that F is a set of real signatures.
However, we believe that this statement is also true for complex symmetric signatures. So we have the
following conjecture.

Conjecture 11.1. Let F be a set of symmetric signatures over C. Then Holant®(F) is computable in
polynomial time if (1) Holant™(F) is computable in polynomial time or (2) F C FiUFoUF3. Otherwise,
Holant®(F) is #P-Complete.
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