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A DECIDABLE DICHOTOMY
THEOREM ON DIRECTED GRAPH
HOMOMORPHISMS WITH
NON-NEGATIVE WEIGHTS

JIN-Y1 CAI AND X1 CHEN

Abstract. The complexity of graph homomorphism problems has been
the subject of intense study for some years. In this paper, we prove
a decidable complexity dichotomy theorem for the partition function
of directed graph homomorphisms. Our theorem applies to all non-
negative weighted forms of the problem: given any fixed matrix A with
non-negative algebraic entries, the partition function Za (G) of directed
graph homomorphisms from any directed graph G is either tractable in
polynomial time or #P-hard, depending on the matrix A. The proof
of the dichotomy theorem is combinatorial, but involves the definition
of an infinite family of graph homomorphism problems. The proof of
its decidability on the other hand is algebraic and based on properties
of polynomials.
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1. Introduction

The complexity of counting graph homomorphisms has received
much attention (Bulatov 2013; Bulatov & Dalmau 2007; Bulatov
& Grohe 2005; Cai et al. 2013a; Dyer et al. 2007; Dyer & Green-
hill 2000; Goldberg et al. 2010). The problem can be defined over
both directed and undirected graphs, and the directed version of
the problem turns out to be significantly more challenging. In par-
ticular, Feder and Vardi showed that the decision problems defined

) Birkhauser



346 Cai & Chen cc 28 (2019)

by directed graph homomorphisms are as general as the Constraint
Satisfaction Problems (CSPs), and it is known that a complexity
dichotomy for the former implies the full dichotomy conjecture for
all decision CSPs (Feder & Vardi 1999). While no such implication
is known for counting problems, our understanding of the problem
over directed graphs is more limited compared to that over undi-
rected graphs.

Let G and H be two graphs. We follow the standard definition
of graph homomorphisms, where G is allowed to have multiple
edges but no self-loops and H can have both multiple edges and
self-loops.! We say £ : V(G) — V(H) is a graph homomorphism
from G to H if £(u)€(v) is an edge in E(H) for all wv € E(G). Here
if H is an undirected graph, then G is also an undirected graph; if
H is directed, then G is also directed. The undirected problem is
a special case of the directed one.

For a fixed H, we are interested in the complexity of the follow-
ing integer function Zy(G): The input is a graph G, and the output
is the number of graph homomorphisms from G to H. More gen-
erally, we can define Z4 (-) for any fixed m x m matrix A = (4, ,):

ZaG) = > ] Acwew

§V—>[m] weFrR

for any directed graph G = (V, E). Note that the input G is a
directed graph in general. However, if A is a symmetric matrix,
then one can always view G as an undirected graph. Moreover, if
A is a {0, 1}-matrix, then Za(-) is exactly Zy(-), where H is the
graph whose adjacency matrix is A.

Graph homomorphisms can express many interesting counting
problems over graphs. For example, if we take H to be an undi-
rected graph over two vertices {0, 1} with an edge (0,1) and a loop
(1,1) at 1, then a graph homomorphism from G to H corresponds
to a VERTEX COVER of G (by taking the set of vertices of G that
are mapped to vertex 1 in H), and Zy(G) is simply the number
of vertex covers of (G. As another example, if H is the complete
graph on k vertices without self-loops, then Zy(G) is the number

L Our results are actually stronger in that our tractability result allows for
loops in G, while our hardness result holds for G without loops.
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of k-COLORINGS of GG. Freedman et al. (2007) characterized what
graph functions can be expressed as Za ().

For increasingly more general families C of matrices A, the
complexity of Z4 (-) has been studied and dichotomy theorems have
been proved. A dichotomy theorem for a given family C of matrices
A states that for any A € C, the problem of computing Za(-) is
either in polynomial time or #P-hard (note that all such problems
belong to P#F' or more precisely FP#T | the class of all functions?
computable by a polynomial-time Turing machine with access to
a #P oracle). A decidable dichotomy theorem further requires
that the dichotomy criterion is computably decidable: There is a
finite-time classification algorithm that, given any A in C, decides
whether Za(+) is in polynomial time or #P-hard. Most results
have been obtained for undirected graphs.

Symmetric matrices A, and ZA(G) over undirected G:
Hell & Nesetiil (1990, 2004) showed that given any symmetric
{0,1} matrix A, deciding whether Za(G) > 0 is either in P or
in NP-complete. Then Dyer & Greenhill (2000) showed that given
any symmetric {0,1} matrix A, the problem of computing Z(-)
is either in P or in #P-complete. Bulatov & Grohe (2005) gen-
eralized their result to all non-negative symmetric matrices A.?
They obtained an elegant dichotomy theorem which basically says
that Za(-) is in P if every block of A has rank at most one and
is #P-hard otherwise. Goldberg et al. (2010) proved a beautiful
dichotomy for all symmetric real matrices. Finally, a dichotomy
theorem for all symmetric complex matrices was proved by Cai
et al. (2013a). We remark that all these dichotomy theorems for
symmetric matrices above are polynomial-time decidable, meaning
that given any matrix A, one can decide in polynomial time (in
the input size of A) whether Za(-) is in P or #P-hard.

2 We will abuse the notation slightly and use P to denote polynomial-time
computable predicates as well as functions.

3 More exactly, they proved a dichotomy theorem for symmetric matrices
A in which every entry A; ; is a non-negative algebraic number. Our result in
this paper applies similarly to all non-negative algebraic numbers. Throughout
the paper, we use R to denote the set of real algebraic numbers and refer to
them as real numbers when it is clear from the context.



348 Cai & Chen cc 28 (2019)

General matrices A and Z4(G) over directed graphs G:

In a paper that received the best paper award at ICALP in 2006,
Dyer et al. (2007) proved a dichotomy theorem for directed graph
homomorphism problems Zg(-) that are restricted to directed and
acyclic graphs H. They introduced the notion of Lovdsz-goodness
and proved that Zy(-) is in P if the graph H is layered* and Lovdsz-
good and is #P-hard otherwise. The property of Lovasz-goodness
turns out to be polynomial-time decidable.

In 2008, Bulatov (2013, 2008) obtained a sweeping dichotomy
theorem for all unweighted (i.e., {0, 1}-valued) counting Constraint
Satisfaction Problems (#CSP for short). Later, Dyer & Richerby
(2010) presented an alternative proof. The dichotomy theorem of
Bulatov implies a dichotomy for Zy(+) over directed graphs H, but
its decidability was unclear since its dichotomy criterion® requires
one to check a condition on an infinitary object. The decidability
of the dichotomy theorem of Bulatov was left as an open problem
in Bulatov (2008). This was resolved by Dyer & Richerby (2013)
in the journal version of their 2010 conference paper after the pre-
liminary version of the present paper (Cai & Chen 2010) appeared
(see discussion on “Recent Developments on the Complexity of
#CSP”). The techniques of Dyer and Richerby generalize to ra-
tional weights, but in a more complicated way, via the translation
of Bulatov et al. (2012). In contrast, the present paper gives a
direct proof that applies to all non-negative algebraic weights; the
techniques of Bulatov et al. (2012) depend heavily on the weights
being rational.

In this paper, we prove a dichotomy theorem for the family of
all non-negative algebraic matrices. We show that for every fixed
mxm matrix A with non-negative algebraic entries, the problem of
computing Za (-) is either in P or in #P-hard. Furthermore, our di-
chotomy criterion is decidable: We present a finite-time algorithm

4 A directed acyclic graph is layered if one can partition its vertices into k
sets Vi,..., Vg, for some k > 1, such that every edge goes from V; to V;1; for
somei:1<i<Ek.

5 A dichotomy criterion is a well-defined mathematical property over the
family of matrices A being considered such that Za(-) is in P if A has this
property and is #P-hard otherwise.
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which, given a non-negative and algebraic matrix A, determines
whether Z4(+) is in P or #P-hard. In particular, for the special
family of matrices with {0,1} entries, our result gives an alterna-
tive dichotomy criterion® to that of Bulatov (2008) and Dyer &
Richerby (2010), which we show is decidable.

The main obstacle we encountered in obtaining the dichotomy
theorem is due to the abundance of new intricate but tractable
cases, when moving from acyclic graphs to general directed graphs.
For example, H does not have to be layered for the problem Zg(-)
to be tractable (see Figure 1.1 for an example). Because of the
generality of directed graphs, it seems impossible to have a simply
stated criterion [e.g., Lovész-goodness, as was used in the acyclic
case by Dyer et al. (2007)] which is both powerful enough to com-
pletely characterize all the tractable cases and also easy to check.
However, we manage to find a dichotomy criterion as well as a
finite-time algorithm to decide whether A satisfies it or not.

In particular, the dichotomy theorem of Dyer et al. (2007) for
the acyclic case fits into our framework as follows. In our di-
chotomy, we start from an m X m matrix A and then define, in
each round, a (possibly infinite) set of new matrices. The size of
the matrices defined in round 7 + 1 is strictly smaller than that of
round 4 (so there can be at most m rounds). The dichotomy then
states that Za(-) is in P if and only if every block of any matrix
defined in the process above is of rank 1 (see Section 1.1 and Sec-
tion 1.2 for details). For the special acyclic case treated by Dyer
et al. (2007), let A be the adjacency matrix of H which is acyclic
and has k layers, then at most k& rounds are necessary to reach a
conclusion about whether Za(-) = Zg(-) is in P or #P-hard. The
general case is more difficult. For example, let H be a directed
graph obtained from a k-layered graph by adding edges from V

6 Both our dichotomy criterion (when specialized to {0, 1} matrices) and
the one of Bulatov characterize {0,1} matrices A with Za(-) in P, and thus,
they must be equivalent assuming P # P#Y ie., A satisfies our criterion if
and only if it satisfies the one of Bulatov. As a corollary, our result implies
a finite-time algorithm for checking the dichotomy criterion of Bulatov (2013)
[and the version of Dyer & Richerby (2010)] for the case of {0,1} matrices,
assuming that P # P#Y. However, we are not able to prove unconditionally
that these dichotomy criteria for {0, 1} matrices are equivalent.
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back to V;. Then deciding whether Z4(-) is in P or #P-hard be-
comes much harder compared to the original k-layered graph in
the sense that we may need many more than k rounds to reach a
conclusion.

Recent developments on the complexity of #CSP:
Significant advances have been made on the complexity of #CSP
after a preliminary version of this paper appeared (Cai & Chen
2010). First of all, in the journal version of their 2010 conference
paper, Dyer & Richerby (2013) showed that their dichotomy cri-
terion for unweighted #CSP is indeed decidable in NP. This was
extended to #CSP with non-negative and rational weights by Bu-
latov et al. (2012), and then to #CSP with non-negative weights by
Cai et al. (2011), both decidable in NP. Later, Cai & Chen (2012)
obtained a complexity dichotomy for #CSP with complex weights,
though the decidability of its dichotomy criterion remains open.
Compared to Cai et al. (2011), our dichotomy theorem is weaker:
(1) While Cai et al. (2011) covers #CSP with non-negative weights,
ours only covers counting directed graph homomorphisms with
non-negative weights, which can be equivalently viewed as a spe-
cial case of non-negative #CSP for which the language consists of
a single binary function; (2) The criterion of Cai et al. (2011) is
shown to be not only decidable but in NP. However, we believe
that the approach of our dichotomy in this paper is still of interest
because of the following reasons: (1) Compared to the recent se-
ries of dichotomy theorems for #CSP (Bulatov 2013; Bulatov et al.
2012; Cai & Chen 2012; Cai et al. 2011; Dyer & Richerby 2013),
the current paper has a more natural and combinatorial approach
that is designed specifically for directed graph homomorphisms.
This goes for the tractability algorithm and the decidability algo-
rithm, both of which are more germane to the problem of counting
directed graph homomorphisms. (2) Our method does not use the
machinery of Universal Algebra, which played a critical role in all
the #CSP papers and thus may find applications when Universal
Algebra is not known to be applicable such as Holant problems (Cai
et al. 2013b, 2014). (3) Assuming that P # P#¥ our dichotomy
criterion is equivalent to that of Bulatov (2013) [and that of Dyer
& Richerby (2013)] over Za(-) with {0, 1}-matrices A. However, it
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remains an open problem to show this equivalence unconditionally.
Such a proof may improve our understanding of these criteria and
shed new light on the decidability of the dichotomy for #CSP with
complex values (Cai & Chen 2012).

1.1. Intuition of the dichotomy: domain reduction. For an
integer m > 1 we denote [m| = {1,...,m}; for m = 0 we denote
[0] = (. Let A be the m x m non-negative matrix being considered,
and let G = (V, E) be an input directed graph. Before giving a
more formal sketch of the dichotomy theorem, we use a simple
example to illustrate one of the most important ideas of this work:
domain reduction.

For this purpose, we need to introduce the concept of labeled
directed graphs. A labeled directed graph G over domain [m] is
a directed graph in which each directed edge e is labeled with
an m x m matrix Al and each vertex v is labeled with an m-
dimensional vector wl¥l. The partition function of G is defined as

Z H“’av H AUZ]> 0%

&V —[m] veV uwekl

In particular, Za(G) = Z(Gp) where Gy has the same graph struc-
ture as G; every edge of G is labeled with the same A; and every
vertex of Gy is labeled with 1, the m-dimensional all-1 vector.
Roughly speaking, starting from the input G, we build (in
polynomial time) a finite sequence of new labeled directed graphs
Go, Y1, Go, . .., Gy, one by one. Gi1 is constructed from G by using
the domain reduction method which we are going to describe next.
On the one hand, the domains of these labeled graphs shrink along
with k. This means, the size of the edge weight matrices associated
with the edges of Gi. (or equivalently, the dimension of the vectors
associated with the vertices of Gy) strictly decreases along with k.

On the other hand, Z(Gy11) = Z(Gx) for all £ > 0 and thus,
Za(G) =Z(Go) == Z(Gp).

As the domain size decreases monotonically, the number of graphs
Gy, in this sequence is at most m. To prove our dichotomy, we show
that, either something bad happens which forces us to stop the
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Figure 1.1: A directed graph H such that Zy(-) is tractable

domain reduction process, in which case we show that Z4 (-) is #P-
hard; or we can keep reducing the domain until the computation
becomes trivial, in which case we show that Z4(+) is in P.

Aqq Az
Asy Ass
Az Asz
Ays Ay
Aso Asy
Ag2 Aga

Azg Azg
Asge Ags

Figure 1.2: The 8 x 8 block-rank-1 matrix A

We say a non-negative matrix A is block-rank-1 if one can sepa-
rately permute its rows and columns to get a block diagonal matrix
in which every block is of rank at most 1. Bulatov & Grohe (2005)
(see Theorem 2.3) showed that Za(-) is #P-hard when A is not
block-rank-1. So we assume below that A is block-rank-1; other-
wise the problem is already known to be #P-hard. As an example,
let A be the 8 X8 block-rank-1 non-negative matrix with 16 positive
entries as shown in Figure 1.2, and let

T = {(A17 Bl)a (A27 B2)7 (A37 B3>7 (A47 B4)}
denote its block structure, where As = {2s —1,2s} for each s € [4],

By ={1,3}, By={5,7}, By={2,4} and B, = {6,8},
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Figure 1.3: Input directed graph G

so that A;; > 0 if and only if ¢ € A, and j € B;, for some s €
[4]. Because A is block-rank-1, there also exist two 8-dimensional
positive vectors v and B such that A;; = «; - §; for all (7, ) such
that i € A, and j € B, for some s € [4].

Now let G = (V, E) be the directed graph in Figure 1.3, where
|[V| =6 and |E| = 6. We illustrate the domain reduction process
by constructing the first labeled directed graph G; in the sequence
as follows. To simplify the presentation, we let y € [8]° (instead
of £ : V — [8]) denote an assignment, where y; € [8] denotes the
value of vertex i in Figure 1.3 for every i € [6].

First, let y € [8]® be any assignment with a nonzero weight:
Ay, ;> 0 for every edge ij € E. Since A has the block structure
T, for every ij € E, there exists a unique index s € [4] such that
y; € As and y; € Bs. This inspires us to introduce a new variable
xy € [4] for each edge ¢, € F, ¢ € [6] (as shown in Figure 1.3).
For every possible assignment of x = (1, Zo, ..., zs) € [4]%, we use
Y[x] to denote the set of all possible assignments y € [8]° such
that for every e, =15, v; € A,, and y; € B,,. Now we have

ZA(G) = Z Z wt(y), where wt(y) = H Ay,

x€[4]6 yeY[x] ijEE

Second, we further simplify the sum above by noticing that if
To # x3 in x, then Y[x] must be empty because the two edges es
and ez share the same head in G. In general, we only need to sum
over the case when r1 = 9 = x3 and x4 = x5, since otherwise the
set Y[x] is empty. As a result, we have
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A=Y Y wity).

T1=T2=I3
rale yEY[¥]
6

The advantage of introducing x,, ¢ € [6], is that, once x is
fixed, one can always decompose A, ,. as a product a,, - 3, for
all y € Y[x] and all ij € F, since y belonging to Y [x]| guarantees
that (y;,y;) falls inside one of the four blocks of A. This allows us
to greatly simplify wt(y): If y € Y[x], then

wt(y) = Ayrys - Ay - A A A A

= vy, Bys Cyy By Qyp By s By Oy Bys Oy By -

Y2,Y3 Y3,Y4 Y3,Y5 Y5,Y6

Also notice that Y[x], for any x, is a direct product of subsets of
[8]: y € Y[x] if and only if

Y1 € L, = Axl

Yg € L2 = Ax3 N B:m = Aml N Bx1

Y3 € Lg = Ax4 mAx5 mez ﬂst = Ax4 N Bx1

Yy € L, = BC,;4
Ys - L5 = Axﬁ N Bfm
Ys € L6 = Bmg'

As a result, Za(G) becomes
(1.1)
Z Z ((ayl)zawﬁyz) : ((ay3)2(5y3)2) * By - (05 Bys) - Bys-

Z1,%4,26 y;€L;,1€[6]

Finally, we construct the following labeled directed graph G
over domain [4]. There are three vertices a,b, and ¢, which corre-
spond to xy, x4, and xg, respectively; there are two directed edges
ab and be. The weights are as follows. The vertex weight vector of
a is

wfl= 37 (@) (af),  for every €€ [4];
Y1€A,, y2€A,NB,

the vertex weights of b and ¢ are the same:

wgb] _ wgc] = Z By,  for every £ € [4].
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The edge weight matrix C® of ab is

O = 3 (0)*(By)? forall k£ € [4]

y3€EBRNAy

and the edge weight matrix Cl* of be is

C’EZ} = Z Qs By,  forall k, 0 e [4].

YsEBLNA,

Using (1.1) and the definition of Z (G, ), one can verify that Za (G) =
Z(G), and thus, we have reduced the domain size from 8 (which is
the number of rows and columns in A) to 4 (which is the number
of blocks in A). However, we also seem to have paid a high price.
Two issues are worth pointing out here:

1. Unlike in Z4 (G), different edges in Gy have different edge
weight matrices in general. For example, the matrices
associated with ab and bc are different, for general a and 3.
Actually, the set of matrices that may appear as an edge
weight of Gy, constructed from all possible directed graphs G
after one round of domain reduction, is infinite in general.

2. Unlike in Za(G), we have to introduce vertex weights in G.
Similarly, vertices may have different vertex weight vectors,
and the set of vectors that may appear as a vertex weight of
G, constructed from all possible G' after one round of
domain reduction, is infinite in general.

It is also worth noticing that {0, 1}-matrices are not that special
under this framework. Even if the A we start with is {0,1}, the
edge and vertex weights of G; immediately become general non-
negative integers right after the first round of domain reduction,
and we have to deal with integer weights afterward.

These two issues pose a difficulty because we need to carry out
the domain reduction process several times, until the computation
becomes trivial. However, the reduction process described above
crucially used the assumption that A is block-rank-1 (otherwise one
cannot replace A; ; with «; - 3;). Thus, there is no way to continue



356 Cai & Chen cc 28 (2019)

this process if some edge weight matrix in G is not block-rank-1.
To deal with this case, we show that if this happens for some G,
then Za(-) is #P-hard. Informally, we have

THEOREM 1.2 (Informal). For any G, if one of the edge matrices
in Gy, (constructed from G after k rounds of domain reductions),
for some k > 1, is not block-rank-1, then Z(-) is #P-hard.

Theorem 1.2 for k& = 1 follows directly from Bulatov & Grohe
(2005). However, due to the two issues discussed earlier, edge
weights and vertex weights of G; are drawn from infinite sets in
general, and thus, even proving it for £k = 2 is highly non-trivial.

After obtaining Theorem 1.2, which essentially gives us a di-
chotomy theorem for non-negative matrices, it remains unclear
whether the dichotomy is decidable. The difficulty is that, to de-
cide whether Z4 () is in P or #P-hard, one needs to check infinitely
many matrices (all the edge weight matrices that appear in the do-
main reduction process, from all possible directed graphs G) and
to see whether all of them are block-rank-1. To do this, we give
an algebraic proof using properties of polynomials. We manage
to show that it is not necessary to check these matrices one by
one, but only need to check whether or not the entries of A satisfy
finitely many polynomial constraints.

1.2. Proof sketch. We assume below that A is non-negative
and block-rank-1 since the case when A is not block-rank-1 has
already been dealt with by Bulatov & Grohe (2005). To show that
Za(+) is either in P or #P-hard, we use the following two steps.
In the first step, we define from A a finite sequence of pairs:

<%07@0)7 (%17@1)7 sy (%hng.jh)a for some £ : 0 S h < m,

where Xy = {1}, 9o = {A} and 1 denotes the m-dimensional all-1
vector. Each pair (Xg, D), k € [h], is defined from (X;_1,Dr-1).
Roughly speaking, 9 (respectively, Xy) is the set of all edge ma-
trices (respectively, vertex vectors) that may appear in Gy, after k
rounds of domain reductions. There also exist positive integers

m=mg>mqy>--->my>1
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such that every 9y, k € [h], is a set of my X my non-negative
matrices, and every X, k € [h], is a set of my-dimensional non-
negative vectors. Although the sets X; and ), are infinite in
general (which is the reason why we used the word “define” instead
of “construct”), the definition of (X, Q) guarantees the following
two properties:

1. For each k € [h], matrices in 9, share the same support
structure: for all B, B’ € 9y, we have B, ; > 0 & Bj; > 0;

2. Every matrix B in ), is a permutation matrix.

The definition of (Xg, Q) from (Xi_1,Yr-1) can be found in
Section 4. In Section 7 we prove that, for all k € [h] and B €
D, the problem of computing Zg(+) is polynomial-time reducible
to that of Zao(+). From this, we obtain the hardness part of our
dichotomy theorem using Bulatov & Grohe (2005): If there exists
a matrix B € 9, for some k € [h] such that B is not block-rank-1,
then Za(+) is #P-hard.

Now we assume that all matrices in 9y, k € [h], are block-rank-
1. To finish the proof, we only need to show that if this is true,
then Z(-) is indeed in P. To this end, we use the domain reduction
process to construct from the input graph G a sequence of labeled
directed graphs Gy, ..., Gy such that

1. Z(G1) = ZA(G) and Z(Gy41) = Z(Gx) for all k: 1 < k < h;

2. For every k € [h], we have Al € 9, for all edges e in Gy,
and wl*! € X, for all vertices v in G.

This sequence can be constructed in polynomial time, because the
construction of Gy, from G can be done very efficiently as de-
scribed in Section 1.1, and also because the number of graphs in
the sequence is at most m. By the two properties above, we have
ZA(G) = Z(Gp); every edge weight matrix Al¥ in G, is a permu-
tation matrix. As a result, we can compute Z (G) in polynomial
time since Z(Gy,) can be computed efficiently.

This finishes the proof of our dichotomy theorem: Given any
non-negative matrix A, the problem of computing Z(+) is either
in polynomial time or #P-hard. Moreover, to decide which case
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it is, we only need to check whether the matrices in 9y, k € [h],
satisfy the following condition:

The Block-Rank-1 Condition: Every matrix B € ),
k € [h], is block-rank-1.

However, as mentioned earlier, each of the sets 9y, k € [h], is
infinite in general, so one cannot check the matrices one by one.
Instead, we express the block-rank-1 condition as a finite collection
of polynomial constraints over 9. The way (X, 2y) is defined
from (Xy_1,9r_1) allows us to prove that, to check whether every
matrix in ), (or every vector in X) satisfies a certain polynomial
constraint, one only needs to check a finitely many polynomial
constraints for (Xx_1,9_1). Therefore, to check whether 9y, k €
[h], satisfies the block-rank-1 condition we only need to check a
finitely many polynomial constraints for (X¢,%)). Since X, = {1}
and )y = {A} are both finite, this can be done in a finite number
of steps.

2. Preliminaries

We write R, to denote the set of non-negative algebraic numbers.
Throughout the rest of the paper, we deal with non-negative al-
gebraic numbers (or vectors /matrices with non-negative algebraic
entries) only and will refer to them simply as non-negative (real)
numbers for convenience. We can also work with any reasonable
model of computation for algebraic numbers, e.g., the one used by
Lenstra (1992), Thurley (2009) and Cai et al. (2013a). This issue
does not seem central to this paper because when the complexity
of Za(-) is concerned, the matrix A is fixed and its entries are
considered as constants. The input size only depends on the size
of the input graph.

We say G = (G, V,€) is a labeled directed graph over [m] =

{1,...,m} for some positive integer m, if

1. G = (V,E) is a directed graph (which may have parallel
edges but no self-loops);

2. Every vertex v € V is labeled with an m-dimensional
non-negative vector V(v) € R as its vertex weight; and
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3. Every edge uv € E is labeled with an m x m (though not
necessarily symmetric) non-negative matrix £(uv) € R"”™
as its edge weight.

Let G = (G,V,€) be a labeled directed graph, where G =
(V,E). For each v € V, we use wi! = V(v) to denote its vertex
weight vector, and for each uv € E, we use C[*’! = £(uv) to denote
its edge weight matrix. Then we define Z(G) as follows:

Z(G) = Z wt(G,€), where wt(G,&) = H ng(]v) H Cs[l(tz%,s(v)

éV*)[m] veV uwveFl

denotes the weight of the assignment &.
Let C be an m X m non-negative matrix. We are interested in
the complexity of Z¢(-):

Zc(G) = Z(G),  for any directed graph G = (V, E),

where G = (G, V, £) is the labeled directed graph with V(v) =1 €
R™ for all v € V and £(uv) = C for all edges uv € E.

DEFINITION 2.1 (Pattern and block pattern). We say P is an m x
m pattern if P C [m]x[m]. P is said to be trivial if P = (). A non-
negative m x m matrix C is of pattern P, if for all i,j € [m], we
have C; j > 0 if and only if (i,j) € P. C is also called a P-matrix.
We say T is an m x m block pattern if

(i) T = {(Al,Bl),...,(AT,BT)} for some r > 0;
(ii)) A; C [m], A; # 0, B; C [m] and B; # 0 for all i € [r]; and

7T is said to be trivial if T = (). A block pattern 7 naturally defines
a pattern P, where

P ={(i,j)| 3k € [r] such that i € Ay, and j € By}.

We also say P is consistent with 7. Finally, we say a non-negative
m x m matrix C is of block pattern 7, if C is of pattern P defined
by T. C is also called a T-matrix.
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DEFINITION 2.2. We say an m X m non-negative matrix C is
block-rank-1 if

(i) Either C = 0 is the zero matrix (and is of block pattern
T =0); or

(ii) C is of block pattern T, for some m x m block pattern
T ={(Ay,B1),...,(A., B.)} withr > 1, and for every
k € [r], the sub-matrix of C indexed by Ay and By, is
(exactly) rank 1.

Let C be a non-negative block-rank-1 matrix of block pattern
7. Then there exists a unique pair (o, 3) of non-negative m-
dimensional vectors such that

(i) For every i € [m], o; > 0 <= i € Uy, Ar; and
Bi >0 < i€ Uy Brs

(ii) C;; = «; - B; for all i, j € [m| such that C;; > 0; and
(iif) Ifr > 1, then Y ;. a; =1 for every i € [r].

The pair (o, B) is called the (vector) representation of C. Note
that we have a = 3 = 0 when C = 0.

It is clear that 7 and (o, 3) together uniquely determine a
non-negative block-rank-1 matrix.

The following theorem concerning the complexity of Zg(-) is
proved by Bulatov & Grohe (2005) [also see Grohe & Thurley
(2011)].

THEOREM 2.3 (Bulatov & Grohe 2005). Let C be a non-negative
m X m matrix. If C is not block-rank-1, then the problem of
computing Zg(+) is #P-hard.

Let 7 be an m X m non-trivial block pattern where 7 =
{(A1,B1),...,(A,, B,)} for some r > 1. It defines the following
rxr pattern P = gen(7): For all 4,5 € [r], (i,7) € P if and only if
B;NA; # 0. (To avoid ambiguity, we always assume that A;’s in 7
are indexed using a canonical ordering when deriving P = gen(7')
from 7, e.g., sorted by the smallest elements in A;’s.) Note that
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P = gen(7T) can be trivial, i.e., P = (), even if T is non-trivial.
Next, we introduce a generalized version of Z¢(-). Let m > 1
and (B, Q) be a pair in which

1. P is a finite, nonempty set of non-negative m-dimensional
vectors with 1 € B; and

2. 9 is a finite, nonempty set of m X m non-negative matrices.

We then use Z(-) to define the function Zg o(-) as follows:

Zpa(G) = Z(G),

where G = (G, V, ) is a labeled directed graph with V(v) € P for
any vertex v € V(G), and E(uv) € Q for any edge uv € E(G).
Note that Zg o(+) captures exactly #CSPs with non-negative con-
straint functions of arity at most two. As a special case, Zg() is
exactly Zgp o(-) with P = {1} and Q = {C}.

Finally, let m > 1 and (X,9)) and (X',9)’) be two pairs such
that:

1. X and X’ are two nonempty (and possibly infinite) sets of
non-negative m-dimensional vectors with 1 € X and 1 € X/;

2. 9 and )’ are two nonempty (and possibly infinite) sets of
non-negative m X m matrices.

DEFINITION 2.4 (Reduction). We say (X',2)’) is polynomial-time
reducible to (X,9)) if for every finite and nonempty subset 3" C X'
with 1 € B’ and every finite and nonempty subset Q' C 9)’, there
exist a finite and nonempty subset B C X with 1 € P and a finite
and nonempty subset Q C ), such that Zy o/(-) is polynomial-
time reducible to Zg o(-).

3. Main theorems

We prove a complexity dichotomy theorem for all counting prob-
lems Zg(-) where C is any non-negative matrix. Actually, our
main theorem is more general and applies to Zg o(+) over all finite

P-pairs (B, Q) as defined below.
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DEFINITION 3.1. Let P be an m x m pattern. An m-dimensional
non-negative vector w is said to be

— positive: w; > 0 for all i € [m]; and
— P-weakly positive: for all i € [m], w; > 0 < (i,i) € P.
We call (X,9)) a P-pair if

(i) X is a nonempty (and possibly infinite) set of positive or
P-weakly positive vectors with 1 € X;

(ii) Q) is a nonempty (and possibly infinite) set of m x m
(non-negative) P-matrices.

We say it is a finite P-pair if both sets are finite. We normally use
(B, Q) to denote a finite P-pair.

Similarly, for any m x m block pattern T, we can define T -
weakly positive vectors as well as 7 -pairs by replacing the P above
with the pattern defined by 7T .

We prove the following complexity dichotomy theorem:

THEOREM 3.2 (Complexity Dichotomy). Let P be an m x m pat-
tern for some m > 1. Then for any finite P-pair (,9), the
problem of computing Zy (+) is either in polynomial time or #P-
hard.

It gives us a dichotomy for the special case of Z¢(-) when B =
{1} and 9 = {C}. Moreover, we show that for the special case
when B = {1}, we can decide in a finite number of steps whether
Zgq is in polynomial time or #P-hard. In particular, it implies
that the dichotomy for Z¢(+) is decidable.

THEOREM 3.3 (Decidability). Given any positive integer m > 1,
an m x m pattern P, and a finite P-pair (,Q) with P = {1},
the problem of whether Zy o(+) is in polynomial time or #P-hard
is decidable.
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REMARK 3.4. Compared to the dichotomy theorem for #CSP
with non-negative weights by Cai et al. (2011), the classification of
Theorem 3.2 and Theorem 3.3 is limited since they only apply to
#CSP with constraint functions that have arity at most two and
satisfy certain conditions.

We prove Theorem 3.2 and Theorem 3.3 in the rest of the sec-
tion. The lemmas (Lemma 3.6, Lemma 3.7, and Lemma 3.8) used
in the proof will be proved in the rest of the paper.

3.1. Defining new pairs: gen-pair(X,2)). We first state a
key lemma which will be proved in Section 4 and Section 7. We
need the following definition.

DEFINITION 3.5. A set S of non-negative m-dimensional vectors,
for some m > 1, is closed if wiowy € S for all vectors wi, wy € S,
where we use o to denote the Hadamard product of two vectors:
W1 0 Wy is the m-dimensional vector whose ith entry is wi; - wa;
for all i € [m).

Let (X,9) be a (possibly infinite) 7-pair for some non-trivial
m X m block pattern 7. We also assume that every matrix in )
is block-rank-1. Let P’ = gen(7). Then in Section 4, we intro-
duce an operation gen-pair over (X,9)), which defines a new (and
possibly infinite) P’-pair (X',9)’) = gen-pair(X,9)) in which X' is
closed. In Section 7, we further show that (X',9)’) is polynomial-
time reducible to (X,9)).

We summarize properties of gen-pair in the following lemma:

LEMMA 3.6. Let (X,2)) be a T -pair for some non-trivial block
pattern 7. Suppose that every matrix in ) is block-rank-1, then
(X',9)) = gen-pair(X,92) (as defined in Section 4) is a P’-pair,
where P’ = gen(7). Moreover, the new vector set X' is closed and
(X',9)) is polynomial-time reducible to (X%,2)).

3.2. Proof of Theorem 3.2. Assuming Lemma 3.6, we are now
ready to prove Theorem 3.2.

Let (3,9Q) be a finite P-pair for some m x m pattern P. We
may assume that there is a block pattern 7 that is consistent with
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P and all matrices in  are block-rank-1; otherwise, it follows from
Theorem 2.3 that Zy o(+) is #P-hard and we are done with it. We
summarize this as the following property:

Ry: (B, Q) is a finite 7-pair for some m x m block pattern 7;
Every matrix in £ is block-rank-1.

For convenience, we rename (I3, Q) to be (Xy,9)o) and rename m
and 7 to be my and 7, respectively. Next we define a finite se-
quence of pairs using gen-pair, starting with (Xg, o).

First, if |A;| = |B;| = 1 for all 4, i.e., every set A; and B; in 7,
is a singleton, then the sequence has only one pair (X¢,9)o), and
the definition of this sequence is complete. Note that this includes
the special case when 75 = () and 2y = {0}, where 0 denotes the
all-0 matrix of dimension my.

Otherwise, in Step 1, we define a P;-pair (%1,92):) as follows:

(%X1,9)1) = gen-pair(Xy,%o), where P; = gen(7p).

By Lemma 3.6, (X1,9):) is polynomial-time reducible to (X¢,9o)
(recall Definition 2.4). This leads to one of the following two cases:
(1) either we have that P; is consistent with a block pattern, de-
noted by 77 (hence (%1,9)1) is also a 7y-pair), and every matrix in
2, is block-rank-1, or (2) it follows from Theorem 2.3 and the
polynomial-time reduction that Zgq(-) is #P-hard and we are
done with this case. (To see the latter, assuming that D € ),
is not block-rank-1, it follows from Theorem 2.3 that Zg, o, (-) is
#P-hard where we let P; = {1} and Q; = {D}. It follows from
Lemma 3.6 (and the fact that 1 € ¥;) that there exists a finite”
pair (Po, Qo) with Py C Xy and Qy C Yo such that Ly, o,(+) is
polynomial-time reducible to Zg, q,(-) which is trivially reducible
to Zga(-) since Py € Xp =P and Qo C Yo = Q.)

As a result, we assume below that 7; and (X1,%9);) satisfy the
following property:

R*: 77 is an m; x my block pattern that is consistent with
P, = gen(7y), where m; is the number of pairs in 7y;

7 Here this is trivial since (X¢,2)o) is itself a finite pair.
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(%X1,9)1) = gen-pair(Xy,Qo) is a 7;-pair, and every matrix
in ) is block-rank-1.

We also have mg > my since at least one of the sets in 7 is not a
singleton.

We remark that both sets X; and 2); are infinite in general, so
one cannot check the matrices in ); for the block-rank-1 property
one by one. It does not matter right now because we are only
proving the dichotomy theorem. However, it will become a serious
problem later when we show that the dichotomy is decidable. We
have to show that the block-rank-1 property can be verified in a
finite number of steps.

We repeat the process above. After £ > 1 steps, either we are
already done with (3, Q) by showing that Zg o(-) is #P-hard, or
we have defined a sequence of £ 4 1 pairs:

(X0,D0), (X1,D1), - -+, (X6, Do),

and ¢ + 1 block patterns 7y, 7,...,7,; that satisfy the following
property:

R,: For every i € [0: ¢], 7; is a block pattern;
For every i € [{], 7; is consistent with P; = gen(7;_1);
For every i € [{], (X;,9);) = gen-pair(X;_1,9;-1) is a
7;-pair; and
For every i € [0 : /], all the matrices in ); are block-rank-1.

We have two cases. If every set in 7; is a singleton (including the
case when 7, = ) and 9, = {0}), then the sequence has only
¢ + 1 pairs and the definition of the sequence is complete. Oth-
erwise in Step ¢ + 1, we apply gen and gen-pair again to define
Pei1 and (Xpi1,Yes1) from 7y and (X,,9),). It follows from Theo-
rem 2.3, Lemma 3.6, and a similar argument (note that the defini-
tion of reductions in Definition 2.4 is transitive so (X,41,Qer1) is
polynomial-time reducible to (X¢,%9)o)) that either Py is consis-
tent with a block pattern, denoted by 7,1, and

(%07 2)0)7 (xla @1)7 R (%E-&-b 29£+1)7
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together with 7y, 74, . . ., 7oy satisfy (Req1), or we have that Zg o
(+) is #P-hard.

We conclude that either we are already done with (5, Q) by
showing that Zg o(-) is #P-hard, or this process must end with a
sequence of h + 1 pairs

<x07m0)7(%17@1)7‘"7(%h7mh)7 for some hZ 07

together with h + 1 positive integers mg > -+ >my > 1 and h+1
block patterns 7, ..., 7, such that

R: For every i € [0: h], 7; is an m; x m; block pattern;
For every i € [h], 7; is consistent with P; = gen(7;_);
Either 7, = () is trivial or every set in 7}, is a singleton;
For every i € [h], (%;,9;) = gen-pair(X;_1,9;-1) is a
T;-pair; and
For every i € [0 : hl, all the matrices in 9); are block-rank-1.

Because mg > --- > my > 1, we also have h < mg = m.
To complete the proof of the dichotomy theorem, we show in
Section 5 that

LEMMA 3.7 (Tractability). Given any block pattern 7 and a finite
T-pair (B6,9Q), let (X0,Do),- .-, (Xn,Yn) be a sequence of pairs
that satisfies condition (R) for some h < m, with (%X¢,9o) =
('B,Q). Then Zyq(-) is computable in polynomial time.

This finishes the proof of Theorem 3.2.

3.3. Proof of Theorem 3.3. Let (P,Q) be a finite P-pair,
where P is an m x m pattern. We now show that for the special
case when Xy = P = {1} the dichotomy (Theorem 3.2) is indeed
decidable. For convenience, we rename m and (B, Q) to be my
and (Xo,%)0), and without loss of generality write 7y as the block
pattern that is consistent with P (if no such 7; exists we know
that Zg () is #P-hard). We describe our decidability algorithm
below.

The algorithm first checks (R) on )y, i.e., every matrix in 2
is block-rank-1. This is easy since ¥)q is finite. It then computes
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from 7, a sequence of no more than m block patterns 7y, ..., 7,
using gen repeatedly and checks if they satisfy (R). If (R) is vio-
lated (i.e., there is an ¢ such that P; = gen(7;_1) is not consistent
with any block pattern), we know from the proof of Theorem 3.2
that Zg o(-) is #P-hard and the algorithm terminates. If h = 0,
i.e., either 7y = () is trivial or every set in 7 is a singleton, Zy o(+)
is in polynomial time by Lemma 3.7 so the algorithm also ter-
minates. Without loss of generality, we assume below that both
(%X0,90) and 7y, ..., T;, satisfy condition (R), and h > 1. The rest
of the algorithm consists of h < m steps.

At the beginning of the ¢th step, ¢ € [h], we have defined from
(%X0,90) a sequence of ¢ pairs:

(%07 @0)7 (xla @1)7 ceey (%6—17 Q:jﬁ—l)?

where
(Xi41,9i41) = gen-pair(X,;,2);) is a T;4;-pair,

and the algorithm has verified that they all satisfy condition (R),
i.e., every matrix in 9); with ¢ < ¢ is block-rank-1; otherwise, we
know from the proof of Theorem 3.2 that Zy o(-) is #P-hard and
the algorithm terminates. As a result, (X,,9),) = gen-pair(X, 1,
—1) is a new and well-defined 7p-pair, and the goal of the ¢th
step of the algorithm is to check whether every matrix in ), is
block-rank-1. We refer to this property as the rank property for
). We prove the following lemma in Section 8, showing that the
rank property for ), can be checked in a finite number of steps.

LEMMA 3.8. Let (X0,90) be a finite Ty-pair with Xy = {1}. As-
suming that T, ..., 71,7, and (X0,9o), ... (Xi—1,De—1) all sat-
isty their conditions in (R) for some ¢ € [h], the rank property for
), can be checked in a finite number of steps.

This finishes the description of our decidability algorithm, and
Theorem 3.3 follows.

4. Definition of the gen-pair operation

In this section, we define the operation gen-pair.
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Let 7 = {(Ay, B1),...,(A,, B.)} be a non-trivial m x m block
pattern with » > 1. We use diag(7") to denote the set of all i € [m)]
such that ¢ € Ay and i € By, for some k € [r]. In this section, we
always assume that (X,9)) is a 7-pair such that every matrix in
) is block-rank-1. This means that

1. All matrices in ) are block-rank-1 and are of the same
block pattern 7;

2. 1 € X and every vector w € X is either

positive: w; > 0 for all i € [m]; or

T -weakly positive: w; > 0 if and only if i € diag(7).
Given such a pair (X,92)), gen-pair defines a new P-pair
(X',9)) = gen-pair(X,9), where P =gen(7).
To this end, we first define a pair (X*,9)*) from (X,9)), which is a

generalized P-pair defined as follows.

DEFINITION 4.1. Let P be an r X r pattern withr > 1. Anr xXr
non-negative matrix is called a ‘P-diagonal matrix if it is a diagonal
matrix and for all i € [r|, its (i,i)th entry is positive if and only if
(1,i) € P.

We call (X*,9*) a generalized P-pair if

(i) X* is a nonempty (and possibly infinite) set of vectors, each
of which is either positive or P-weakly positive; moreover,
we always have 1 € X*.

(ii)) Y* is a nonempty (and possibly infinite) set of matrices,
each of which is either a P-matrix or a P-diagonal matrix.

For any block pattern T, one can define T-diagonal matrices and
generalized 7-pairs similarly, by replacing the pattern P above
with the one defined by T .

We then use (X*,9)*) to define (X’,2)’). In this section, we only
show that (X',9)’) is a P-pair and X' is closed. We will give the
polynomial-time reduction from (¥X,9)) to (X,9) in Section 7.
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4.1. Definition of )*. We define PP* which contains both P-
matrices and P-diagonal matrices, where P = gen(7). As it be-
comes clear later in Section 4.3, P-diagonal matrices are really just
P-weakly positive vectors in disguise and will be absorbed into X’
when we define the final P-pair (X’,%)’) in which )’ contains P-
matrices only.

There are two types of matrices in )*. First, an r x r matrix
D is in )" if there exist

1. a finite subset of matrices {Cl!, ... Cl} C 9 with g > 1,
and positive integers sq,. .., s,;

2. a finite subset of matrices {D!!, ... D"} C 9 with b > 1,
and positive integers tq,...,t;

3. a positive vector w € X,

such that: Let (al?, B8 and (47,6 be the representations of
Cll and DI, respectively, then

S1 Sg t1 ty
Do T () () () ()"
IeBiﬁAj

for all 4,5 € [r]. The following lemma is easy to prove.

LEMMA 4.2. Ifw € X is positive, then the matrix D defined above
is a P-matrix, where P = gen(7).

PROOF. Because (X,9) is a 7-pair, all the matrices Cl and
DUl i € [¢] and j € [h], are T-matrices, and thus, 8 is positive
over BiU---U B, and 7[9‘] is positive over A; U ---U A,. Since w
is positive, we have that D;; > 0 if and only if B;N A; #0. O

Second, an r x r matrix D is in )* if there exist

1. a finite subset of matrices {C“], e C[g}} C 9 with g > 1,

and positive integers sq,. .., s4;
2. a finite subset of matrices {Dm, . 7D[h]} C 9 with h > 1,
and positive integers 1, ..., t;

3. a T -weakly positive vector w € X,
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such that: Let (al?, 8% and (7,6 be the representations of
Cll and DI, respectively, then

S1 Sg t1 ty
Dam 3 () () () ()

LBEBiﬁAj

for all 4, j € [r]. Similarly one can show that

LEMMA 4.3. Ifw is 7 -weakly positive, then the matrix D defined
above is P-diagonal where P = gen(7T ).

PrROOF. First, we show that D is diagonal. Let i # j be two
distinct indices in [r]. If B; N A; = 0, then D;; is trivially 0.
Otherwise, for every k € B; N A;, we know that (k, k) is not in
the pattern defined by 7 because k € B;, k € A; but ¢ # j. As a
result, we have wy, = 0 which implies D; ; = 0 for all i # j € [r].
Second, if A; N B; # () then (k, k) is in the pattern defined by
T for every k € A; N B;. This implies that w; > 0. As a result, we
have D;; > 0 if and only if A; N B; # 0. d

It follows that )* contains P-matrices and P-diagonal matrices
only, where P = gen(7).

4.2. Definition of X*. Now we define X*. To this end, we first
define X% which is a set of r-dimensional positive and P-weakly
positive vectors. We have w# € X% if and only if one of the
following four cases is true:

1. w’ =1;

2. There exist a finite subset {Cl1 ... ClI} C 9 with g > 1,
positive integers sq,..., s, and a vector w € X (positive or
T-weakly positive) such that: Let (a1, 8%) be the
representation of Cll, then

wf=Y" (ag]) (aﬁgﬂ) " w,, forallie [r].
:EEAZ‘

We have that w# is positive if w is positive and w# is
P-weakly positive if w is 7-weakly positive.
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3. There exist a finite subset {D, ... D} C 9 with h > 1,
positive integers t1,...,t, and a vector w € X (positive or
T-weakly positive) such that: Let (v, 1) be the
representation of DU, then

w = Z (5;1])t1 - (5Lh]>th cwy, forallie[r].

rEB;

Similarly, it can be checked that w# is positive if w is
positive and w# is P-weakly positive if w is 7-weakly
positive.

4. There exist two finite subsets {Cl!, ... Cl} C 9 and
(DM, ... DM} C P with g > 1 and h > 1, positive
integers si,...,54,t1,...,t, and a vector w € X
(positive or T-weakly positive) such that: Let (all, g7)
and (77,6 be the representations of C¥ and
DUl respectively, then

wh= 30 (A) e () () ()

rEB;NA;

for all 7 € [r]. It can be checked that w# is always a
P-weakly positive vector.

This finishes the definition of X#.

Set X* is the closure of X#: w € X* if and only if there exist
a finite subset {wy,...,w,} C X# and positive integers sy, ..., s,
such that

W = (W1)51 O---0 (Wg)sg,

where o denotes the Hadamard product and (w;)® denote the vec-
tor in which the jth entry is the s;-th power of the jth entry of w;.
It follows that X* is closed and any vector in it is either positive
or P-weakly positive. It is also easy to check that (X*,9)*) is a
generalized P-pair.
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4.3. Definition of (X',2)’). We use (X*,9)*) to define (¥',9))
as follows. First )’ contains exactly all the P-matrices in 9)*. The
definition of X’ is more complicated: w’ € X’ if and only if

1. w e X*; or
2. There exist

(a) a finite subset of P-matrices {Cl!, ... Cl} C P~
with g > 0 (so this set could be empty) and g positive
integers sq,...,Sg;

(b) a finite subset of P-diagonal matrices {DI ... DM}
C 9Y* with h > 1, and h positive integers t1,...,1p;

(c) and a vector w € X* (which is either positive or
P-weakly positive),

such that w’ satisfies

w; — w, - ((;;[}})Sl o (C}Z])Sg ' (Dg?})tl . (DZ[Z}>th’

for any ¢ € [r].

It can be checked that every w’ € X' is either positive or P-weakly
positive.

This finishes the definition of (X’,%)’) and the gen-pair oper-
ation. It is easy to verify that the new pair (X',%)’) is a P-pair.
Moreover, since X* is closed, one can show that X’ is also closed.
This proves the first part of Lemma 3.6:

LEMMA 4.4. Let (%X,9) be a T -pair for some non-trivial block pat-
tern 7. Suppose every matrix in %) is block-rank-1, then (X',9)’) =
gen-pair(X,9)) is a P-pair, where P = gen(7), and X' is closed.
Moreover, the pair (X*,9)*) defined from (X,9)) is a generalized
P-pair and X* is also closed.

5. Dichotomy: tractability

In this section, we prove Lemma 3.7 (restated below), the tractabil-
ity part of the dichotomy theorem.
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LEMMA (Tractability). Given any block pattern T and a finite 7 -
pair (B, Q), let (X0,Do), .-, (Xn, Y1) be a sequence of pairs that
satisfies condition (R) for some h < m, with (X0,20) = (B, Q).
Then Zgp o(-) is computable in polynomial time.

Let (X0,90) = (B, Q) be a finite Zo-pair, for some block pattern
To. Let (X0,90), - -, (Xn,Dn) be a sequence of h+ 1 pairs for some
h >0, myg>mg>--->my, >1Dbeh+ 1 positive integers, and
Ty, T1,...,7, be h + 1 block patterns such that

R: For every i € [0: h], 7; is an m; x m; block pattern;
For every i € [h], 7; is consistent with P; = gen(7;_1);
Either 7, = () is trivial or every set in 7}, is a singleton;
For every i € [h], (X;,9):) = gen-pair(X;_1,9;-1) is a
7;-pair; and
For every i € [0 : h], all the matrices in 9); are block-rank-1.

We need to show that Zgpa(-) = Zx,9,(-) can be computed in
polynomial time.

Let Go = (Go, Vo, &) be an input labeled directed graph of
Zx02(). By definition, we have Vy(v) € X, for all vertices v €
V(Gy), and E(uv) € o for all edges uv € E(Gp). We further
assume that the underlying undirected graph of Gy is connected.
(If Gy is not connected, then we only need to compute Zx, o, (-) for
each undirected connected component of Gy and multiply them to
obtain Zx,9,(Go).)

To compute Zx, 9,(Go), we will construct in polynomial-time a
sequence of h+ 1 labeled directed graphs Gy, ..., G,. We will show
that these graphs have the following two properties:

Py: For every ¢ € [0: h], Gy = (G, Vi, &) is a labeled directed
graph such that V,(v) € X, for all v € V(Gy); E(uv) € Yy
for all uv € E(Gy), and the underlying undirected graph of
Gy is connected.

Py Z(Go) = Z(G1) = -+ = Z(Gy).

As a result, to compute Z(Gy), one only needs to compute Z(Gy,).
On the other hand, we do know how to compute Z(Gy) in polyno-
mial time. If 7}, is trivial, then computing Z(Gy) is trivial. Oth-
erwise, if every set in 7, is a singleton, then one can efficiently
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enumerate all assignments of G, with a positive weight. (To see
this, we note that for any edge wv in GG;, and any assignment of
u, there is at most one assignment of v such that the edge weight
of uv is positive. As G, is connected, each assignment of u can
be extended to at most one assignment of vertices of G;, with a
positive weight, and this extension can be computed efficiently.)
This allows us to compute Z(Gy) = Z(Gy) in polynomial time.

5.1. Construction of G’ from G. Let (X,9) be a 7T-pair for
some m X m non-trivial block pattern 7 such that all matrices in )
are block-rank-1. Then by Lemma 4.4, (¥',9)’) = gen-pair(X,9)
is a P-pair where P = gen(7).

Let G = (G, V, &) be a labeled directed graph such that V(v) €
X for all v € V(G); E(uwv) € Y for all wv € E(G); and the under-
lying undirected graph of GG is connected. We further assume that
G is not trivial: V' is not a singleton. (Since for this special case,
Z(G) can be computed trivially.) In this section, we show how to
construct a new graph G’ = (G',V’,&’) in polynomial time such
that V'(v) € X' for all v € V(G'); &' (uv) € Y’ for all uv € E(G');
the underlying undirected graph of G’ is connected; and

(5.1) Z(G) = Z(9").

Then we can repeatedly apply this construction, starting from Gy,
to obtain a sequence of h + 1 labeled directed graphs Gy,...,Gp
that satisfy both P; and Py. Lemma 3.7 then follows.

Now we describe the construction of G'. Let G = (V, E) and
T ={(A1,B1),...,(A,, By)} for some n > 1, then P = gen(7) is
an n X n pattern. The construction of G’ is divided into two steps,
just like the definition of (X',9)’) = gen-pair(X,2)) in Section 4.
In the first step, we construct a labeled graph G* = (G*,V*,&*)
from G such that

1. V*(v) € X* for all v € V(G*); £*(uv) € Y* for all
wv € E(G*), and the underlying undirected graph of G* is
connected, where (X*,2)*) denotes the generalized P-pair
defined in Section 4.

2. Z(G*) = Z(G).
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In the second step, we construct G’ from G* and show that Z(G') =
Z(G*).

5.1.1. Construction of G* from G. Let G = (G,V,€) and G =
(V, E'). We decompose the edge set using the following equivalence
relation:

DEFINITION 5.2. Let e, € be two directed edges in E. We say
e ~ €' if e =€ or there is a sequence of edges

/
€ =¢€p,€1,...,6 =¢€

in E such that for alli € [0 : k — 1), e; and e;;; share either the
same head or the same tail.

We divide £ into equivalence classes Ry, ..., [y using ~:
E=RU---URy, forsome f > 1.

Because the underlying undirected graph of GG is connected, there
is no isolated vertex v in GG, and thus, every vertex v € V' appears
as an incident vertex of some edge in at least one of the equivalence
classes. This equivalence relation is useful because of the following
observation.

OBSERVATION 5.3. For any i € [f], the subgraph spanned by R;
is connected if we view it as an undirected graph. There are three
types of vertices in it:

(i) Type-L: vertices which only have outgoing edges in R;;
(ii) Type-R: vertices which only have incoming edges in R;; and

(iii) Type-M: vertices which have both incoming and outgoing
edges in R;.

Let £ : V — [m| be any assignment with wt(G,¢) # 0, then for
any i € [f] there exists a unique k; € [n]| such that the value of
every edge uv € R; is derived from the k;-th block of 7 &(u) € Ay,
and &(v) € By,. Therefore, for every i € [f], there exists a unique
k; € [n] such that
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(i) For every Type-L vertex v in the graph spanned by R;,
5(7}) S Akm

(ii) For every Type-R vertex v in the graph spanned by R;,
g(”) € Bki; and

(iii) For every Type-M vertex v in the graph spanned by R;,

Now we build G* = (G*,V*,&*), where G* = (V*, E*). The

next observation is important.

OBSERVATION 5.4. Each vertex v € V can appear in no more
than two subgraphs spanned by R;’s. To see this, assume for a
contradiction that v appears in three subgraphs spanned by three
distinct subsets of edges R;, R;, and Rj. Then there exist three
distinct edges e € R;, €' € R;, and €” € Ry, such that v is incident
to all of them, either as head or as tail. So v must be the head of at
least two of them, or the tail of at least two of them. Then at least
two of e, ¢/ and e” are equivalent under ~, and R;, R;, and R), are
not three distinct equivalence classes. This is a contradiction.

We start with the construction of G*. V* is exactly [f] in
which the vertex i € [f] corresponds to R; of G. For each vertex
v € V, if it appears in two subgraph spanned by R; and R, for
some i # j € [f] and if the incoming edges of v are from R; and
the outgoing edges of v are from R;, then we add a directed edge
17 in E*. Note that E* may have parallel edges. This finishes
the construction of G*. It is easy to verify that the underlying
undirected graph of G* is also connected.

The only thing left is to label the graph G* with vertex and
edge weights. For every edge in E*, we assign it the following
n X n matrix. Assume that an edge 77 is created because of a
vertex v € V' which appears in both R; and R;. Let the incoming
edges of v be ujv,...,usv in R; and the outgoing edges of v be
vwy, ..., vw; in R, where s, > 1. We use Cl € 9 to denote
the edge weight of u,v, D € 9 to denote the edge weight of
vwy, and w € X to denote the vertex weight of v in G. We use
(o™, ) and (4, §*)) to denote the representations of C* and
D respectively. Then the (k, ¢)th entry of D is
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Dy, = Z Ul glsl A0 Ny for all k, £ € [n].

rEBLNAy

By the definition of gen-pair, it is easy to check that D € *.
Finally, we define the vertex weight of i € [f]. To this end, we
first define an n-dimensional vector wl*! for each vertex v € V that
only appears in R;. We then multiply (using Hadamard product)
all such vectors to get the vertex weight vector of i € [f].
Let v € V be a vertex which only appears in R;, and then, we
have the following three cases:

1. If v is Type-L, then we use vwy, ..., vw, to denote its
outgoing edges. We let w denote the vertex weight of v in G
and CU! denote the edge weight of vw; with representation
(a[j]’ﬁ[ﬂ)' Then

wk = Z al ~w,,  forall k € [n].
TEAL
2. If v is Type-R, then we use ujv, ..., usv to denote its

incoming edges. Let w denote the vertex weight of v in G
and CU! denote the edge weight of u;v with representation
(all, BU). Then

w? = Z @][01] .. .63[631 ~wg,  for all k € [n].

€ By,

3. If v is Type-M, then we use ujv, ..., usv,vws,...,vw; to
denote its edges where s,t > 1. We let w be the vertex
weight of v in G, CU! be the edge Weight of u;v with
representation (!, BV, and DU! be the edge weight of
vw; with representation (v, 8¥!). Then

w,[:] — Z gl gl A0 Ay o for all k € [n).

rEBRNAg

We then multiply (using Hadamard product) all the vectors wl"!
over all vertices v that only appear in R; to get the vertex weight
vector w of ¢ € [f] in G*. By definition, we have that w € X*, and



378 Cai & Chen cc 28 (2019)

this finishes the construction of G*. Note that both G* and edge
and vertex weights of G* can be computed in polynomial time (in
the input size of G). Next, we show that Z(G*) = Z(G).

Let ¢ : V* = [f] — [n] be any assignment. We use =, to denote

{5 Vo= [m] | Vie([f], YuwweR;, {(u) € Ay and £(v) € Bqﬁ(i)}'

Equivalently, ¢ defines for each vertex v € V a set U, C [m], where

1. If v appears in both the subgraph spanned by R; and the
subgraph spanned by R;, for some i # j € [f], and v is
Type-R in R; and Type-L in R;, then U, = By N Agj);

2. Otherwise, assume v only appears in the subgraph spanned
by R;. Then
(a) If v is Type-L, then U, = Ayp);
(b) If v is Type-R, then U, = By;); and
(C) If vis Type—M, then U'u = Bqﬁ(z) N A¢(i)7
such that £ € Z, if and only if £(v) € U, for all v € V. In particu-
lar, Z, = 0 if U, = () for some v € V.
By Observation 5.3, if wt(G,§) # 0 then { € =, for some
unique ¢. For any v € V, we let wl¥) denote its vertex weight in
G; for any uv € E, we let D"l denote its edge weight in G, with

representation (a[“”],,@[“”]). Then by the definition of =4, we have
for all £ € =,

D [QEZ]) ) — glzz] 6?” for all wv € F.

Therefore, we have the following equation:
S G- 3 (H ull [ ol M) |
€S, £€Ey \veV weE

This sum can be written as a product:

> wt(G. ) =[] H.

£eEy veV
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in which for every v € V', the factor H, is a sum over £(v) € U,,.
By the construction of G*, we can show that

(5.5) wt(G*,¢) = > wt(G, &) = [ ] He-

£eE, veV
This follows from the following observations:

1. If v appears in both the subgraph spanned by R; and the
subgraph spanned by R;, for some ¢ # j € [n], and this v
defines an edge ij € E*, then the edge weight of this edge ij
in G* with respect to ¢ is exactly H,;

2. For every i € [n], we let V; C V denote the set of vertices
that only appear in the subgraph spanned by R;. We also
let w denote the vertex weight of ¢ € [n| in G*. Then

wg(i) = H Hv.

veV;

As a result, it follows from (5.5) that

Z(G7) =Y wt(G"d)=>_ > wt(G.&) = Z(G).
¢

¢ E€Ey

5.1.2. Construction of G’ from G*. Let G* = (G*,V* &)
be the labeled directed graph constructed above, where G* =
(V*, E*). We know that V*(v) € X* for all v € V*; & (uwv) € Y*
for all uv € E*; the underlying undirected graph of G* is con-
nected. As (X*,9)*) is a generalized P-pair, each D € 9* is either
a P-matrix or a P-diagonal matrix.

We will build a new labeled directed graph G’ = (G', V', &)
with G’ = (V', E’) such that V'(v) € X' for allv € V'; &'(uwv) € Y’
for all uv € E’; the underlying undirected graph of G’ is connected;
and Z(G') = Z(G*).

Let E* = Ey U E,, where Ej consists of the edges in E* whose
weight is a P-matrix and F; consists of the edges in F* whose
weight is a P-diagonal matrix. We write Vi, ..., V,, for some g > 1,
to denote the connected components of (V*, E), where we view E
as a set of undirected edges and (V*, E) as an undirected graph.
Then, we have the following observation:
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OBSERVATION 5.6. Let ¢ : V* — [n] be an assignment with non-
zero weight: wt(G*,¢) # 0. Then for any ¢ € [g], there exists a
unique k; € [n] such that ¢(v) = k; for all v € V.

Now we construct G’ = (G',V',&’). First we construct G' =
(V' E"). V'is exactly [¢g] in which vertex i € [g] corresponds to V;.
For every edge uv € Ej such that u € V;, v € V}, and i # j € [g],
we add an edge from i to j in G’. This finishes the construction of
G'. Tt is easy to verify that the underlying undirected graph of G’
is also connected.

Finally, we assign vertex and edge weights. For each edge 77 in
G’', suppose it is created because of uv € Ey. Then the edge weight
of ij is the same as that of uv. As a result, all the edge weight
matrices of G’ come from ). (Since by definition of gen-pair, 2’
contains all the P-matrices in 9)*.)

We define the vertex weights of G as follows. If V; = {v} is
a singleton, then the vertex weight of 7 in G’ is the same as the
weight of v in G*. Otherwise, we let vq,...,v, be the vertices in
V; with » > 1, let ey, ..., es be the edges in E; with both vertices
in V; for some s > 1, and let €),...,¢e; be the edges in Ey with
both vertices in V; for some ¢t > 0. We use wll € X* to denote
the vertex weight of v; in G’ Cll € 9* to denote the P-diagonal
matrix of e; and DVl € 9)* to denote the P-matrix of e;. Then we
assign the following vertex weight vector w to i € V":

wy, = w,[fu - ~w,[:] . C',[:L e C',[:}k : D,[j}k e D,Ei]k, for every k € [n].

By definition, w € 9)’. We also have that G’ can be computed in
polynomial time (in the input size of G*). Using Observation 5.6,
it is easy to verify that Z(G') = Z(G").

This completes the proof of Lemma 3.7.

6. Reduction: normalized matrices are free

To give a polynomial-time reduction from (X’,2)') = gen-pair(X,
) to (X,2), we need to first prove a technical lemma on normal-
ized block-rank-1 matrices as defined below.

Let C be an m x m block-rank-1 matrix of block pattern 7°
and representation (a, 8), where 7 = {(Ay, By), ..., (A, B.)} for
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some r > 1. By definition, a satisfies

Zozjzl, for all i € [r].

JEA;
We say C' is the normalized version of C if it is an m x m block-
rank-1 matrix of block pattern 7 and representation (e, d), where

5],:L for all j € B; andie[r],

ZkzeBi ﬁk,

so that § also satisfies

Z d; =1, forallielr]

JjEB;

Let (3, Q) be a finite 7-pair for some non-trivial m x m block
pattern 7, and
Q={cl ... ct}

in which every Cl7 is block-rank-1 and has representation (!, 3 [i])_
For each i € [s], we let DI! denote the normalized version of Cl
with representation (a!?,8), and

Q' ={cl ... ctpl . DI}

In the rest of this section, we show in Lemma 6.1 that Zg o(+) and
Zsyp.q(+) are computationally equivalent. It will be crucially used in
Section 7, where we give a polynomial-time reduction from (X',9)’)
to (X,9)). To obtain such a reduction, it follows from Lemma 6.1
that it suffices to give a polynomial-time reduction from (X’,9)’)
to (X,97) where 9T contains all matrices in ) as well as their
normalized versions.

LEMMA 6.1. Zgq(-) and Zg o () are computationally equivalent.

PRrROOF. In the proof, we use two levels of interpolations and
Vandermonde systems.

We start with some notation. Let G = (G, V,€) be the input
labeled directed graph of Zg o/(-) with G = (V, E). For v € V, we



382 Cai & Chen cc 28 (2019)

use wl'! € B to denote its vertex weight. We use E; C E, i € [s],
to denote the set of edges labeled with C, and F; C E, i € [s],

to denote the set of edges labeled with DU, For every assignment
€ :V — [m], we define

wi§) =gy, ow@ =TI II Cduew

veV i€[s] weE;
— (7]
dw(&) = ][ TI Detweor
i€[s] wweF;

Note that a product over an empty set is equal to 1. Then we need
to compute the following sum

Zpa(G) =Y vw(é) - ew(€) - dw(§).
¢

For all a € [s] and b € [r], we use K > 0 to denote the number
such that

C’z[a]} = KIE“] D foralli€ A, and j € By,

nE
Actually, this gives us the following equation

C =K DY forallie A, and j € [m],

z’J ?

since Cl9 and D! have the same block pattern 7. Then we use
kw(&), where £ : V — [m], to denote

kw(€) = ] I &

a€ls] uwveF, with £(u)€A,

We use X to denote the following set:
{ H H (K}E“]>mmb:ma7b are non-negative integers that sum to |E|}
[s] bE[T]

It is clear that |X| is polynomial in |F|, since both s and r are
constants, and that X can be computed in polynomial time. We
also have that kw(¢) € X for all £. Below we use L to denote | X|.

For all k € [0 : L—1], we build anew graph GI¥! = (Gl Pl glFl)
below, where GI¥ = (VIF EIF):
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1. VI contains V as a subset, and every v € V is labeled with
the same vertex weight as in G;

2. For all i € [s] and uv € E;, we add one edge uv € E* and
label it with the same matrix Cl;

3. For all i € [s] and all e = uv € F}, we add L — k parallel
edges from u to v with Cl? as their edge weights; we also
add 2k new vertices u.; and v, j € [k], to V¥ we add
one edge from u to u.; and one edge from v, ; to v for all
j € [k], all of which are labeled with ClJ. For each new
vertex, we assign 1 as its vertex weight.

It is clear that G can be constructed in polynomial time and is a
valid input of Zg ().

Fix k € [0 : L — 1]. For every assignment ¢ : V — [m], we let
=4 denote the set of all £ : V¥ — [m] such that £(v) = ¢(v) for all
v e V. We also define

wtll(g) = > wi(gh, ¢).

§€E¢,

Then we have the following equation

Zya(@®) = > wt(@® = Y wilf

&VIFl—[m] ¢:V—[m]

By the construction, we show that

L+k

62)  wil(6) = vw(e)-ew(o) (aw(@)) - (kw()) .

for all k € [0: L — 1]. First, we have

wtt(¢) = vw(¢) - cw(e)-

z(n( T (clhe)” (H )))
€8, \i€[s] \e=uveF; JE[k]

(6.3)
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For each e = uv € F; for some i € [s], there must exist an index b,
€ [r] such that ¢p(u) € Ay, and ¢(v) € By, ; otherwise, both sides of

(6.2) are 0 and we are done. In this case, the sum in (6.3) becomes
6

( .4) ) )
o 1 (<ooi. )(ZC) (Z%)

i€[s] \ e=uveF; TE€By €A
By the definition of (al”, B[i]) and (al?,8!"), we have

i —all, i i il
Y Crtwa=0%w > Bl=ag, K, and Y Cle, =5,

LBEBbG JCEBbE wGAbe

As a result, (6.4) becomes

. . L—k . N\ k . k
il i i gl i
H( 11 (Kbe 'Dau),s(v)) (“ (u>'Kbe) (@(v)) )
i€ls] \e=uveF;
N (pl
=1I{ II (Kbe> <D£(u>,f<v>> :

i€[s] \e=uveF;

m

This finishes the proof of equation (6.2).
Since L is polynomial in the input size, we can use Zg o(-) as
an oracle to compute

Z vw(¢) - cw(9) - (dw(¢)>L ' (kw(é))

¢:V—[m]

L+k

for all k£ € [0: L — 1] in a polynomial number of steps.
For every x € X, we use ®, to denote the set of ¢ : V — [m]
with kw(¢) = x, and then, we computed

2, (Z V(@) - ew(s) - (dw(¢))L>

ze€X \¢ped,

for all k € [0: L —1]. Since x > 0 for all x € X, we can solve this
Vandermonde system and obtain

S vw(o) - ew(e) - (dw(e))”

PEPy
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for each x € X in a polynomial number of steps.

It is also clear that the whole process can be repeated for any
L' > L with L' < L+ poly(input size), and we can use Zyg q(-) as
an oracle to compute

3" ww(6) - ewl9) - (daw(e)

PpeED,

for all z € X and L < L' < L + poly(input size), in a polynomial
number of steps.

Similar to the definition of X for kw earlier, we can define a set
Y such that |Y] is polynomial, Y can be computed in polynomial
time and contains all possible values of dw(¢) for ¢ : V' — [m)]
(note that it is possible that 0 € Y). Let M = |Y|. For every
r € X, we can compute

L+k
> vw(@) - ew(o) - (aw(e))
PePy
for all k € [0: M —1]. Let @, , denote the set of ¢ with kw(¢) ==
and dw(¢) = y. Solving this Vandermonde system, we get
> vw(o) - ew(9)

d)eq)z,y

for all x € X and 0 < y € Y. Finally, using all these items, we can
compute Zyp o/(G) in a polynomial number of steps:

Zpa(@) = ) > vw(e)-ew(o) | .
z€X,0<yeY \ ¢y y

This proves the lemma since the other direction from Zg o(-) to
Zg’_g’gl(') is trivial. 0

7. Reduction from (X',9)’) to (X,9)

Let (X,92)) be a 7-pair, where 7 is a non-trivial m x m block
pattern 7 = {(A1, B1),..., (A, B,)} with > 1 and every matrix
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in ) is block-rank-1. Let P be the r x r pattern where P =
gen(7) and (X',9)’) be the P-pair generated from (X,%)) using
the gen-pair operation: (X',9)’) = gen-pair(X,%)). We also use
(X*,9*) to denote the generalized P-pair defined in Section 4.

In this section, we prove that (X/,9)’) is polynomial-time re-
ducible to (X,%2)). To this end, we first reduce (X’,9)’) to (X*,2*)
and then (X*,9)*) to (X,9)). The first step is trivial, so we will only
give a polynomial-time reduction from (X*,9*) to (X,%) below.

Let * = {pl : i € [s]} be a finite subset of vectors in X* with
1 € P* and Q* = {FIl : i € [t]} be a finite subset of matrices
in 9)*. By the definition of gen-pair, they can be generated by
a finite subset P = {wll : i € [p]} C X with 1 € P and a finite
subset Q = {Cll : 4 € [g]} € 9 in the following sense. (We let
(a1, By denote the representation of Cl for every i € [g].)

For every matrix F € Q*, there exists a (2g + 1)-tuple

(k:e ik = (ki ... k) € = (61,...,@,)),

where k;, ; > 0, k # 0 and £ # 0, such that

1) Fy= 3 (89)" - (69)" (o) (o)l

$EBZ‘0AJ‘

This (2g + 1)-tuple is also call the (not necessarily unique) repre-
sentation of F with respect to (3, Q).

For every p € %, there exist three finite (and possibly empty)
sets 81, S, and S3 of tuples, where every tuple in §; and Ss is of
the form

(ke h]: k = (kl,...,kg)>
with k; > 0 and k # 0, and every tuple in Ss is of the form
(ke Bk = (ki ... k) € = (fl,...,ég))

with k;,¢; > 0, k # 0 and £ # 0. Every tuple in &; gives us a
vector whose ith entry, i € [r], is equal to

3 (ag])kl .. (%g])kg wlt;

TEA;
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every tuple in Sy gives a vector whose ith entry, ¢ € [r], is equal to

> (@)’“ o (@g})’“" -l

TEB;

and every (2g + 1)-tuple in S gives us a vector whose ith entry,
i € [r], is equal to

$ (5:[011)’“ (5[91) (m)l (agg})%.wc[ﬁkl_

rEB;NA;

Vector p is then the Hadamard product of all these vectors.

We remark that all exponents k;, ¢; in the equations above are
considered as constants because both (3, Q) and (*, Q*) are fixed
(when we are concerned with Zg o(+) and Zyg- o+(-) as two compu-
tational problems). We now prove the following lemma.

LEMMA 7.2. Zg« q+(-) is polynomial-time reducible to Zg o).

7.1. Proof sketch. We first give a proof sketch. Again, we will
use interpolations and Vandermonde systems.

First, by Lemma 6.1, we only need to give a reduction from
Zg« 0+ (+) to Zypm(-), where

R = {C[ﬂ,D[ﬂ:z’e [g]}

contains both Cl and its normalized version DU, i € [g].

Let G = (G, V, ) be an input labeled graph of Zg« q+(-), where
G = (V,E). For every assignment £ : V — [r], we will define
nvw(&) > 0. Moreover, let X be the set of all possible values of
nvw(§), and L = | X|, then L is polynomially bounded. For every
k € [L], we will build a new labeled directed graph GI*! from G. G¥!
is a valid input graph of Zgn(-) (with domain [m]) and satisfies

T3 Zpa@)= Y wi(G.6)- (wwle)

&V —[r]
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For each x € X, we use =, to denote the set of all £ : V' — [r]
with nvw(§) = z. Then by solving the Vandermonde system which
consists of equations (7.3) for k =1,2,..., L, we can compute

Z wt(G,§), for every z € X,

[qS=

which allow us to compute in polynomial time

Ty (G)= D wit(G, &) =) (Z wt(g,§)> .

&V —r] z€X \E€Ey

7.2. Construction of G/, We start with the construction of
gl = (G I g, Tt will become clear that the construction
can be generalized to get GI¥! for every k € [L].

Let V = [n], then the vertex set VI of GIY = (VI Bl will be
defined as a union: VI = R{UR,U- - -UR,,, where R}, corresponds
to vertex k € V and any edge uv € EM will be between two vertices
u,v € VI such that u,v € Ry, for some unique k € [n]. R; and R;,
i # j € [n], are not necessarily disjoint, and there could be vertices
shared by (at most) two different sets R; and R;. We further divide
the vertices of Ry, i € [n], into three types: In the subgraph of G
spanned by R;,

1. The Type-L vertices only have outgoing edges;
2. The Type-R vertices only have incoming edges; and

3. The Type-M vertices have both incoming and outgoing edges.

When adding a new vertex, we will also specify which type it is.
The construction also guarantees that the underlying undirected
graph spanned by every R; is connected.

7.2.1. Construction of Gl = (VI EM).  We start with the
vertex set V1.

1. First, for every i € [n] and a € [g], we add a new Type-L
vertex u;, in R; and add a new Type-R vertex w;, in R;.
All these vertices appear in R; only.
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2. Second, for every e = ij € E, where i,j € [n], we add a
vertex v, € R; N R;, which is a Type-R vertex in R; and a
Type-L vertex in ;.

3. Finally, for every i € V' let p € B* be its vertex weight in G.
Then by the discussion earlier, it can be generated from
(B, Q) using three finite sets of tuples S;, Sy, and Ss. For
each tuple s in §; we add a new Type-L vertex v; s in R;;
for each tuple s in Sy, we add a new Type-R vertex in R;;
and for each tuple s in S we add a new Type-M vertex in
R;. All these vertices appear in R; only.

We will add some more vertices later. Now we start to create edges
and assign edge/vertex weights.

First, for every i € [n], we add 2¢g edges to connect wu;, and
wi,ay a € [g]

1. For every a € [g], add one edge from u;, to w;, and label
the edge with Cl;

2. For every a € [g], add one edge from w; 4 to w; 441 (With
w; 441 = w; 1) and label it with CU;

3. For every a € [g], the vertex weight vector of both u;, and
wj o 1s the all-one vector 1.

Second, for each edge e = ij € E, we add the incident edges of
ve € R; N R; as follows. Assume the edge weight matrix of ¢j in G
is generated by (3, Q) using the following (2¢g + 1)-tuple:

(l{ie [h},k: (k:l,...,kg);ﬁz (617,,,,69))’

where k;,¢; > 0, k # 0 and £ # 0. Then we add the following
incident edges of v,:

1. For each b € [g], we add ks parallel edges from u;; to v in
R;, all of which are labeled with C;

2. For each b € [g], we add ¢, parallel edges from v, to w;; in
R;, all of which are labeled with chl.
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3. Assign the vertex weight vector wi¥! € 9 to v..

Finally, for every vertex ¢ € V we use p to denote its vertex
weight in G. Assume p is generated by (I3, Q) using three finite sets
51, Ss, and S; of tuples. For each s = (k € [h];k = (k1,...,ky)) in
Sy with k; > 0 and k # 0, we already added a Type-L vertex v; ¢
in R; (which appears in R; only). We add the following incident
edges of v;¢:

1. For each b € [g], add k;, parallel edges from v; ¢ to w;; in R;,
all of which are labeled with C;

2. Assign the vertex weight vector wi*l € P to v; .

For every s = (k € [h]:k = (k1,...,k,;)) in Sy, we already added
a Type-R vertex v;s € R;. We add the following incident edges of
Vis in Rz

1. For each b € [g], add k;, parallel edges from u;; to v; s in R;,
all of which are labeled with C;

2. Assign the vertex weight vector wi*l € P to v;s.

For every tuple s = (k € [hl;k = (k1,...,ky);€ = (b1,....4,))
in Sz, we already added a Type-M vertex v; s in ;. We add the
following incident edges of v; ¢ in R;:

1. For every b € [g], add k, parallel edges from u;; to v; s, all
of which are labeled with C/;

2. For every b € [g], add ¢, parallel edges from v; s to w;, all
of which are labeled with C; and

3. Assign the vertex weight vector witl € P to v;s.

It can be checked that the (undirected) subgraph spanned by R;,
for all ¢ € [n], is connected.

This almost finishes the construction. The only thing left is to
add some more vertices and edges so that the out-degree of u;,
and the in-degree of w;, are the same for all ¢ € [n] and a € [g].
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To this end, we notice that for all i € [n] and a € [g], both
the out-degree of u;, and the in-degree of w;, constructed so far
are linear in the maximum degree of G, because all the parameters
k;,?; and the sets S; are considered as constants. As a result, we
can pick a large enough positive integer M > 2 which is linear in
the maximum degree of G such that M is at least the out-degree
of u;, and the in-degree of w;, constructed so far, for all ¢ and a.
We now add vertices and edges so that the out-degree of u;, and
the in-degree of w; , all become M.

Let i € [n] and a € [g]. Assume the current out-degree of u;,
is k < M. Then we add M — k new Type-R vertices in R; and add
one edge from u;, to each of these vertices. The vertex weights of
all the new vertices are 1, and the edge weights of all the new edges
are DI (recall that we are allowed to use the normalized version
D of Cl?l, and this is actually the only place we use it).

Similarly, assume the current in-degree of w; , is & < M. Then
we add M — k new Type-L vertices in R; and add one edge from
each of these vertices to w;,. The vertex weights of all the new
vertices are 1, while the edge weights of all the new edges are Cl*.

This finishes the construction of the new labeled directed graph

gl — (G, pl, ghiy,

7.3. Proof of Equation (7.3). We start with the definition of
nvw(§), for any assignment & : V = [n] — [r].

First, for each a € [g], we let ul” denote the following positive
r-dimensional vector:

=3 (o) (o)™
TEA;

for every i € [r]. For every a € [g], we let v[? denote the following
positive r-dimensional vector:

=S () (g)
vi = T T
= ( ) ( )
for every ¢ € [r]. Finally, we define nvw(¢) as follows:

nvw(§ H H Ng(z [(11)7 for any £ : V = [n] — [r].

i€[n] a€lg]
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It is easy to check that nvw(£) > 0 and the number of possible
values of nvw(¢) is polynomial in n.
Now we prove equation (7.3) for k = 1:

(7.4) Zypm(GM) = D wt(G,€) - nvw(§).

&V —[r]

Let & be an assignment from V' to [r]. We use ®¢ to denote the
set of all assignments ¢ : VI — [m] such that for every edge uv in
the subgraph spanned by R;, ¢ € [n], we have

d(u) € Ay and  ¢(v) € Bey).

In other words, for all i € [n] and v € R;, if v is a Type-L vertex,
then ¢(v) € Aeqy; if v is a Type-R vertex, then ¢(v) € Beg;); and
if v is a Type-M of R;, then ¢(v) € Ags) N Bey). Equivalently, we
can associate every vertex v € VI with a subset U, C [m], where

1. If v appears in R; and R; for some i # j € V = [n], and v is
Type-R in R; and Type-L in R;, then U, = Be;) N Ag(jy;

2. Otherwise, assume v only appears in R; for some
i € V =[n]. Then
(a) If v is Type-L, then U, = Ag;
(b) If v is Type-R, then U, = Be(;; and
(c) If v is Type-M, then U, = Be) N Aep),
such that ¢ € ®; if and only if ¢(v) € U, for all v € VI In
particular, & = () iff U, = 0 for some v.
By the construction, we know the subgraph spanned by R; is

connected, for any i € [n]. It implies that wt(Gl' ¢) # 0 only if
¢ € P, for a unique £ : V' — [r]. As a result, we have

Z‘B,iﬁ(gm) — Z wt g[ll P) = Z Z wt g[ll ),
¢ £ ¢ed;

and to prove (7.4) we only need to show that

(7.5) > wi(Gl, ) = wt(G, ) - nvw(§)

PED
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for any assignment £ : V' = [n| — [r].

We use wl! to denote the weight vector of v € VI, E; to denote
the set of edges in Ell labeled with Cl?, and F} to denote the set of
edges in E!! labeled with DU, and then, the LHS of (7.5) is equal
to

> ( T T (T ) (T 280

pede \ eyl iclg] \weE wveF;

By the definition of @, if ®¢ # (), then every ¢ € ®¢ satisfies

i il i Wl
Cotwow = Y Bowy A Dy o) = Q)+ 0

where (all, 8) is the representation of D). As a result, the LHS
of (7.5) becomes

5 ( 0wt TL( T ot ) (I o2

e \vevil 1€lg] \wveE uv€eF;

Because ¢ € ®; iff ¢(v) € U, for all v, we can express this sum
of products as a product of sums: [[, .y n Hy, in which every H,,
v € VIl is a sum over ¢(v) € U,.

Finally, we show the following equation:

(7.6) H H, = wt(G,&) - nvw(§).
veV [l

This follows from the construction of Gl and the following obser-
vations:

1. For each v, € R; N R;, which is added because of ij € F, it
can be checked that the sum H,, over U,, = B N Ag() is
Fe(i)(j), where F is the weight of 7 in G (as in (7.1)).

2. Let p denote the vertex weight of ¢ € V| which is generated
using &1, S, and S3. Then we have

De(iy = H Hvz‘,s H Hvi,s H Hvi,s‘

s€Sy SESH s€S3
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3. For all i € [n] and a € [g], we have
[al _ H d [a] - H
Hey = Huia 8N Ve = Huiar

4. Finally, it can be checked that H, = 1 for all other vertices
in VI which is the reason we need to use the normalized
matrices D9 in the construction.

7.3.1. Construction of G/¥l.  We can similarly construct GI*¥! for
every k € [L].

The only difference is that, instead of u; , and w;,, we add the
following 2kg vertices in R;: u;j, and w; j,, for all j € [k] and
a € [g]. We also connect these vertices by adding 4kg edges, whose
underlying undirected graph is a cycle. All these edges are labeled
with Cll. We also add extra vertices and edges so that the out-
degree of u;;, and the in-degree of v;;, are M for all i € [n],
j € [k] and a € [g]. It then can be proved similarly that

Zypm(GM) = Z wt(G,€) - (nvw(f))k.
Vi

This completes the proof of Lemma 3.6.

8. Decidability

In this section, we prove Lemma 3.8 (restated below) and show
that the rank condition is decidable.

LEMMA. Let (Xo,90) be a finite Ty-pair with Xy = {1}. Assuming
that Ty, ..., Ti—1, 7 and (X0,o), ... (Xe—1,De_1) all satisfy their
conditions in (R) for some ¢ € [h], the rank property for ), can
be checked in a finite number of steps.

Let 7, = {(Ay, B1),..., (A, B,)}. To check the rank property
for Y, (i.e., matrices D € Y, are block-rank-1), it suffices to check
whether every D € ), satisfies that

Dij-Dyj — Dy -Dy;=0,
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forall k € [r], 1,7 € A and j, 7' € By. In Section 8.2, we introduce
the notion of matriz polynomials and say that ), satisfies f if f
is a polynomial over variables

{ggm 11 € Ay and j € By for some k € [7’]}

and evaluates to 0 when z;; is assigned D, ;, for all D € 9.
Thus, ), satisfies the rank property if and only if it satisfies all
polynomials f; ;i of the following form:

Lij - Lirgh — Ligh - L g

where i,i" € Ay and j,j' € By for some k € [r]. The main com-
ponent of the proof (Section 8.3) shows that to check whether ),
satisfies a polynomial f or not, it suffices to check a finite number
of polynomials over 9),_; and a finite number of polynomials over
X1 (see Section 8.2 for a similar definition of vector polynomials
applied over vectors in X,_1); a similar reduction also holds for
vector polynomials. This is used in Section 8.4 to show that, to
check the rank property for )y, it suffices to check a finite number
of polynomials on X, and ), which can be done in a finite number
of steps since both of them are finite.
We start the proof with a technical lemma.

8.1. A technical lemma.

LEMMA 8.1. Let L,n and m be three positive integers. For each

i € [L], let a[f], e ,a%] be a sequence of n positive numbers and
b[f], . ,b[ﬁ,l be a sequence of m positive numbers. If
T\ "™ "™
ZH(@) -y H(b) o forall ky ko, .. k> 1,
i€ln] j€[L] i€lm] je[L]

then we must have m = n and there exists a permutation © of [n]
such that

agﬂ — b%), for all i € [n| and j € [L].
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Proor. We prove it by induction on L. The base case when L =
1 is trivial. Now assume the lemma is true for L —1 > 1. Without
loss of generality, we assume that {a[lL], ce aLL]} and {b[lL}, ce b[mL]}
are already sorted:

> >0 >0 and B> >0l >0

We let s > 1 and t > 1 be the two maximum integers such that

a[lL]:CL[QL]:"':a’L’L]:a>O and
b[lL]:b[gL]::bl[fL]:b>0

First it is easy to show that a = b. Otherwise assume a > b,
then we set k; = --- = k;_; = 1, divide both sides by (a)**, and
let k1, go to infinity. It is easy to check that the LHS converges to

Z H al > 0,
i€ls] je[L-1]

while the RHS converges to 0, contradicting the assumption.

Second, we fix ki,...,kr_1 to be any positive integers, divide
both sides by (a)** = (b)*2 and let k7, go to infinity. It is easy to
check that the LHS converges to

> 11

i€[s] je[L—1]

while the RHS converges to
> I1 ()"
i€[t] je[L—1]

So these two sums are equal for all ki,..., k1 > 1. Then we
apply the inductive hypothesis to claim that s = ¢ and there exists
a permutation 7 from [s] to itself such that

(8.2) ay] = b%), for all j € [L — 1] and i € [s].

It is also easy to see that for any i € [s], (8.2) also holds for j = L.
We then repeat the whole process after removing the first s
elements from the 2L sequences. 0]

Additionally, we need the following simple lemma in the proof.
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LEMMA 8.3. Let (P, P,,...,) be a sequence of subsets of some
finite set S. If we have

P,NP,N---NP, #0

for every finite subset {i1,...,1;} C N, then there exists an element
j € S such that j € P; for all i.

ProOF. If for each element j € S, there exists some 7; > 1 such
that j ¢ I, then the finite intersection

S|
ﬂ Pij = (Z)a
j=1
which contradicts the assumption of the lemma. 0

8.2. Matrix and vector polynomials. Let (X,2)) be a gener-
alized P-pair, for some m X m pattern P. So every vector w € X
is either positive or P-weakly positive and every D € £) is either
a P-matrixz or a P-diagonal matriz. Note that if ) only has P-
matrices, then (X,9)) is a P-pair. The definitions below also apply
to P-pairs.

We say f is a P-matriz polynomial if f is a polynomial over

variables
{51 6. e P}

with integer coefficients and zero constant term. We say %) satisfies
f if for every P-matrix D € ), we have f(D) = 0, in which we
substitute x; ; by D;; > 0 for all (,7) € P. We also say (%X,9)
satisfies f if Q) satisfies f.

We say f is a P-diagonal matriz polynomial if f is a polynomial

over variables
{xi s (iy1) € 77}

with integer coefficients and zero constant term. We say ) satisfies
f if every P-diagonal matrix D € 9) satisfies f(D) = 0. We also
say (X,9) satisfies f if 9 satisfies f.

We say ¢ is an m-vector polynomial if g is a polynomial over

variables
{yi i€ [m]}
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with integer coefficients and zero constant term. Similarly, we say
X satisfies g if every positive vector w € X satisfies g(w) = 0. We
also say (X,9)) satisfies ¢ if X satisfies g.

Finally, we say ¢ is a P-weakly positive vector polynomial if g
is a polynomial over variables

{yi:(i,i)ep}

with integer coefficients and zero constant term. We say X satisfies
g if every P-weakly positive vector w € X satisfies g(w) = 0. We
also say (X,9)) satisfies ¢ if X satisfies g.

Let F' be a finite set of P-matrix, P-diagonal matrix, m-vector,
and P-weakly positive vector polynomials. Then we say (X,9))
satisfies F if (X, %)) satisfies every polynomial f € F.

Similarly, given any block pattern 7, we can define 7-matrix
polynomials, 7-diagonal matrix polynomials, and 7 -weakly posi-
tive vector polynomials for 7 -pairs and generalized T -pairs.

As discussed at the beginning of the section, when (X,9)) is a
7 -pair, to check whether ) satisfies the rank condition (i.e., every
matrix D € 9) is block-rank-1), one only needs to check whether )
satisfies all the 7-matrix polynomials f;; ; i of the following form

Jigr g (X) = @i - g = Tigr - T,
where i,7 € Ay and j,j' € By, for some k € [r].

8.3. Checking matrix and vector polynomials. Now let
(X,9) be a T-pair for some non-trivial m x m block pattern 7 =
{(A1,B1),...,(A,,B,)} with > 1. We also assume that every
matrix in ) is block-rank-1, and X is closed.

We can apply the gen-pair operation to get a new P-pair

(X',9') = gen-pair(X,2)), where P =gen(7).

We also let (X*,9)*) denote the generalized P-pair defined in Sec-
tion 4. By definition, X* is also closed.

In this section, we first show that to check whether (X*,2)*)
satisfies a matrix or vector polynomial, one only needs to check
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finitely many polynomials for (X,%)). One can prove a similar re-
lation between (X’,9)’) and (X*,2)*). As a result, to check whether
(X',9)) satisfies a polynomial or not, we only need to check finitely
many polynomials for (X,9)).

We start with the following lemma.

LEMMA 8.4. Let f be a P-matrix or P-diagonal matrix polyno-
mial. Then one can construct a finite set {Fy,..., Fy} in a finite
number of steps, in which every F; is a finite set of 7T -matrix,
m-vector, and T -weakly positive vector polynomials, such that

(X*,97) satisties f <= 3Fi € [L] such that (X,9)) satisfies F;.

PrROOF. We start with the case when f is a P-matrix polynomial.

If f is the zero polynomial, then the lemma follows by setting
L =1 and F} to be the set consists of the zero polynomial only.
From now on, we assume that f is not the zero polynomial.

Let {Cl, ... Cll} and {DU, ... DM} be two finite subsets of
T-matrices in ) and {w!!l, ... wl"} be a finite subset of positive
vectors in X, where s, ¢, h > 1. We also let (a!?, 81) and (4!, )
denote the representations of Cl! and DI, respectively. By the
definition of P* and the assumption that ) is closed, we can con-
struct from every (s + t + h)-tuple

p= (kl,...,ks,fl,...,Kt,el,...,eh), where k;, 0;,e; > 1,

the following P-matrix CP! in 9*: the (i, j)th entry of CP! is
(8.5)

3 (@1})'“ . (@s})ks. <%[111>“ . (%[/t}yt.(w[yu)“ . (wgn)eh

YyEB;NA;

for all 4, j € [r]. This follows from the fact that the Hadamard
product of (wlther ... (wlh)er is actually a vector in X, because
X is known to be closed.

Assuming that (X*,9)*) satisfies f, by definition we must have

(8.6) f(CPhy =0, forall p,

since CP! is a P-matrix in 9)*. Now, for any p, we substitute (8.6)
into (8.5). By pushing products through sum and collecting the
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terms with positive and negative coefficients, we find that there are
non-negative constants n; and ny and monomials fi, ..., fn,, 91, -,
Jn, (which are not necessarily distinct) such that

= (1)) (T ot

i€[n1] \j€ls] JE[t
H (f, wgﬂ],..., m)>ej
JE[R]
il NE £ )"
i€[na] \J€Els] J€E[t]
H (gz(w£]]7 s 7w'£¥z]))ej
Jj€lh]

Note that n; and no as well as all the monomials f; and g; only
depend on the P-matrix polynomial f but do not depend on the
choices of p and the subsets {Cl1 ... ClI}, (DM .. DI} and
{wll ... wlh}. Moreover, because we assumed that f is not the
zero polynomial, at least one of ny and ns is positive.

It follows directly from Lemma 8.1 that if (X*,Q)*) satisfies f,
then we must have n; = n, which we denote by n in the rest of
the proof. (If n; # ny, then we already know that f(CP!) = 0
cannot hold for all p. The lemma then follows by setting L = 1
and F}] to be the set that consists of the following m-vector poly-
nomial: g(x) = x; so that (X,9) does not satisfy Fj.) Moreover,
by Lemma 8.1, if (X*,9)*) satisfies f then there also exists a per-
mutation 7w over [n]| such that

£, B9 = gow (B9, 85, for j € [s] and i € [n];

HOP A = g (W A1), for j € [t] and i € [n];

fz(w[f],..., wll) = guy (w [lj],...,w%]), for j € [h] and i € [n],
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for any s,¢,h > 1, any two finite subsets {ClM ... CI} and
{DM ... DU} of T-matrices in ), and any finite subset {wl!l ..
wlil} of positive vectors in X.

Since all the discussion above and all the monomials f; and g;
do not depend on the choice of the three subsets, we can apply
Lemma 8.3 to claim that if (X*,9*) satisfies f, then there must
exist a universal permutation m over [n] such that for every D € X
(since (X,9) is a 7-pair, D is a 7-matrix),

(8.7) filon, ... ) = gy (a1, ..., 00) =0, forall i € [n] and
(88) fi(ﬂl) T 76771) — gﬂ(i)(ﬂla . 76771) = O, fOI' all ¢ € [n],

where (a,3) is the representation of D, and for every positive
vector w € ),

(8.9)  filwi,...,wm) — gr@p) (w1, ..., wy) =0, forallie[n].

(To see this, we take S in Lemma 8.3 to be the set of all permu-
tations over [n]; each matrix D € X (with representation (e, 3))
corresponds to two subsets in the sequence: one consists of all per-
mutations over [n] that satisfy (8.7) and the other consists of all
permutations over [n] that satisfy (8.8); each positive w € Q) corre-
sponds to a subset in the sequence that consists of all permutations
over [n] that satisfy (8.9). Our earlier discussion implies that any
finite collection of these subsets of permutations has nonempty
intersection.) It is also easy to check that these conditions are
sufficient.

Furthermore, a and 3 can be expressed by the positive entries
of D as follows. For every i € Ay, where k € [r], let d be the
smallest index in By, then we have

D;q
> jea, Dja

For every i € By, where k € [r], let d be the smallest index in A,
then §; = Dg;/aq. Now it is easy to see that for every permutation
7 over [n], we can construct a finite set F, of 7-matrix and m-
vector polynomials, such that, if (X*,9)*) satisfies f, then (X,9))
satisfies F’, for some 7.

o; =
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The case when f is a P-diagonal matrix polynomial can be
proved similarly. The only difference is that every Fy is now a
finite set of 7-matrix and 7 -weakly positive vector polynomials. []

It also follows directly by definition that )’ satisfies a P-matrix
polynomial if and only if 9)* satisfies the same polynomial, because
%)’ contains precisely all the P-matrices in P*. Next, we deal with
vector polynomials.

LEMMA 8.10. Let g be an r-vector or a P-weakly positive vector
polynomial. One can construct a finite set {G1,...,Gr} in a finite
number of steps, in which every G; is a finite set of T -matrix,
m-vector, and T -weakly positive vector polynomials, such that

(X*,9)7) satisfies g <= i € [L] such that (X,2)) satisfies G;.

Proor. We only prove the case when ¢ is P-weakly positive.
The other case can be proved similarly. Again, we assume that g
is not the zero polynomial.

Recall that when defining X¥* in Section 4, we first define X%
and X* is then the closure of X#: w is a P-weakly positive vector
in X* if and only if there exist a finite and possibly empty subset of

positive vectors {wltl ... wll} C X# for some s > 0, a finite and
nonempty subset of P-weakly positive vectors {ul'l, ... ull} C x#
for some t > 1, and positive integers k1, ..., ks, {1, ..., such that

w = (Wm)k1 0---0 (W[s])ks o (um)z1 0...0 (u[t])et.

To prove Lemma 8.10, we construct a finite set {F},..., Fy},
in which every Fj is a finite set of r-vector and P-weakly positive
vector polynomials, such that

(8.11) X* satisfies g <= 3i € [M] such that X¥ satisfies F;.

To this end, we let {wll ... wlI} be a finite subset of positive
vectors in X% and {ulll|... ull} be a finite subset of P-weakly
positive vectors in X#, with s > 0 and ¢t > 1. Then from any tuple

p:(k’l,...,ks,gl,...,gt), Whereki,fiZL
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we get a P-weakly positive vector wlP) € X*, where

wlPl — (W[ll)’ﬁ 0---0 (W[sl)ks o (u[ll)fl 0.0 (um)&_

Assume X* satisfies ¢, then we have g(wlPl) = 0 for all p. Com-
bining these two equations, we have

ST ()™ ) (TT ()"

ic[n] \jels] JElt]
N
-3 (IL6e)”) (T o)’
i€na] \Jj€ls] JE[t]

for all p. In the equation, f;(x) and g;(x) are both monomials
over x;, (i,4) € P. Again, f; and g; only depend on the polyno-
mial g but do not depend on the choices of p and the two subsets
(Wi wll} and {ulll,... ulf}.

Because g is not the zero polynomial, one of n; and ny must be
positive, and we have the following two cases. If ny # no, then by
Lemma 8.1, X* cannot satisfy g and (8.11) follows by setting L = 1
and Fi to be the set consists of the following r-vector polynomial:
f(x) = 2.

Otherwise, we have n; = ny > 0, which we denote by n. It
follows from Lemma 8.1 and Lemma 8.3 that if X* satisfies ¢, then
there exists a universal permutation 7 over [n] such that for every
positive and P-weakly positive vector w € X7,

[i(W) = gzsy(w), for all i € [n].

As a result, we can construct F} for each m, and X* satisfies ¢ if
and only if X7 satisfies F}; for some .

In the second step, we show that for any r-vector or P-weakly
positive vector polynomial f, one can construct {Fi,..., Fr} in a
finite number of steps, in which each F; is a finite set of 7-matrix,

m-vector and T -weakly positive vector polynomials, such that X#
satisfies f if and only if (X,92)) satisfies F; for some i € [L]. The
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idea of the proof is very similar to the proof of Lemma 8.4 so we
omit it here.

Lemma 8.10, for the case when g is P-weakly positive, then
follows by combining these two steps. 0

We can also prove the following lemma similarly.

LEMMA 8.12. Let g be an r-vector or a P-weakly positive vector
polynomial. Then one can construct a finite set {G, ..., G} in
a finite number of steps, in which every G;, i € [L], is a finite set
of P-matrix, P-diagonal matrix, r-vector, and P-weakly positive
vector polynomials, such that

(X',9)') satisties g <= i € [L] such that (X*,9") satisfies G;.

8.4. Decidability of the rank condition. Finally, we use these
lemmas to prove Lemma 3.8, the decidability of the rank condition.

We start with the following observation. Let F' = {fi,..., fs}
be a finite set of matrix and vector polynomials. For each i € [s],
there is a finite set {F} 1, ..., F} r,} in which every F; ; is some finite
set of polynomials, and we have the following statement:

(X',9)) satisfies f; <= 3j € [L;] such that (X,9)) satisfies F} ;.

Then, the conjunction of these statements over f; € F, i € [s], can
be expressed in the same form: One can construct from {F;; : i €
[s],j € [L;]} a new finite set {G4,...,GL} in which every G; is
some finite set of polynomials, such that

VfeF, [(X,2) satisfies f] <
3j € [L] such that (X,9)) satisfies G;.

Now we prove Lemma 3.8. After £ — 1 > 0 steps, we get a se-
quence of ¢ pairs (X0,0), (X1,D1), .-, (Xe-1,D¢_1), and ¢ block
patterns 7y, ..., 7,_1 which satisfy condition (R,_1). Since we as-
sumed that Xy = {1}, every X; in the sequence is closed.

We show how to check whether every matrix D € ),, where

(%X4,9):) = gen-pair(X,;_1, Y1),
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is block-rank-1 or not. To this end, we first check if P = gen(7,_;)
is consistent with a block pattern. If not we conclude that ), 4
does not satisfy the rank condition.

Otherwise, we use 7; to denote the block pattern consistent
with P. To check the rank condition, it is equivalent to check
whether ), satisfies the following 7,-matrix polynomials:

Ji g (X) = Tij - Tirjr — Tig - T,

where i,i" € Ay and j, 7' € By for some k € [r] and (A, By), ...,
(A, B,) are the pairs in 7,.

By Lemma 8.4 and Lemma 8.12, we can construct a finite set
{Fi,..., Fr} in which every F; is a finite set of 7,_;j-matrix, m,_1-
vector, and 7,_;-weakly positive vector polynomials such that ),
satisfies the rank condition if and only if (X,_1,9,_1) satisfies F;
for some i € [L].

If £ =1, then we are done, since (Xg,%)o) is finite and we can
check all the polynomials in F; for all ¢ € [L] in a finite number of
steps. Otherwise, £ > 2 and we can use Lemma 8.4, Lemma 8.10
and Lemma 8.12 as well as the observation above to construct,
for each Fj, a finite set {Fj1,..., F;r,} in which every F,; is a fi-
nite set of 7, _s-matrix, my_o-vector, and 7,_o-weakly positive vec-
tor polynomials such that (X,_1,9), 1) satisfies F; if and only if
(X4—2,D o) satisfies F;; for some j € [L;].

We repeat this process until we reach the finite pair (Xo,2o)-
So the checking procedure looks like a huge tree of depth ¢. Every
leaf v of the tree is associated with a finite set F, of Zg-matrix, mq-
vector, and Typ-weakly positive vector polynomials, and ), satisfies
the rank condition if and only if (Xy,9)o) satisfies F,, for some leaf
v of the tree.
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