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Abstract

We present a unified framework on the limits of constraint satisfaction prob-
lems (CSPs) and efficient parameter testing which depends only on array ex-
changeability and the method of cut decomposition without recourse to the
weakly regular partitions. In particular, we formulate and prove a representa-
tion theorem for compact colored r-uniform directed hypergraph (r-graph) limits,
and apply this to rCSP limits. We investigate the sample complexity of testable
r-graph parameters, we discuss the generalized ground state energies and demon-
strate that they are efficiently testable.

1 Introduction

We study the limits and efficient parameter testing properties of Maximum Constraint Sat-
isfaction Problems of arity r (MAX-rCSP or rCSP for short), c.f. e.g., [2]. These two topics,
limiting behavior and parameter estimation, are treated in the paper to a degree separately,
as they require a different set of ideas and could be analyzed on their own right. The es-
tablishment of the underlying connection between convergence and testability is one of the
main applications of the limit theory of dense discrete structures, see [§], [9].

In the first part of the paper we develop a general framework for the above CSP problems
which depends only on the principles of the array exchangeability without a recourse to the
weakly regular partitions used hitherto in the general graph and hypergraph settings. Those
fundamental techniques and results were worked out in a series of papers by Borgs, Chayes,
Lovész, S6s, Vesztergombi and Szegedy [8],[9],]26], and [29] for graphs including connections
to statistical physics and complexity theory, and were subsequently extended to hypergraphs
by Elek and Szegedy [13] via the ultralimit method. The central concept of r-graph con-
vergence is defined through convergence of sub-r-graph densities, or equivalently through
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weak convergence of probability measures on the induced sub-r-graph yielded by uniform
node sampling. Our line of work particularly relies on ideas presented in [12] by Diaconis
and Janson, where the authors shed some light on the correspondence between combina-
torial aspects (that is, graph limits via weak regularity) and the probabilistic viewpoint of
sampling: Graph limits provide an infinite random graph model that has the property of
exchangeability. The precise definitions, references and results will be given in Section [2]
here we only formulate our main contribution informally: We prove a representation theo-
rem for compact colored r-uniform directed hypergraph limits. This says that every limit
object can be transformed into a measurable function on the (2" — 2)-dimensional unit cube
that takes values from the probability distributions on the color palette, see Theorem [2.11]
This extends the result of Diaconis and Janson [12], and of Lovdsz and Szegedy [28]. As
an application, the description of the limit space of rCSPs is presented subsequent to the
aforementioned theorem.

The second part of the paper, Sections [3] to [o] is dedicated to the introduction of a
notion of efficient parameter testability of r-graphs and rCSP problems. We use the limit
framework from the first part of the paper to formulate several results on it, which are proved
with the aid of the cut decomposition method. We set our focus especially to parameters
called ground state energies and study variants of them. These stand in close relationship to
MAX-rCSP problems, our results can be regarded as continuous generalization of the former.
We rely on the notion of property testing and sample complexity, that was introduced by
Goldreich, Goldwasser, and Ron [I4] and was employed in the graph limit theory in [9].
A graph parameter is testable in the sense of the last mentioned paper, when its value is
estimable through a uniform sampling process, where the sample size only depends on the
desired error gap, see Definition below for the precise formulation. The characterization
of these functions on the graph space was done in [9], the original motivation of the current
paper was to provide an analogous characterization for efficiently testable parameters, that
are parameters, whose required sample size for the estimation is at most polynomial in the
multiplicative inverse of the error.

The investigation of such parameters has been an active area of research for the finite
setting in complexity theory. The method of exhaustive sampling in order to approximately
solve NP-hard problems was proposed by Arora, Karger and Karpinski [4], their upper bound
on the required sample size is still logarithmic in the size of the problem. Subsequently the
testability of MAX-CUT was shown in [14], explicit upper bounds for the sample complexity
in the general boolean MAX-rCSP were given by Alon, F. de la Vega, Kannan and Karpinski
[2] using cut decomposition of r-arrays and sampling, that was inspired by the introduction
of weak regularity by Frieze and Kannan [I7]. In [2] and [I7], an the design of polyno-
mial time approximation schemes (PTAS) was an important subject, we did not pursue the
generalization regarding this aspect in the current work. The achievements of these two
aforementioned papers took also a key role in the first elementary treatment of graph limits
and in the definition of the dp-metric that defines an equivalent topology on the limit space
as the subgraph density convergence.

The best currently known upper bound on the sample complexity of MAX-rCSP is



O(e7), and was shown by Mathieu and Schudy [30], see also Alon, F. de la Vega, Kan-
nan and Karpinski [2]. Unfortunately, their approach does not seem to have a natural
counterpart in the continuous setting, although one can use their result on the sample to
achieve an improved upper bound on the sample complexity. We mention that for the orig-
inal problem we do not aim to produce an assignment for MAX-rCSP, or a partition for
the ground state energy whose evaluation is nearly optimal as opposed to the above works,
although we believe this could be done without serious difficulties.

Our contribution in the second part of the paper is the following. By employing a refined
version of the proof of the main result of [2] adapted to the continuous setting we are able
to prove the analogous efficient testability result for a general finite state space for ground
state energies, see Theorem for a precise formulation. Among the applications of this
development we analyze the testability of the microcanonical version of ground state energies
providing the first explicit upper bounds on efficiency. For the finite version a similar question
was investigated by F. de la Vega, Kannan and Karpinski [I5] by imposing additional global
constraints (meaning a finite number of them with unbounded arity). Furthermore, the
continuous version of the quadratic assignment problem is treated the first time in a sample
complexity context, this subject is related to the recent contributions to topic of approximate
graph isomorphism and homomorphism, see [24] and [6].

1.1 Outline of the paper

The organization of this paper is as follows. In Section [2| we develop the limit theory for K-
decorated r-uniform directed hypergraphs with reference to previously known special (and
in some way generic) cases, and use the representation of the limit to describe the limit
space of rCSP problems. In Section [3| the basic notion of efficiency in context of parameter
testing is given with additional examples. The subsequent Section 4] contains the proof of
Theorem regarding ground state energies of r-graphons, and in the following Section
generalizations and special cases are examined, in particular microcanonical energies and
the quadratic assignment problem. We summarize possible directions of further research in
Section [6l

2 Limit theory and underlying notation

We will consider the objects called r CSP formulas that are used to define instances of the
optimization problems called MAX-rCSP. In the current framework a formula consists of
a variable set and a set of boolean or integer valued functions. Each of these functions is
defined on the subset of the variables, and the sets of possible states of the variables are
identical. Additionally, it will be required that each of the functions, which we will call
constraints in what follows, depend exactly on r of the variables.

When considering the optimization problem MAX-rCSP, then the rCSP formulas are
related to the objective function given by the instance, whose domain is the whole variable
set instead of the collection of functions on small subsets. This viewpoint is of course highly



dependent on the optimization problem in question. The precise definitions will be provided
next.

Let K be a finite set, and f be an r variable boolean-valued function f: K" — {0,1} (or
equivalently f C K"). We call f a constraint-type on K in r variables, C = C(K,r) denotes
the set of all such objects.

Definition 2.1 (rCSP formula). Let V' = {z1,29,...,2,} be the set of variables, e =
(11,...,%.) € V" and f a constraint-type on K in r variables. We call an n vari-
able function w = (f;e): K™ — {0,1} with w(ly,...,l,) = f(liy,...,l;.) a constraint on
V an r variables determined by an r-vector of constrained variables and a constraint type.
We call a set F' of constraints on V(F') in r variables an rCSP formula.

In the above definition the set of states K of the variables in V(F) is not specified for
each formula, it will be considered as fixed similar to the dimension r. We say that F' is
symmetric, if it contains only constraints with constraint-types which are invariant under
the permutations of the constrained variables. When we relax the notion of the constraint
types to be real- or K-valued functions on K" with K being a compact space, then we speak
of weighted rCSP formulas.

The motivation for the name CSP is immediately clear from the notation used in Def-
inition if we consider constraints to be satisfied at some point in K™, whenever they
evaluate to 1 there. Most problems defined on these objects ask for parameters that are, in
the language of real analysis, global or conditioned extreme values of the objective function
given by an optimization problem and a formula (which can be regarded as an instance of the
former). Such problems are for example MAX-rCSP, rCSP, MAX-CUT, MAX-BISECTION.
They can also be viewed as directed r-graphs, whose edges are decorated with constraint
types (perhaps with multiple types), and we will exploit this representation in our analysis.

Typically, we will not store and recourse to an rCSP formula F' as it is given by its
definition above, but we will only consider the r-array tuple (F?),cxr, where F?#(e) =
> (peyer [ (21, .., 2z) for each e € V'. The data set (F*).ex- is called the evaluation repre-
sentation of F', or short eval(F). We impose a boundedness criteria on CSPs that will apply
throughout the paper, that means we fix d > 1 for good, and require that |leval(F)|« < d
for all CSPs F' in consideration.

Our main concern is parameter estimation via sampling: we pick a set of variables of
fixed size at random from the constrained set V(F') of an rCSP formula F' defined on a
large number of variables, and ask for all the constraints in which the sampled variables
are involved and no other, that is, the induced subformula on the sample. Then we try to
produce some quantitative statement about the parameter of the original formula by relying
only on the estimation of the corresponding value of the parameter on a subformula, see
Definition B.1] below.

Let G(k, F') denote the random induced subformula of F' on the set S C V(F) that is
chosen uniformly among the subsets of V' (F) of cardinality k.



2.1 Limits of K-decorated r-uniform directed hypergraphs

Let IC be a compact Polish space and » > 1 an integer. Recall that a space K is called
Polish if it is a separable completely metrizable topological space. In what follows we will
consider the limit space of K-decorated r-uniform directed hypergraphs, or with different
words r-arrays with non-diagonal entries from /C with all the diagonal entries occupied by a
special element which also can be in K, but in general this does not have to be the case.

Our motivation for what follows originates from the aim of presenting a structural de-
scription of rCSP limits. The content of the current section will start with the more general
setting given above, CSPs will be considered as a special case in this topic derived at the
end. Some of the basic cases are already settled regarding the representation of the lim-
its. Without claiming to provide a complete list of previously established results we refer
to Lovasz and Szegedy [26], [28], [25] for the r» = 2, general K, undirected case, to Elek
and Szegedy [13] for the general r, K = {0,1}, undirected case; and Diaconis and Janson
[12] for r = 2, K = {0,1}, directed and undirected case. These three approaches are fun-
damentally different in their proof methodology (they rely on weak regularity, ultralimits,
and exchangeability principles respectively) and were further generalized or applied by Zhao
[32] to general r; respectively by Aroskar [5] to the directed case; respectively by Austin [7]
general r and by Janson [20] to the directed case where the graph induces a partial order on
the vertex set.

It is worth to mention that when utilizing tools from exchangeability theory (as we will
do in the following) with regard to the directedness, the results are mostly proven first for
the directed case, and afterwards contain the analysis regarding in what form the symmetry
emerges in the limit.

Let C denote space of continuous functionals on K, and let F C C be a countable
generating set with || f|l« < 1 for each f € F | that is, the linear subspace generated by F
is dense in C in the L*°-norm.

Denote by II(S) = II,(S) the set of all unlabeled S-decorated directed r-uniform hyper-
graphs for some arbitrary set S, where we will suppress r in the notation, when it is clear
which r is meant (alternatively, I1(S) denotes the isomorphism classes of the node labeled
respective objects).

Definition 2.2. If F' € II(C) uniform directed graph with V(F) = [k] and G € II(K), then
the homomorphism density of F' into G is defined as

k

1
t(F,G):W > I Foir(Gotiny.iin)- (2.1)

The injective homomorphism density tin;(F, G) is defined similarly, with the difference
that the average of the products is taken over all injective ¢ maps.

Let the map 7 be defined as 7(G) = (¢{(F,G))ren(r) € [0, 1] for each G € II(K). We
set TI(K)* = 7(II(K)) C [0, 1]") ] and TI(K)* to the closure of II(K)*. Also, let II(K)* =

{(7(@), 1/|[V(&)]) : G € I(K)} C [0,1]"F) x [0, 1], and let ITI(K)*+ be the closure of II(K)*.
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The function 77(G) = (7(G),1/|V(G)|) will be useful for our purposes, because, opposed
to 7, it is injective, which can be verified easily. For any F' € II(F) the function ¢(F,.) on
II(K) can be uniquely continuously extended to a function ¢(F,.) on II(XC)*, this is due to
the compactness of [0,1]"F) x [0,1]. For an element I' € TI(KC)* \ TI(KC)*, let t(F,T') for
F € II(F) denote the real number in [0, 1] that is the coordinate of I" corresponding to F'.

The sets inj(K) = 7ing(TI(K)) and Ty (K)*, and the functions 7i,j(G) and 73/(G) are
defined analogously.

It was shown in [26] that

2[V )N E o
V(G)]

t,(F.G) —t(F,G)| < (2.2)
for any pair ' € II(C) and G € II(K).

The correspondence analogous to that of Diaconis and Janson in [I2] between elements
of the limit space II(KC)*, that is compact, and extreme points of the space of random
exchangeable infinite r-arrays with entries in K will now be established. These are arrays,
whose distribution is invariant under finite permutations of the underlying index set.

Definition 2.3 (Exchangeable r-array). Let (Hi, i )i<iy..ir<co b€ an infinite r-array of
random entries taking values in a Polish space S. We call the random array separately
exchangeable if

law
(Hil aaaaa ir)lgil ~~~~~ ip<O0 (le(il) ----- pr(ir)>1gi1 ~~~~~ ip <00

for any permutations py, ..., p, € Sy, and jointly exchangeable (or just exchangeable), if the
former holds only for all py = --- = p, € Sk.

Let M be an arbitrary set and k > 1, and let s(M, k) denote the set of non-empty subsets
of M of cardinality at most k, furthermore let so(M, k) = s(M, k) U{0}. Tt is clear that if
we consider a measurable function f: [0, 1]*0('") — S and independent random variables
uniformly distributed on [0, 1] that are associated with each of the subsets of N of cardinality
at most r, then by plugging in these random variables into f for every e € (I:I) in the right
way suggested by a fixed natural projection p.: e — [r|, the result will be an exchangeable
random array. The shorthand Samp( f) denotes this law of the infinite directed r-hypergraph
model induced by f.

The next theorem, states that all exchangeable arrays with values in S arise from some
f in the former way.

Theorem 2.4. Let S be a Polish space. Every S-valued exchangeable r-array (He)eE(N) has

law p equal to Samp(f) for some measurable f: [0,1]*U7) — S that is, there erists a
function f, so that if (Us)sesovyy are independent uniform [0, 1] random variables, then

H, = f(U(Du U{h}v U{iQ}a ceey Ue\{ir}a Ue) (23)

for every e = (iy,...,1,), where H, are the entries of the infinite r-array and (H.)eenr has
law p.



Theorem [2.4 was first proved by de Finetti [11] (in the case S = {0,1}) and Hewitt and
Savage [18] (in the case of general S) for » = 1, independently by Aldous [1] and Hoover [19]
for r = 2, and by Kallenberg [21] for arbitrary » > 3. For equivalent formulations, proofs
and further connections to related areas see the recent survey of Austin [7].

In general, there are no symmetry assumptions on f, in the directed case H, might differ
from H./, even if e and €’ share a common base set. In this case these two entries do not have
the property of conditional independence over a g-algebra given by some lower dimensional
structures, that means for instance for an exchangeable r-array with law Samp(f) given by
a function f as above the independence over {U, : a C e}.

With the aid of Theorem [2.4] we will provide a form of representation of the limit space
IT(K)* through the points of the space of random infinite exchangeable r-arrays. The corre-
spondence will be established through a sequence of theorems analogous to the ones stated
and proved in Section 2 to 5 of [12], using also the compactification argument regarding the
limit space from [28], see also Chapter 17.1 in [25] for the complete argumentation. The
proofs in our case are mostly ported in a straightforward way, if not noted otherwise we
refer the reader for the details in [12]. The definition of convergence will be given right after
the next theorem. The expression G(k, G) denotes for some G € II(K) the random induced
sub-r-graph of G with the vertex set chosen uniformly among all subsets of V' (G) that have
cardinality k.

Theorem 2.5. Let (G,,),>1 be a random sequence in I1(KC) with |V (G,)| tending to infinity
in probability. Then the following are equivalent.

(1) 7H(G,) converges in distribution in II(K)*.
(2) For every F € II(F), the sequence t(F,G,) converges in distribution.
(3) For every F € 1I(C), the sequence t(F,G,) converges in distribution.

(4) For every k > 1, the sequence G(k,G,) of random elements of II(IC) converges in
dustribution.

If any of the above apply, then the respective limits in (2) and (3) are t(F,T") with T being a
random element of TI(IC)t given by (1), and also T € TI(K)*T \ TL(K) ™, almost surely.

If t(F,G,) in (2) and (3) is replaced by tiw;(F,Gy), then the equivalence of the four
statements still persists and the limits in (2) and (3) are t(F,T).

If every G,, is concentrated on one element of II(KC) (non-random case), then the equiv-
alence holds with the sequences in (1), (2), and (3) being numerical, while (4) remains un-
changed.

Proof. The equivalence of (1) and (2) is immediate. The implication from (3) to (2) is also
clear by definition.

For showing that (2) implies (3), we consider first an arbitrary F' € II((F)), where (F) is
the linear space generated by F. Then there exist F', ..., F' € TI(F) on the same vertex set
as I, say [k], and Ay, ..., \; € R such that for any non-random G € TI(K) and ¢: [k] — V(G)



it holds that HZ ..... ir=1 Fi.,.. ir(G(b(il) ----- ¢(ir)) = Zé‘:l Aj HZ ..... ir=1 E'J1 ..... iT(GQs(il) ----- ¢(ir))- So
therefore we can express t(F,G) = 22:1 Nt(F7,G). We return to the case when G, is
random. The weak convergence of t(F,G,,) is equivalent to the convergence of each of
its moments, its t'th moment can be written by linearity as a linear combination of a fi-
nite number of mixed moments of the densities corresponding to F*',... F' € II(F). For
an arbitrary vector of non-negative integers @ = (ay,...,q), let F* be the element of
II(F) that is the disjoint union a; copies of F!, ay copies of F?, and so on. It holds that
tFL, G . t(F, G = t(FY, G,), and in particular the two random variables on the
two sides are equal in expectation. Condition (2) implies that E[t(F*, G,)] converges for
each «a, therefore the mixed moments of the t(F*,G,)’s and the moments of ¢(F,G,,) also
do. This implies that also t(F, G,,) converges in distribution for any F € II((F)). Now let
F’' € TI(C) and € > 0 be arbitrary, and F' € II((F)) on the same vertex set [k] as F’ be
such that its entries are at most e-far in L® from the corresponding entries of F’. Then
(t(F',G) — t(F,G)| < k"emax{(||F'||oo + &)¥ 71, | F'||oo + &} for any G € II(K) (random or
non-random), which implies (3), as ¢ > 0 was chosen arbitrarily.

We turn to show the equivalence of (3) and (4). Let II*(K) C II(K) the set of elements
with vertex set of cardinality k. The sequence (G(k, Gy,))n>1 converges in distribution exactly
when for each f € C(IT*(K)) continuous function on IT*(K) the expectation E[f(G(k,G,,))]
converges as n — 00. For each I € II(C) and o > 1, the function tf;(F, G) is continuous on
VN and tiy;(F, G) = tini(F, G(|V(F)|,G)), so (3) follows form (4).

For the other direction let us fix £ > 1. We claim that the linear function space M =
(t(F,.)|F € II(C)) C C(II*(K)) is an algebra containing the constant function, and that
it separates any two elements of II*(K). Tt follows that (t(F,.)|F € TI(C)) is L*-dense
in C(IT*(K)) by the Stone-Weierstrass theorem, which implies by our assumptions that
E[f(G(k,G,))] converges for any f € C(II*(K)), since we know that E[ti,;(F,G(k,G,))] =
E[tinj(F, G,)] whenever |V (F)| < k. We will see in a moment that ¢,;(F,.) € M, convergence
of Eltim;(F,G,)] follows from and the requirement that |V(G,,)| tends to infinity in
probability.

Now we turn to show that our claim is indeed true. For two Fi, F» € II(C) we have
t(F, G)t(Fy, G) = t(F1F, G) for any G € TI*(K), where the product F}F, denotes the
disjoint union of the two C-colored graphs. Also, t(F,G) = 1 for the graph F' on one node
with a loop colored with the constant 1 function. Furthermore we have that hom(F,G) =
EVIIH(F, G) € M for |V(G)| = k, so therefore

inj(F,G) = > (—)VEEPITT (S| = 1)! hom(F/P,G) € M,

P partition of V(F) SepP

where inj(F,G) = tij(F,G)k(k —1)...(k — |V(F)| + 1) and F/P € TI"I(C) with edges
colored by the product of the colors of F' on the edges between the respective classes.
This equality is the consequence of the Mobius inversion formula, and that inj(F,G) =



P partition of v(r) Rom(F/ P, G). For G and F' defined on the node set [k] recall that

nj(F,G)=>_ ] Fuouir(Gotir)sin): (2.4)

Now fix G1,Gy € TI*(K) and let F € T1¥(C) such that {F}, i ((G)o(ir),.06,)) } are
algebraically independent elements of R (such an F' exists, we require a finite number of
algebraically independent reals, and can construct each entry of F' by polynomial interpola-
tion). If G; and G; are not isomorphic, than for any possible node-relabeling for Gy there
is a at least one term in inj(F, G1) — inj(F, G3) that does not get canceled out, so therefore
inj(F,Gy) # inj(F, Ga).

We examine the remaining statements of the theorem. Clearly, I" ¢ II(K)*, because
|V(G),)| — oo in probability. The results for the case where the map in (1) and the densities
in (2) and (3) are replaced by the injective version are yielded by (2.2), the proof of the
non-random case carries through in a completely identical fashion.

[
We are now ready to formulate the definition of convergence in IT(K).

Definition 2.6. If (G},)n>1 is a sequence in II(IC) with |V (G,,)| — oo and any of the condi-
tions above of Thwrem holds, then we say that (G,)n,>1 converges.

We would like to add that, in the light of Theorem 2.5 the convergence notion is inde-
pendent from the choice of the family F.

The next lemma gives information about the limit behavior of the sequences where the
vertex set cardinality is constant.

Lemma 2.7. Let (G,)n>1 be a random sequence in 11*(K), and additionally be such that
for every F € II(F) the sequences tii(F,Gy) converge in distribution. Then there exists
a random H € TI*(K), such that for every F € TI(F) we have t(F,G,) — t(F,H) and
tinj(F, Gy) = tin;(F, H) in distribution.

Proof. We only sketch the proof. The distributional convergence of (G,,) follows the same
way as in the proof of Theorem [2.5] the part about condition (2) implies (3) and (3) implies
(4). The existence of a random H satisfying the statement of the lemma follows from the
Riesz representation theorem. O

Let £, denote the set of all node labeled countably infinite K-decorated r-uniform di-
rected hypergraphs. Set the common vertex set of the elements of L, to N, and define the
set of [n]-labeled K-decorated r-uniform directed hypergraphs as £,,. Every G € L,, can be
viewed as an element of L., simply by adding isolated vertices to G carrying the labels N\ [n],
therefore we think about £,, as a subset of L., (and also of £,, for every m > n). Conversely,
if G is a (random) element of L, then by restricting G to the vertices labeled by [n], we
get G| € L. If G is a labeled or unlabeled K-decorated r-uniform directed hypergraph



(random or not) with vertex set of cardinality n, then let G stand for the random element
of £, (and also L.,) which we obtain by first throwing away the labels of G (if there where
any), and then apply a random labeling chosen uniformly from all possible ones with the
label set [n].

A random element of L, is exchangeable if its distribution is invariant under any permu-
tation of the vertex set N that only moves finitely many vertices, for example such infinite
hypergraphs are whose edge-colors are independently identically distributed. An element of
L. can also be regarded as an infinite r-array whose diagonal elements are decorated with
a special element ¢ that is not contained in I, therefore the corresponding r-arrays will be
KC U {¢}-decorated.

The next theorem relates the elements of II(K)* to exchangeable random elements of
L.

Theorem 2.8. Let (G)n>1 be a random sequence in II(KC) with |V (G,,)| tending to infinity
in probability. Then the following are equivalent.

(1) 7H(G,) — T in distribution for a random T € TI(K)* \ TI(KC) ™.
(2) G, — H in distribution in Lo, where is H is a random element of L.

If any of these hold true then Et(F,I") = Ety;(F, H|)) for every F € II(C) with V(F) = [k],
and also H s exchangeable.

Proof. If G € TI(K) and F € TI(F) with V(F) = [k] with |V(G)| > k then Etij(F, G|p) =
tinj(F, G), where the expectation is taken with respect to the random (re-)labeling G of G.
For completeness we mention that for a labeled, finite G' the quantity ¢(F, G) is understood
as t(F,G") with G’ being the unlabeled version of G. Therefore by our assumptions regarding
(Gn)n>1 and the fact that 0 < ¢(F,G) < 1 (as ||F|lw < 1) we have that |Et,;(F, én|[k]) -
Etini(F,G,)| < P(|V(G,)| < k) for each n > 1 and F € IT*(F). The expectation in the first
term is taken with respect to the distribution of G,, and the random labeling and in the second
only with respect to GG, it will be meant also this way in the following if not noted otherwise.
That implies, together with P(|V(G,)| < k) — 0 and (1), that Et;;(F, @n|[k]) — Et(F,T)
(see Theorem . This implies that Gnhk] — Hj, in distribution for some random Hj, € L,
with Et,;(F, Hy) = Et(F,T'), see Lemma , furthermore, with appeal to the consistency of
the H}'’s, there exists a random H € Lo such that H|y) = Hj, for each £ > 1, so (1) yields
(2).

Another consequence is that H is exchangeable: the exchangeability property is equiv-
alent to the vertex permutation invariance of the distributions of H|y, for each k. This
is granted by the fact that H|y = Hj and Hj is the weak limit of a vertex permutation
invariant random sequence, for each k.

For the converse direction we perform the above steps backwards using |Et(F, G’nhk}) -
Et(F,G,) < P(|V(G,)| < k) again that. Theorem certifies now the existence of the
suitable random I' € TI(K)*+ \ TI(XC)™, this shows that (2) implies (1).

[]
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We built up the framework in the preceding statements to formulate the following theo-
rem, which is the crucial ingredient to the desired representation of limits.

Theorem 2.9. There is a one-to-one correspondence between random elements of TI(IC)+ '\
I(K)* and random exchangeable elements of L. Furthermore, there is a one-to-one corre-
spondence between elements of II(K)+ \ II(IC)" and extreme points of the set of random
exchangeable elements of L. The relation is established via the equalities Et(F,T") =
Etin(F, H|jw) for every F € 11(C) with V(F') = [k].

Proof. Let T' a random element of TI(K)+ \ TI()". Then by definition of TI(XC)™ there is
a sequence (G,),>1 in II(K) with |V(G,,)| — oo in probability such that 77(G,) — T in
distribution in II(X)*. Then Theorem implies that there exists a random H € L., so
that Gn — H in distribution in £, and H is exchangeable. The distribution of H |y is
determined by the numbers Et;,;(F, H|p), see Theorem Lemma , and the claims inside
their proofs, and these numbers are provided by the correspondence.

For the converse direction, let H be random exchangeable element of L. Then let
G,=H |[n], we have (G,, — H in distribution, and also én — H in distribution by the vertex
permutation invariance of G,, as a node labeled object. Now again we appeal to Theorem [2.8]
so 7H(G,) — T for a T random element of TI(/C)+ \ TI(K)*, which is determined completely
by Et(F,T") provided by the correspondence, see Theorem .

The second version of the relation between non-random I'’s and extreme points of ex-
changeable elements is proven similarly, the connection is given via t(F,I") = Et;nj(F, H|)
between the equivalent objects.

O

The characterization of the aforementioned extreme points in Theorem was given

[12], we state it next, but refrain from giving the proof here, as it is completely identical to
that of Theorem 5.5. in [12].

Theorem 2.10. The distribution of H that is exchangeable random element of L, 1s exactly
in then an extreme point of the set of exchangeable measures if the random objects H|y and
H|{ks1,..y are independent for any k > 1. In this case the its representing function from
Theorem 2.3 is not dependent on the variable corresponding to the empty set.

Let W: [0,1]*("k") — K be measurable function, we will refer to such an object as a
(K, r)-graphon. We define the random exchangeable r-array Hy, in L, as the element that
has law Samp (7). Furthermore, we define 'y, € TI(K)+\II(XC)™ to be the element associated
with Hy, through Theorem [2.8]

Now we are able to formulate the representation theorem for K-decorated r-uniform
directed hypergraph limits using the representation of exchangeable arrays, see . It is
an immediate consequence of Theorem and Theorem above.

Theorem 2.11. Let (G,,)n>1 be a sequence in I1(K) with |V (G,)| — oo such that for every
F € TI(F) the sequence t(F,G,,) converges. Then there exists a function W : [0,1]57h) — K
such that t(F,G,) — t(F,T'w) for every F € I1(F).

11



Alternatively we can also use the form W: [0,1)*("l"=D — P(K) for (K, r)-graphons
whose values are probability measures, this was done in [2§]. For I = {0, 1} the set P(K) can
be identified with [0, 1] to get the usual r-graphon form as a function W: [0, 1]* =2 — [0, 1].

In previous works, for example in [12], the limits of simple directed graphs without loops
were represented by a 4-tuple of 2-graphons (Woo, Wio, Woi, Wi1) that satisfy > -, i Wij(z,y) =
1 and Wig(x,y) = Wy (y, z) for each (x,y) € [0,1]2. A generalization of this representation
can be given in our case of the II(C) limits the following way. We only present here the
case when [ is infinite, the easier finite case can be established analogously. We have to fix
a strictly positive measure p on K, we set this to be the uniform distribution if £ C R is
a domain or K is finite. The limit space consists of collections of (R, r)-graphons (W, )aeca,
where A is the set of all functions a: S, — K. Additionally the (W,).ca has to satisfy
Joea Walz)dp®S () = 1 and 0 < Wya(z) = Wo(zy) for each ¢ € S, and x € [0, 1]3(rlr=1),
As before, the action of ¢ on [0, 1]*("*=1) is the induced coordinate permutation by ¢, with
the unit cubes coordinates indexed by non-trivial subsets of [r]. Without going into further
details we state the connection between the limit form above and that in Theorem 2.11k

/Wa((us)SES([T]m—l))dM®ST(a) = P[(W ((ug(s))ses(irlr—1), Y )ges,) € A
A

for every measurable A C A and (us)ses(pr—1) € [0, 157D where Y uniform on [0, 1].

In several applications, among them some presented in the current paper, it is more
convenient to use a naive form for the limit representation, from which the limit ele-
ment in question is not retrievable. The naive limit space consists of naive (IC,r)-graphons
W: [0,1]" — P(K), where now the arguments of W are indexed with elements of [r]. From a
proper r-graphon W: [0, 1]3([’“]”") — K we get its naive counterpart by averaging, that is the K-
valued random variable E[W (1, ..., 2., (Us)scps>1, Y)|Y] has distribution W (x4, ..., z,),
where (Ug)scp),sj>1 and Y are i.i.d. uniform on [0, 1]. On a further note we introduce aver-
aged naive (IC,r)-graphons for the case, when IC C R, these are of the form W 0,1]" = R
and are given by complete averaging, that is E[W (21, ..., 2z, (Us)scpy,s>1) = Wz, ..., z)
, where (Us)scpr,s)>1 are i.i.d. uniform on [0, 1].

We introduce the naive (I, r)-graphon corresponding to a G € II(K). The function W¢
is constructed from the adjacency r-array of G in the natural way, that is by subdividing the
unit cube into |V(G)|" congruent cubes and assigning the corresponding value of G to each
of the subcubes as point measures, diagonals receive the point measure concentrated on the
special element ¢ or 0 in the real case. The map W can be also viewed as a true r-graphon
by adding coordinates to the domain that have no effect on the value it takes.

2.2 Representation of rCSPs as hypergraphs, the limit space

Recall Definition for the way we look at 7CSPs. Next we elaborate how homomorphism
and sampling is meant in the CSP context.

Let F[z;,,...,x; ] be the induced subformula of F' on the variable set {z;,,..., x; }, and
let G(k, F') denote the random induced subformula F[Y;,...,Yy] of F'; where Y;,... Y} are

12



independently and uniformly chosen elements from V(F'). It is clear using this notation
that the relation w = (f;e) € F[z;,,...,x;] is equivalent to the relation ¢(w) = (fy, ¢(e)) €
Flz;,, ..., x; ] for any permutation ¢ € S, where fy(l1,...,1) = f(lsa), - -, lsp)) and d(e) =
(€p(1), - - - » €g(r)). This emergence of symmetry will naturally be reflected in the limit, we will
demonstrate this shortly. For |K| = ¢ we identify the set of rCSP formulas with the set of
arrays whose entries are the sums of the evaluation tables of the constraints on r-tuples, that
is F' with V(F) = [n] corresponds to a map eval(F): [n] x --- x [n] — {0,1,...,d}4"), This
will be the way throughout the paper we look at these objects. It seems that storing the
whole structure of an rCSP formula does not provide any further insight, in fact splitting
up constraints would produce non-identical formulas in that vaguely described complete
structure representation, which does not seem sensible.

We denote the set {0, 1,...,d}!d") by L for simplicity, which one could also interpret as
the set of multisets whose base set is [¢]” and whose elements have multiplicity at most d.
This perspective allows us to treat rCSPs as directed r-uniform hypergraphs whose edges are
decorated by the aforementioned elements of L, and leads to a representation of rCSP limits
that is derived from the general representation of the limit set of II(L). We will show in a
moment that the definition of convergence in the previous subsection is basically identical
to the convergence via densities of sub-multi-hypergraphs.

The convergence of a sequence of rCSP formulas or equivalently of elements of II(L)
is given in Definition [2.6f The map ¢: H — F is a homomorphism between two rCSPs
H and F if it maps edges to edges of the same color from the color set [¢]" and is con-
sistent when considered as a mapping between vertex sets, ¢/: V(H) — V(F), for r = 2
this is a multigraph homomorphism. Let H be an rCSP, and let H be the correspond-
ing element in C'(L) on the same vertex set such that if an entry at the edge e of H is
((He)(i1, - -+ 0r))1<iy....in<q With matrix elements being non-negative integers, then the en-

try of H at e is I1 :EEIHE)(I?“), more precisely, for an element A € L the value is
1<y, ir<q
given by H,(A) = ]  A(iy,...,i,)H)0)  The linear space generated by the set
1<it,...,ir<q
L= { z 1 00 < dyy i < d} forms a dense subset of C(L), therefore Theorem
1<iy,eir<q

applies and for a sequence (G,,),>1 requiring the convergence of t(F,G,,) for all F' = H
with H € TI(L) provides an equivalent formulation of the convergence of rCSPs.

2.3 The limit objects of rCSPs

The limit object will be given through Theorem {4.4] as the space of measurable functions

W: 0,13 — [ where, as in the general case, the coordinates of the domain of W are

indexed by the non-empty subsets of [r]. In our case not every such W will serve as a limit of

some sequence, the above mentioned symmetry of the finite object is inherited in the limit.
We state the rCSP version of Theorem for completeness.

Theorem 2.12. Let (F,),>1 be a sequence of rCSP formulas that evaluate to at most d
on all r-tuples with |V (F,)| — oo such that for every H finite rCSP formula with the
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same boundedness property the sequence t(]:],f’n) converges. Then there exists a function
W [0, 15U — f0,1,...,d} 49 such that t(H, F,) — t(H,Tw) for every H.

We should keep the notion of the naive and the weighted naive form of the representation
of the limit object in mind, as seen above. They will be utilized in further sections, we will
not write them out explicitly, as their structure and relationship with true rCSP limits is
analogous to the general case.

We conclude the section with a remark that is motivated by the array representation of
rCSPs. The next form presented seems to be the least redundant in some aspect, since no
symmetry conditions has to be fulfilled.

Remark 2.13 (Exchangeable partition-indexed processes). The most natural exchangeable
infinite random object for the one-to-one correspondence of Theorem with 7CSP limits
is the following process.

Definition 2.14. Let N] = {P = (p1,...,pq) : the sets p; C N are pairwise disjoint and
! lpil = r} be the set of directed partitions of r-subsets of N. We call the random
(Xp) peng that takes values in some compact Polish space K a partition indexed process.

The process (Xp)pe Ny has the exchangeability property if its distribution is invariant under

the action induced by finite permulations of N, i.e., (Xp)peny 2 (Xp(p)) Peny for any p €

Sym,(N).

Unfortunately, the existence of a representation theorem for partition-indexed exchange-
able processes that offers additional insight over the directed decorated r-array version is not
established, and there is little hope in this direction. The reason for this again is the fact
that there is no standard way of splitting up elements Xp and Xp non-trivially with P and
P’ having the same underlying vertex set but are different as partitions into two random
parts with the first being identical for the both and the second ones being conditionally
independent over the first.

3 Graph and graphon parameter testability

First we will recount the method of sampling from KC-valued r-graphs and r-graphons, as
well as look into the metrics that will occur.

Let (Us)ses(,») be an independent uniform sample from [0,1]. Then for an r-graph G,
respectively an r-graphon W, the random r-graphs G(k,G) and G(k, W) have vertex set
k], and edge weights W ((Up.(s))ses(e,n) ), respectively W ((Uy,(s))ses(er)), for the edge e =
(i1,...,1,) for every 1 <iq,...,i, <k, where é = {iy,...,i,}. Keep in mind that G(k, G) #
G(k,Wg), first term correspond to sampling without, the second with replacement, but it is
true that P(G(k, G) # G(k, We)) < whay-

Additionally we define the averaged sampled r-graph for  C R denoted by H(k, W),
it has vertex set [k], and the weight for the edge e € [k]|” without multiple entries is the
conditional expectation E[W ((U,,(s))ses(er))|(Us)ses(e,)], and therefore the random r-graph
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is measurable with respect to (Us)ses(x),1)- The sampled random r-graphs for the naive
r-graphons are defined analogously. Note that H(k, W) = G(k, W) for some G, because
its values are all point measures. We will sometimes use the notation U; for Uy for the
elements of the sample indexed by singleton sets.

We also mention the definitions of the norms and distances that will play a important
role in what follows, here each object is real-valued. The cut norm of an n x --- X n r-array
Ais

|Allo = o max [n} |A(SL, ..., S0

1yees0r

The cut distance of two labeled r-graphs or r-arrays F' and G on the same vertex set [n] is
1
do(F,G) = ~_||F = Gllo,

where F\(S51,...,5,) =32, cq F(i1,...,ir). The edit distance of the same pair is

1
4(F,G) = —[|F = G|

The cut norm of an r-graphon W is

IW|lo=  max / Wz

.,SrC[0,1]
1 XX Sp

the cut distance of two r-graphons W and U is
oW, U) = int [|W* = U

where the infimum runs over all measure-preserving permutations of [0, 1], and the graphon
W9 is defined as W%(zy,...,z,) = W(p(z1),...,6(x,)). The cut distance for arbitrary
unlabeled r-graphs or r-arrays F and G is

5o(F, G) = 65(Wr, We).

We remark that the above definition of the cut norm and distance is not satisfactory in
an important aspect for » > 3: not all sub-r-graph densities are continuous functions in the
topology induced by this norm even in the most simple case, when I = {0, 1}. A norm that
is sufficient regarding this issue could be given in a similar fashion, see [32], but it would be
computationally inefficient to work with.

Originally, in [§], testability of (IC, r)-graph parameters (which are real functions invariant
under r-graph-isomorphisms) was defined as follows.

Definition 3.1. An (K, r)-graph parameter f is testable, if for every e > 0 there exists a
k = k(e) € N such that for every simple (IC,r)-graph G on at least k vertices

P(f(G) = f(G(k,G))[ >¢) <e
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An (K, r)-graphon parameter f is a functional on the space of r-graphons that is invariant
under the action induced by measure preserving maps from [0, 1] to [0, 1], that is, f(W) =
f(W?). Their testability is defined analogously to Definition

A characterization of this property in terms of graph limits was developed in [§] for
K ={0,1} in the undirected case.

Theorem 3.2. [§] Let [ be a simple graph parameter, then the following statements are
equivalent.

(i) f is testable.

(i1) For every convergent sequence (Gy)n>1 of simple graphs with |V (G,)| — oo, f(G,)
also converges.

(i1i) For every € > 0 there exist ¢ > 0 and ny € N such that for every pair Gy and
Gy of simple graphs with |V (G1)],|V(G2)| > ng and do(G1,Gy) < €' together imply
|f(G1) — f(G2)| <e.

(iv) There ezists a dn-continuous functional f' on the space of graphons, so that f(G,) —
f'(W) whenever G,, — W.

A closely related notion to parameter testing is property testing. A simple graph property
P is characterized by the subset of the set of simple graphs containing the graphs which have
the property, in what follows P will be identified with this subset.

Definition 3.3. P is testable, if there exists another graph property P’, such that
(a) P(G(k,G)) € P') > 2 for every G € P, and

(b) for every e > 0 there is a k(e) such that for every k > k() and G with d,(G,P) > € we
have that P(G(k,G)) € P') < 3.

Note that % and % in the definition can be replaced by arbitrary constants 1 > a > b > 0,
this change may alter the corresponding certificate P’.

Lemma 3.4. [29] P is a testable graph property if and only if di(.,P) is a testable graph
parameter.

The link between the two notions can be proven by definition without serious difficulties.
These concepts may be extended to the infinitary space of graphons, where a similar notion
of sampling is available.

We list some simple consequences of Theorem [3.2]

Remark 3.5. 1. In the case r = 2, testability of a graphon parameter is equivalent to
continuity in the dg distance.

2. In the case r > 3, testability of a hypergraph parameter f implies that for any left
convergent sequence (H,),>1 of hypergraphs f(H,) also converges. The other direction
is open, as there is no analogous notion of distance to the 2-dimensional d5 in higher
dimensions, since there is no standard way to compare a large hypergraph H,, to the
random induced subgraph on a uniform sample of the vertices of V' (H,) of fixed size.
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3.1 Examples of efficiently testable parameters

We introduce now a notion of efficient parameter testability. Definition of testability
does not ask for a specific upper bound on k(¢) in terms of &, but in applications the order
of magnitude of this may be an important issue. Therefore we introduce a more restrictive
class of graph parameters, we refer to them as being efficiently testable.

Definition 3.6. An r-graph parameter f is called B-testable for a family of measurable
functions f = {B;: RT — RT : i € I}, if there exists a 5; such that for every e > 0 and

r-graph G
P(If(G) = f(G(Bi(e),G))| > ¢) <e.

With slight abuse of notation we will also use the notion of S-testability for a family
containing only a single function 5. The term efficient testability will serve as shorthand for
fB-testability for some (family) of functions () that are polynomial in 1. We refer to the
smallest [ also as the sample complexity of f for which it is S-testable.

We will list some examples of graph parameters, for which we have information about
their sample complexity.

Example 3.7. One of the most basic testable graph parameters are subgraph densities
fr(G) = t(F,G), where F is a simple graph. Lemma 4.4 from [8] states that

ek
P(|t(F —t(F 2 —_—— 1
(HF.G) ~ HF G G| > €) < 200 (35 ). (3.)
which implies that for any F, fr is O(log(2)e?)-testable. In the case of (K, r)-graphs for
r > 3 the same as ({3.1)) holds, no modifications in the proof of the above result are required.

Example 3.8. For r =2, ¢ € N, J € R?*? and h € R? we consider

E(G,J.h) = max Z Jije(¢7 (i), ¢ (j))+% > o)),

_>
lal 1<z 1<i<q

the ground state energy of the graph G (cf. [9]), where e(S,T") denotes the number of edges
going form S to T'. These graph functions originate from statistical physics, for the rigorous
mathematical treatment of the topic see e.g. Sinai’s book [31]). In the literature this notion
is also often to be found with negative sign or different normalization.

This graph parameter can be expressed in the terminology applied for MAX-2CSP. Let
the corresponding 2CSP formula to the pair (G,J) be F' with domain K = [¢]. F consists
of the constraints (go; (¢, 7)) for every edge (i, j) of G, where gy is the constraint type whose
evaluation table is J, and additionally it contains n copies of (g;;i) for every vertex ¢ of G,
where g¢; is the constraint type in one variable with evaluation vector h. Then the optimal
value of the objective function of the MAX-2CSP problem of the instance F' is equal to
£ (G, J,h). Note that this correspondence is consistent with the sampling procedure, that
is, to (G(k,@),J) corresponds the 2CSP G(k, F). Therefore for ¢ = 2, £(., J, h) has sample
complexity O(Z)(see [2],[30]).
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These energies are directly connected to the number hom(G, H) of admissible vertex
colorings of G by the colors V(H) for a certain small weighted graph H. This was pointed
out in [9], (2.16), namely

1 4 1
VIGIE lnhom(G,H)—5(G,J,0)+O(|V(G>|), (3.2)
where the edge weights of H are f3;;(H) = exp(J;;). The former line of thought of turning
ground state energies into 2CSPs is also valid in the case of r-graphs.

The results on MAX-rCSP sample complexity for ¢ = 2 can be extended beyond the
case of simple hypergraphs, higher dimensional Hamiltonians are also expressible as rCSP
formulas. The generalization for arbitrary ¢ and to r-graphons will follow in the next sub-
section. Additionally we note, that an analogous statement to on testability of coloring
numbers does not follow immediately for r» > 3.

On the other hand, with the notion of ground state energy available, we are able to
rewrite the MAX-2CSP in a compact form as an energy problem. We will execute this task
right away for limit objects. First, we introduce the ground state energy of a 2-graphon with
respect to an interaction matrix J.

Definition 3.9. Let ¢ > 1, J € R?9. Then the ground state energy of the 2-graphon W
with respect to J 1s

eW.7) = max 3° 1. [ ] 6uuln)W (@),

z€[q)? [0,1]2 m=1

where ¢ runs over all q-fractional partitions of [0, 1].

Let K = [q], L = {0,1,...,d}9" and (F,),>1 be a convergent sequence of 2CSPs.
Consider the corresponding sequence of graphs eval(F,,) = (Fﬁ)ze[q]g for each n, and let W =
(W?#).c[q2 be the respective limit. Let f be the (L,2)-graph parameter so that f(eval(F)) is
equal to the density of the MAX-2CSP value for the instance F'. Then it is not hard to see
that f can be extended to the limit space the following way

FOV) =max > [ 6,005 )y,

LI=10 12

where ¢ runs over all ¢g-fractional partitions of [0, 1]. The formula is a special case of layered
ground state energy with the interaction matrices defined by J%“(k,l) = 6;(k)d;(l) that is
defined below.

Example 3.10. We will investigate the efficiency of graph parameters that obey some ad-
ditional continuity condition in the dy metric. Direct consequence of results from [§] will be
presented in the next lemma.
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Lemma 3.11. Let f be a simple graph parameter that is a-Hélder-continuous in the op
metric in the following sense: for every e > 0 there exists ng(e), such that there is a C' > 0
so that for every Gy, Gy with |V(Gh)|, |V (G2)| > no(e) and on(G1,G2) < €, then |f(Gy) —

f(Go)| < Ce*. Then f is max{ZO(ﬁ)jno(g)}_tgstable,

Proof. To see this, let us fix ¢ > 0. Then for an arbitrary simple graph G with |V (G)| > ng(¢)
and k > ny(e) we have

IF(G) = f(G(k,G))| < Clon(G,G(k,G))]" <C (i> : (3:3)

\/log, k

with probability at least 1 — exp(—%). The last probability bound is the statement of

Theorem 2.9 of [8]. We may rewrite || by setting ¢ = C ( \/LZ?) , the substitution

implies that f is QO(E_QM)_teStauQ whenever ng(e) < 90(e=%/*). 0

This latter approach is hard to generalize to r-graphs for » > 3 because of the absence
of a suitable metric.

4 Testability of the ground state energy

Next we introduce a generalization of the notion of the ground state energy of graphs from
[9], see Definition [3.9 and restate the results of [2] on sample complexity of MAX-rCSP in
that framework. The parameter derived from the maximal constraint satisfaction problem
will also serve as an example for an efficiently testable colored hypergraph parameter. We
will further generalize the main result of [2] in several directions.

First we provide the basic definition of the energy of a (I, r)-graphon W with respect to
some ¢ > 1, an r-array J € C(K)?"*¢ and a fractional partition ¢ = (¢1,...,¢,). With
slight abuse of notation, the graphons in the upcoming parts of the section assume both the
KC-valued and the probability measure valued form, it will be clear from the context which
one of them is meant.

A fractional partition satisfies the properties that the ¢;’s are measurable functions from
0,1] to [0, 1], and for each x € [0, 1] the equality >, ¢;(z) = 1 holds. Let

USRS SR I ARIE)) | EREm

=Lo,175(0.m)

The value of the above integral can be determined by first integrating over the coordinates
corresponding to subsets of [r] with at least two elements, and then over the remaining ones.
The first partial integral is not dependent on ¢, so it can be calculated in advance.
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When dealing with an integer partition ¢ = (Iz,,...,Iz,), one is able to rewrite the
former expression as

s = Y [ W@

215-2r=1 _4

Py(iry (Tor XX Ter)

where pp stands for the projection to the coordinates contained in the set D.

The energy of a K-valued r-graph G on k vertices with respect to J € C(K)7* 4
and g¢-fractional partition =, = (Tn1,...,Tng) for n = 1,....k (i. e, zpm € [0,1] and
Y m Tnm = 1) is defined as

q k
SX(G,J):% >0 TG [[ 20, (4.1)

21yees2r=1n1,...,np=1 7=1

Remark 4.1. Ground state energies and subgraph densities are Lipschitz continuous graph
parameters in the sense of Lemma ([8],19]), but that result implies much weaker upper
bounds on the sample complexity, than the best ones known to date. This is due to the fact,
that dn(G, G(k,G)) decreases logarithmically slowly in &, which is the result of the hard-
ness of finding a near optimal overlay between two graphons through a measure preserving
permutation of [0, 1] in order to calculate their g distance. On the other hand, if the sam-
ple size k(e) is exponentially large in 1/e, then the distance dn(G, G(k, G)) is small enough
with high probability, therefore all Holder-continuous graph parameters can be estimated
simultaneously with high success probability.

Next we introduce the layered version of the ground state energy. This is a generalized
optimization problem where we wish to obtain the optimal value corresponding to fractional
partitions of the sums of energies over a finite layer set.

Definition 4.2. Let E be a finite layer set, K be a compact set, and W = (W€).cg be a tuple
of (IC,r)-graphons. Let q be a fixed positive integer and J = (J)ecp with J¢ € C(K)9 >4
for every e € E. For a ¢ = (¢1,...,¢,) q-fractional partition of [0, 1] let

Eg(W,J) = Ey(W*, )

ecE

and let
EW,J) = m(ﬁax&b(W*, J),

denote the layered ground state energy, where the mazimum runs over all g-fractional
partitions of [0,1]. We define for G = (G°)ccr the energy Ex(G, J) analogously as the energy
sum over E, see above, and é(G, J) = max, &(G, J) where the maximum runs over q-
integer partitions (T, ., € {0,1} ), respectively £(G, J) = maxy E(G, J), where the mazimum
18 taken over all q-fractional partitions x.

20



Now we will rewrite the boolean limit MAX-rCSP as a layered ground state energy
problem. Let £ = {0,1}", K = {0,1,...,d}, W = (W?).cq01y with W? being (K, 7)-
graphons, and let

W) =mpx 3= [ Lot (1= oteg) W @,

26{071}T[0’1]s([r],r) J

where the maximum is taken over all measurable functions ¢: [0,1] — [0,1]. If F'is a
(KA r)-graph induced by an rCSP formula, then the finite integer version of o denoted
by &(F) (see E(G,J) above) is equal to the density of the optimum of the MAX-rCSP
problem of F'.

We list the involved parameters in the layered ground state energy problem. These are
the dimension r, the layer set E, the number of states ¢, the color set K, the finite or
limit case. Our main theorem will be a generalization of the following theorem on sample
complexity of rCSPs with respect to these factors.

Theorem 4.3. [2] Let F' be a Boolean r CSP formula. Then for any ¢ > 0 and § > 0 we
have that for every k > 10%r126=5e*1log(s™!) we have

P (|a(eval(F)) — &(G(k,eval(F)))| > ¢) < 4.

We will see in what follows that also the infinitary version of the above statement is
true. It will be stated in terms of generalized ground state energies of colored hypergraphs,
and will settle the issue regarding the efficiency of testability in the greatest generality with
respect to the previously highlighted aspects. In order to simplify the analysis we introduce
the canonical form of the problem, that is ground state energies of [¢]"-layered ([—d, d],r)-
graphons with the special interaction r-arrays J# for each z € [q]", that have the identity
function f(z) = x as the (z1,..., 2,) entry and the constant 0 function as the other entries.

Theorem 4.4. Let E be a finite layer set, KC a compact color set, ¢ > 1, r-arrays J = (J)ecp
with J¢ € C(K)?7*% and € > 0. Then we have that for any E-layered (KC,r)-graphon
W = (W¢)ep and k € O(s *log(e™1)) that

P(IE(W, J) = EG(k, W), T)] > el B[l T oW o) < <.

The proof of Theorem will go along the lines of the proof of Theorem from [2] with
most of the required lemmas being refinements of the respective ones in the proof of that
theorem. We will formulate and verify these auxiliary lemmas one after another, afterwards
we will compile them to prove the main statement. The arguments made in [2] carry through
adapted to our continuous setting with some modifications, and we will also draw on tools
from [8] and [9].

The first lemma tells us that in the real-valued case the energy of the sample and that
of the averaged sample do not differ by a large amount.
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Lemma 4.5. Let W be a ([—d,d|,r)-graphon, ¢ > 1, J € R?"*%. Then for every k > 1
there is coupling of G(k, W) and H(k, W) such that

P (1E(G (1), J) = E0(6W), ) > ell |l ) < 2exp (=1 (5~ 10ga) )

Proof. Let us fix a g-integer partition x of [k], and furthermore let the two random r-graphs
be generated by the same sample (Us)ses(jr,r- Then

R 1
EX(G(kv W)a J) = ? Z Z le ..... ZTW(<US)S€8({R1 ..... nr},r)) H Inj,zja
21yeey2r=1n1,....,np=1 7j=1
and
Ex(H(k, W), J)
1 q k r
= E Z Z le ..... ZTE[W((US)SES({nl ..... nr},'r))‘(US)Ses({nl ,,,,, nr},l)] H xnj,zj'-
Z1yeeny zr=1n1,..., ny=1 7j=1
Let us enumerate the elements of (’2“) as €1,€2,..-,€(k), and define the martingale Y, =
2

~ ~

E[E(G(k, W), J{U;]j € [K]}], and Y, = E[E(H(k, W), J){U;[j € [k} UUj_{Usle; < S}

for each 1 <t < (£), so that Y, = & (H(k, W), J) and Y(k) = E(G(k, W), J). for any t € (})
2

we can upper bound the difference, |Y;—; — Y;| < 5]|J||o||W /|- By the Azuma-Hoeffding

inequality it follows that

P2k P2k
P(IY; — Yol > p) < 2exp [ — szexp(——), (42)
Y 2 W2 2T TWIE

for any p > 0.
There are ¢* distinct g-integer partitions of [k], hence

P (|£‘(G(k, W), J) — EH(k, W), J)| > EHJHOO\|WHOO> < 2exp <—k: (%k —log q)> .
(4.3)

]

In the following lemmas every r-graph of graphon is meant as bounded real-valued and
directed.

We would like to point out in the beginning that in the finite case we are able to shift
from the integer optimization problem to the relaxed one with having a reasonably good
upper bound on the difference of the optimal values of the two.
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Lemma 4.6. Let G be a real-valued r-graph on [k] and J € R?*"*9. Then
4 1
[E(G, ) = E(G, )| < G llsol 1o

Proof. Trivially we have £(G,.J) > (G, J). We define G’ by setting all entries of G to 0
which have at least two coordinates which are the same (for r = 2 these are the diagonal
entries). Thus, we get that

, r\ 1
£6.) - @) < ()16 e

Now assume that we are given a fractional partition Z for that the maximum £(G’,J) is
attained. We fix all the entries @, 1,...T,, with n = 2,... k and regard &,(G’,J) as a
function of #14,...,21 4. This function will be linear in the variables z; 1, ..., 214, and with
the additional condition Z;Zl x1,; = 1 we obtain a linear program. By standard arguments
this program possesses an integer valued the optimal evaluation, so we are allowed to replace
T11,-..,T1,4 by integers without letting £,(G’, J) decrease. We repeat this procedure for each
n € [k], obtaining an integer optimum for &,(G’, J), which implies that £(G’, J) = c‘:'(G’, J).
Hence, the claim follows. m

Next lemma is the continuous generalization of Theorem 4 from [2].

Lemma 4.7. Let ¢ > 0 arbitrary. For any bounded measurable function W: [0,1]" — R
there exist an s < :-:L?’ measurable sets S} C [0,1] withi =1,...,s, j = 1,...,r, and real
numbers dy, ..., ds so that with B =", dillg1...xsr it holds that

(i) [|[W]l2 > |[W — Bl|2,
(i) [|W — Bl|o < ¢||W]|2, and
(1ii) Y ;- di| < LW ]|

Proof. We construct stepwise the required rectangles and the respective coefficients implic-
itly. Let WY = W, and suppose that after the t'th step of the construction we have already
obtained every set S/ C [0,1] withi=1,...,¢,j=1,...,r, and the real numbers dy, ..., d;.
Set Wt =W — >, dilgix...xsr- We proceed to the (¢ + 1)’st step, where two possible
situations can occur. The first case is when

W lo = el [W]2.

This implies by definition that there exist measurable subsets St 4, ..., Sy, of [0, 1] such that
| Jo1 nsr WHx)dz| > €]|[W]||;. We define dyy1 to be the average of W' on the product
t+1

t+1

set Spyq X -+ x Sy, and proceed to the (¢ + 2)'nd step. In the case of

W0 < el[Wl2
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we are ready with the construction and set s = t.

We analyze the first case to obtain an upper bound on the total number of steps required
by the construction. Suppose that at some step we are not ready with the construction.
Then

W2 — |[WH2 = / (W (2)de — / (W) — dyyr e
Sppa % xS, Sppr % xSy
= B ASh) L AST) = W (4.4)

This means that the square of the 2-norm decreases in every step when the first case occurs
in the construction by at least €2||W||3, therefore it can happen only at most & times, with
other words s < 6% It is also clear that the 2-norm decreases in each step, so we are left to
verify the upper bound on the sum of the absolute values of the coefficients d;. From ({4.4])
we get, that

W5 =Y IWHE = W5 = Y dia(s)) - AGST).
t=1 t=1

We also know for every ¢ < s that |d;|A\(S}) ... \(ST) > €||W]|2. Hence,

s

Do lddellWllz < D dEA(S)) .. A(S]) < (W[5,
t=1

=1
and therefore > 7, |d;| < L||W]]a. O

Next we state that the cut approximation provided by Lemma[4.7)is invariant under sam-
pling. This is a crucial point of the whole argument, and is the r-dimensional generalization
of Lemma 4.6 from [§].

Lemma 4.8. For any € > 0 and bounded measurable function W: [0,1]” — R we have that

P (';um,wmu Wl

> 5HW|]OO) <e,

where k > 5 for some c large enough.

Proof. Let us denote H(k, W) by G. We will need the following lemma from [2].

Lemma 4.9. G s a real r-array on some finite product set Vy X - -- X V., where V; are copies
of V of cardinality k. Let S; C Vi,...,S, C V, be fixzed subsets and ()1 a uniform random
subset of Vo x -+ x V. of cardinality p. Then

k,r/?
VP
where P(Q1) = Pa(Q1) = {z1 € Vi: X2, eo, G(@1, 92, yp) > O}

G(Sl,...,ST) < EQlG(P<Q1 ﬂSQ X X Sr),SQ,...,Sr) -+ HGHQ,
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If apply Lemma repeatedly r times to the r-arrays G and —G, then we arrive at
an upper bound on G(Si,...,S,) ((=G)(S,...,S,) respectively) for any collection of the

S1,...,S, which does not depend on the particular choice of these sets any more, so we get
that
IGllc < Eou.o. s max{G(Po(Q), . P(Q): (~G)(P-6(@)).-- P-o(Q) )}
rk”
+ — Gl (4.5)

VD

since ||Gl|2 < k7?||G|so-

Let us recall that G stands for the random H(k, W'). We are interested in the expectation
E of the left hand side of over the sample that defines G. Now we proceed via the
method of conditional expectation. We establish an upper bound on the expectation of right
hand side of over the sample Uy, ..., Uy for each choice of the tuple of sets @1, ..., Q,.
This bound does not depend on the actual choice of the @;’s, so if we take the average (over
the @;’s), that upper bound still remains valid.

In order to do this, let us fix Qq,...,Q,, set @ to be the set of elements of V(G) which
are contained by at least of the @);’s, and fix also the sample points of U; with ¢ € (). Take
the expectation only over the remaining U; sample points.

To this end, by Fubini we have the estimate

EU[k]HGHD < EQl,...QrEUQ [EUQC (51,1235 maX{G(PG<Q/1) N ch s 7PG(Q;”) N QC)’

(3

rk" -
1G]lsc + prk"H|Gll,  (4.6)

(CONPa@) N Pal@) NN +

where Ug = {U; : i € S}.

Our goal is to uniformly upper bound the expression in the brackets in so that in
the dependence on the particular )y,...Q, and the sample points from Ug vanishes. To
achieve this, we consider additionally a tuple of subsets Q) C @;, and introduce the random
variable Y (@1, ..., Q) = G(Pa(Q}) N Q°, ..., Pe(Q.) N Q°), where the randomness comes
from Uge exclusively. Let

T, ={x; €0,1] : > W(Uy,,...,Uy_,x,Uy. ... U,) >0}

Yigls
(Y15 Yim1,Yit 1,--Yr)EQ)

for i € [r]. Note that t; € Ps(Q)) is equivalent to Uy, € T;. Then

EUQCY(Q/D...,Q;) < Z EUQCG(tl,...,tr)I[pG(Qll)(tl)...]IPG(Q;)(tr)—|—7“2]<;T71HW||OO

<Kk" / W(z)dz + k" H|W||eo < E[W]lo + 72K W] -
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By the Azuma-Hoeffding inequality we also have high concentration of the random variable
Y(Q,...,Q.) around its mean.

p*k

P(Y(Q,IJ s 7Q;) Z EUQCY(Q/D EIR) Q;) + pkﬂ") < eXp<_8T2||W||

). (4.7)

Analogous upper bounds on the expectation and the tail probability hold for each of the
expressions (—G)(P_q(QY),- .., P,(Q.)).

With regard to the maximum expression in over the )’s we have to this end either
that the concentration event from holds for each possible choice of the @.’s for both
expressions, this has probability at least 1 — 2P ! exp(—%), or it fails for some choice.

In the first case we can employ the upper bound k" ||W||q + rk" ! ||W||o + pk”. In the event
of failure we still have the trivial upper bound of k"||W||w. Eventually we presented an
upper bound on the expectation that is not dependent on @1, ... (Q,, and the sample points
from Ug. Hence by taking expectation and assembling the terms, we have

1 rooprd r 0k
—E Gllop < ||W Wlloo | — + 55— + — + 2711 —— .
FEIGI < W+ W (22 + 5+ £+ 27 (— i) )+

Let k = ce™, p=de=? and p = ec||W||s. With appropriate choice of the constants we have

#ElGllo < [[Wl[o +&/2.

The converse direction, --

’ kT
argument, the idea is that we can project each set S C [0,1] to a set S C [k] through
the sample, which will fulfill the desired conditions, we leave the details to the reader.
Concentration follows by the Azuma-Hoeffding inequality. We conclude that

P( B > ¢/2)

< 2e ek
X e —— .
= 2SS T 62w

E||G||o > |[W]||o — ¢/2 follows from a standard sampling

1 1 1
— — W il ) -
o Glle =Wl ElGs — 211G

]

Next we state a result on the relationship of a continuous LP and its randomly sampled
finite subprogram. Measurability for all of the following functions is assumed.

Lemma 4.10. Let ¢,: [0,1] = R, Ujp: [0,1] 5> R fori=1,...,s, m=1,...,q, u € R°**9,
a € R. If the optimum of the linear program

1
q
maximize /Z fn () em (t)dt
0 m=1
1
subject to /fm(t)Ui,m(t)dt < Ui for i € [s] and m € [q]
0
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0< fm(t) <1 fort €[0,1] and m € [q]

Z fm(t) =1 fort €0,1]

is less than «, then for any e > 0 and k € N and a uniform random sample {X1, ..., Xy} of
0, 1]% the optimum of the sampled linear program

maximize Z zq: %xnvmcm(X

1<n<k m=1
. 1 .
subject to Z ExnmUzm(Xn) < Uim — €||U]| for i € [s] and m € [q]
1<n<k
0<apm<l1 for n € [k] and m € [q]
q
1
Z Exmmcm(Xn) forn € [k]
m=1

is less than o + €l|c||oo with probability at least 1 — exp(—EQTk).

Proof. We require a continuous version of the Farkas lemma.

Claim 1. Let (Af);m = fo m(t)dt for the bounded measurable functions A, ,, on
[0,1] for ¢ € [s] and m € [q] , and let v € R*?. There is no ¢ fractional partition solution
f=(f1,..., f;) to Af <w if and only if, there exists a non-zero y > 0 with ||y||; = 1 such
that there is no ¢- fractional partition solution f to y*(Af) < yTv.

For clarity we remark that in the current claim and the following one A f and v are indexed
by a pair of parameters, but are regarded as 1-dimensional vectors in the multiplication
operation.

Proof. One direction is trivial: if there is a solution f to Af < v, then it is also a solution
to yT (Af) < yTv for any y > 0.

We turn to show the opposite direction. Let C'= {Af|f: [0,1] — [0,1]}. The set C'is a
nonempty convex closed subset of R*? containing 0. Let B = {x|z;,, < v;,,} C R, this set
is also a nonempty convex closed set. The absence of a solution to Af < v is equivalent to
saying that C'N B is empty. It follows from the Separation Theorem for convex closed sets
that there is a 0 # 3’ € R* such that y'"'c < y/Tb for every ¢ € C and b € B. Additionally
every coordinate y;,, has to be non-positive. To see this suppose that y; .. > 0, we pick a
c € C and b € B, and send b;, ,,, to minus infinity leaving every other coordinate of the two
points fixed (b will still be an element of B), for b;, small enough the inequality 3¢ < y'7b
will be harmed eventually We conclude that for any f we have 47 (Af) < y'Tv, hence for

Y= \| the inequality y*(Af) < yTv has no solution. 0

From this lemma the finitary version follows without any difficulties.
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Claim 2. Let B a real sq x k£ matrix, and let v € R*? . There is no g-fractional partition
r € R¥ so that Bx < v if and only if, there is a non-zero y > 0 with ||y||; = 1 such that
there is no g-fractional partition x € R¥ so that y” Bz < yTw.

Proof. Let A;,,(t) = Zﬁ:l @H[%7%)(t) for i+ = 1,...,s. The nonexistence of a ¢-
fractional partition z € R* so that Bx < v is equivalent to nonexistence of a g-fractional
partition f so that Af < v. For any nonzero 0 < y, the nonexistence of a g-fractional
partition € R* so that y"Bx < yTv is equivalent to the nonexistence of a g-fractional
partition f so that y7(Af) < yTv. Applying Claim [1| verifies the current claim. [

The assumption of the lemma is by Claim [1| equivalent to the statement that there exists
a nonzero 0 < y € R"*? and > 0 such that

1 q
/Zzyzm zm fm /5 Cm fm(t) < ZZyl’muhm — ﬂ@
0

H
-
I
s
3
I
a

i=1 m=1 m=

has no solution f among g-fractional partitions. This is equivalent to the condition

1
/h t)dt > A,
0

where h(t) = min[>"7_ | vimUim(t) — Ben(t)], and A = >0 S v mttsm — Ba. By the

Azuma-Hoeffding inequality it follows that with probability at least 1 — exp( —%) we have

that

?vIH

k
Z n) > A —e(|[hl]oo).

This last inequality implies the statement of our lemma by Claim [2] [
We start the proof of the main theorem in this topic.

Proof of Theorem[{.]]. We make no specific restrictions on the color set K and on the set
E of layers except for finiteness of the second, therefore it will be convenient to rewrite the
layered energies &,(W, J) into a more universal form as a sum of proper Hamiltonians in
order to suppress the role of K and E. Let

W n=% Y% / [T - (@) e, (W (@))de

eck Z1,---,ZrG[Q}[O71]S([T],r) j€ldl

= Z / H ¢Z] x{J} [Z Z1 gy ))] dxs ([r],r)-

Zl1'“7’27‘6[(1][07115([7"],7”) JElr] eck
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Motivated by this reformulation we introduce for every (W, J) pair a special auxiliary instance
of the ground state problem that is defined for a [g]"-layered ([—d,d],r)-graphon, where
d = |E|||J]|c- For any z € [q]" let Wz(x) =Y e o . (We(x)) for each z € [0, 1]3([7"]”),
and the interaction matrices J* of the canonical form. We obtain for any fractional partition
¢ of [0,1] into ¢ parts that Es(W, J) = E,(W, J), and also E,(G(k, W), J) = E,(G(k, W), J)
for any fractional partition x, where the two random r-graphs are obtained via the same
sample. Therefore, without lost of generality, we are able to restrict our attention to ground
state energies of canonical form. In most of what follows we will drop the dependence on J in
the energy function when it is clear that we mean the aforementioned .J, and will employ the
notion E,(W), E(W), £,(G) and E(G), where W and G are [¢]"-layered [—d, d]-edge colored
objects.

The canonical reformulation allows us to employ first Lemma to replace the energy
E(G(k,W),J) by the energy of the averaged sample &(H(k,W),J) without altering the
ground state energy of the sample substantially. From this point we may regard W as a [q]"
layered ([—d, d], r)-graphon without losing generality thanks to H(k, W) not relying on the
structural additional value of a proper graphon. Subsequently, we apply Lemmal[4.6]to change
from the integer version of the energy £(H(k, W), J) to the relaxed one £(H(k, W), J).

We are beginning the argument by showing that the ground state energy of the sample
can not be substantially smaller than that of the original, formally E(H(k, W)) > E(W) —

O(4)||W||s with high probability. Here here and in what follows E denotes the expectation
with respect to the uniform independent random sample (Us)ses(pi,r) from [0, 1]. To see the
correctness of the inequality, we consider a fixed fractional partltlon ¢ of [0,1], and define
the random fractional partition of [k] as ¢, m = ¢m(U,) for every n € [k] and m € [g]. Then
we have that

EE(H(k, W)) > EE,(H(k, W)

~—

k
1
— Ey Z W ((US)SES {n1 ..... nr} H ynj 2
Ze[q}"‘ Ni,.-ey n,,:l
k! . ; i
> (ts) s(r . t— r? .
~ kr(k—r)! / (ts)ses(rlr) H¢j H I
z€lal” [0,1]s(7]

> £,(W) - W

This argument proves the claim in expectation, concentration will be provided by stan-
dard martingale arguments. For convenience, we define a martingale by Yy, = EE(H(k, W))
and Y, = E[E(H(k, W))|(Us)ses(igm] for 1 <t < k. The difference |Y; — Yiyq| < 2||W||
is bounded from above for any ¢, thus by the inequality of Azuma and Hoeffding it follows
that

22

P(E(H(E, W) <EW) - k1/4\

[Wlleo)
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< P(E(H(k,W)) < EE(H(k, W)) — k1/4HWHoo)
r? 2k
8

WHWHoo) < exp(—

=PV, <Yy — ). (4.8)
So the lower bound on &(H(k, W)) is established for some ¢ > 0 with k(g) > ce™*.

Now we turn to prove that £(H(k, W), J) < E(W, J) + ¢ holds also with high probability
for k > ce~*log(e™1)) for some c large enough. Our two main tools will be a variant the Cut
Decomposition Lemma from [2] (closely related to the Weak Regularity Lemma by Frieze
and Kannan [I7]), Lemma 4.7 and linear programming duality, in the form of Lemma [4.10}
Recall the definition of the cut norm, for W: [0,1]" — R it is

|Wllg = max / W(x
1,..,57Cl0,1]
Ix.-x ST
and for an r-array G it is
IGllo=  max |G(S*,...,S")].
S1,.,8TCV(G)

Before starting the second part of the technical proof, we present an informal outline. Our
task is to certify that there is no evaluation of the variables on the sampled energy problem,
which produces an overly large value relative to the ground state energy of the continuous
problem. For this reason we build a cover of subsets over the set of fractional partitions of
the variables of the finite problem, also build a cover of subsets over the fractional partitions
of the original continuous energy problem, and establish an association between the elements
of the two in such a way, that with high probability we can definitely say that the optimum
on one particular set of the cover of the sampled energy problem does not exceed the optimal
value of the original problem on the associated set of the other cover. To be able to do this,
first we have to define these two covers, this is done with the aid of the cut decomposition,
see Lemma [4.7, We will replace the original continuous problem by an auxiliary one, where
the number of variables will be bounded uniformly in terms of our desired error €. Lemma
makes it possible for us to replace the sampled energy problem by an auxiliary problem
of the same number of variables as for the continuous problem. This latter will have a
straightforward relationship to the former approximation of the original problem. We will
produce the cover sets of the two problems by localizing the auxiliary problems, association
happens through the aforementioned straightforward connection. Finally, we will linearize
the local problems, and use the linear programming duality principle from Lemma to
verify that the local optimal value on the sample does not exceed the local optimal value on
the original problem by an infeasible amount, with high probability.

Recall that for a ¢ = (¢1,...,¢,) a g-fractional partition of [0, 1]

=y / I ¢ t)w=(p)a, (4.9)

ZE[‘I]T[O’l]r JElr]
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and for an x = (211, %12,..., %14, 21, .., Tky) & g-fractional partition of [k]

A Z > Iz U, ... U,). (4.10)

z€[q|" 1<ty,....tr <k je€r]

We are going to establish a term-wise connection with respect to the parameter z in the
previous formulas. Therefore we fix z for now and consider the function

£5(W7) / 11 ¢-.; (4.11)

[0’1]7* ]E[’r’]

Lemma delivers for any W* an integer s = s(2) < %, measurable sets S/ C [0, 1] with
1=1,...,8,7=1,...,r, and real numbers dy, ..., ds such that the conditions of the lemma
are satisfied, namely |[W?* =377 | dillgi,..xorllo < [[W?|]2 and 3, [di| < L[W=[|o. We also
have that this cut function allows a sufficiently good approximation for £,(WW*), for any ¢.
Let D* =>"7, dillgrs...xs7-

E5(W7) = E5(D7)] = IT ¢ — D¥(1)] dt

0’1]7“ ]E[T]

< |W* = Dl < el W7 ..

We apply the cut approximation to W# for every z € [¢]" obtaining a uniquely z-colored
graphon D = (D?).c(g-. We define the "push-forward” of this approximation for the sample
H(k,W?). To do this we only need to define the subsets [k] D S/ = {m : U,, € $/}. Let
D= =37 d, ]IslX xS First we condition on the event from Lemma call this event I,

that is By = ||]HI (k,W?) — D”||g — ||W?* = D*||o| < ¢||[W?||} .On Ej it follows that

for any x € [0, 1]*
1
&2 (H(k, W?)) = £(D7)| < ||H(k, W*) — DI
<|IW?7 = D¥||o + &l [W7 |-
This implies
[Eo(W) = E5(D)| < eq"[|W]loo  and  |E(H(k, W)) — & (H(k, D)) < 22¢"||W]|.

In what follows we refer to typical set that is involved in the definition of D as Sf , where
we will not always stress to which particular D? a it belongs to, let S ={S,,;: 2z € [q]",1 <
i < s(z),1 < j < r} denote their set, S’ the corresponding set on the sample. Note that

= |S| < r¢"%.Let n > 0.
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I(byn)={¢p:Vze ¢, 1<i<s(z),1<j<r:| / ¢, (t)dt — b, ;] < 2n},
Szij

I'byn)={z:Vzeqg",1<i<s(2),1<j<r Z Tz — bzl <}
UneSZ,]
We will use the grid points A = {(b.; )., : V2,1,7 : by, € [0,1] N nZ}.
On every set 1(b,n) we can produce a linear approximation of £,(D) (linear in the func-

tions ¢,,) which carries through to a linear approximation of &, (H(k, D)) via sampling. The
precise description of this is given in the next lemma.

Lemma 4.11 (Local linearization). Let ¢, > 0 be arbitrary. Then for every b € A there
exist ly € R and a functz’ons ll,lg, .oy lg: [0,1] — R such that for every ¢ € 1(b,n) it holds

that |E4(D) — ly — fo () om(t)dt] < 2||W||oo, and for every y € I'(b,n) we have
&, (H(E, )) — g — Zn 1Zm 1 kynm In(U)| < 7Z:‘—2||T/VHOO Additionally in the case when
n = ve for some fized real v > 0|, we have that ly,ls,... 1, are bounded from above by
O(IWl|sc

Proof. First we decompose the energies as sums over z € [¢]". Recall that

s(z) r
(D) =Y d / [T -, (@)ls. 005, (2)da

=1 oYy 9=
s(2) g T
S T oo
=N NI,
and
s(z) qg T

£(D)) zd;HH >

m=1 j=1 n:Un€S,;;
Zj=m

In the previous formula we denoted the r-tuples of sets involved in the generation of D,
as the first s(z) of the whole list of size s = 57/ Of course this will be a different set of
r-tuples for different z’s, but it will always be clear what is meant. We will linearize and
compare the functions £3(D?) and &7(D"”) termwise. In the end we will sum up the errors
and deviations occurred at each term. Let us fix ¢ € I(n,b). We are going to produce a
linear approximation to each term of the expression £3(D?).

q

1
H / O (@), ., (25)da; = baj + bz

=1

z:m
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1

- H s T Z Z /¢m(xj)]lsz,i,j(xj)dxj —b.ij % + A
7j=1

b, ;.
m=1 j= lzj—m 0 b

(1-7)B +Z/¢m) Z Is. ., (t) B() dt + A,

mlO j=l,zj=m ZZ]

where B(z) stands for H;Zl b..;, and |A| < n?q". Analogously for a fixed element y € I'(b, 1)
and a term of £7(D’) we have

% Z Ynym — bz,i,j + bz,i,j

m=1 Jil nUnGSzz]
(EPTIEES D) 35 I DERUAT.LC BUY
= -r < T Ynm - A\Up ,
m=1n=1 ky , j=l,z;=m St bz,i,j

where again |A/| < n?¢". We multiply these former expressions by the respective coeffi-
cient d; and sum up over i, then we still have in both cases a linear approximation. As overall
error we get in both cases at most >, |di|n?q" < [[W|[2"tn?¢" < 27 = O(n*1)||W]|.
Now we turn to prove the upper bounds on |I(t)|. Assume that ||[W]|, = 1. Looking at the
former formulas we could write out [(¢) explicitly, for the upper bound it is enough to note

that |37, _, Is. 1J(t)&] is at most r. So it follows that for any ¢ € [0, 1] it holds that

b
lt)|<§:|di|r<0 5.
B i=1 a <

]

For each b € A we apply Lemma [4.11] so that we have for any ¢ € I(b,n) and = € I'(b,n)
that

2
EsW) ~ o - /¢m n(0)t] = OCL) [Vl

mlo

2

EEEI) ~ o~ 3 Lot = OCE) ..

Note that of course ly,ly,...,l, depend on b. We introduce the event E5(b), which stands
for the occurrence of the following implication:
If the linear program

k q
1
maximize lo + Z Z Exn,mlm(U )

n=1m=1
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subject to z e I'(bn)

0<x,,, <1 form=1,....kandm=1,...,q
q

an’mzl form=1,...,¢q

m=1

has optimal value «, then the continuous linear program

1
q
maximize lo—i-/Zlm(t)gzﬁm(t)dt
0 m=1

subject to ¢ € I1(b,n)
0<on(t) <1 fort € [0,1] and m=1,...,q
q
Z Pm(t) =1 for ¢t € [0, 1]
m=1

has optimal value at least o — 7).

Let us set n = ve. It follows from Lemma [4.10 that P(E(b)) > 1 — exp(—@).
Denote E, the event that for each b € A the event Es(b) occurs. Then P(E;) > 1 —

(O(%))QEL2 exp(—@). Therefore if k > ¢ log? with ¢ > 0 large enough we have that
P(E1NE,) > 1—e. We only need to check that conditioned on E; and Es our requirements
are fulfilled. For this consider an arbitrary « = (211,212, ..., %14, %21, - ., Tk ) & g-fractional
partition of [k]. For some b € A we have that x € I'(b,n). By the argument we presented

earlier it follows that there exists a ¢ € I(b,n) such that on E; N Ey

Es(W) = E(H(E, W)) = O(e)|[[W]|eo-

This is what we wanted to show.
O]

Remark 4.12. A simple investigation of the proof also exposes the role of ¢ and r in the
size of the requir4ed sample: there exists a ¢ > 0 not dependent on ¢, r and ¢, so that for
k> c"log(q"/e)%+ so that the statement of the theorem is valid.

5 Applications of the ground state energy

We derive further testability results using the techniques employed in the proofs of the
previous section, and apply Theorem to quadratic programming problems.

5.1 Microcanonical version

Next we will state the microcanonical version of Theorem [4.4] that is the continuous general-
ization of the main result of [I5]. To be able to do this, we require the microcanonical analog
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of Lemma , that will be a generalization of Theorem 5.5 from [9] for arbitrary r-graphs
(except for the fact that we are not dealing with node weights), and its proof will also follow
the lines of the aforementioned theorem. Before stating the lemma, we recall some notation
and state yet another auxiliary lemma.

Definition 5.1. Let fora = (a1,...,a,) € Pdy (that is, a; > 0 for eachi € [q] and >, a; =1)
denote

1
Qa = < ¢ fractional partition of [0,1] : /qb,»(t)dt =a; fori €q] p,
0

wa = } X frac. partition of V(G

Z Ty =a; fori €[q] p,

uGV (@)

and
—a;

Wy = {X int. partition of V(G

'E:uEV xU1

1 :
Smforle[(ﬂ}-

We will call the following expressions microcanonical ground state energies with respect to
a for (K,r)-graphs and graphons and C(K)-valued r-arrays J, in the finite case we add the
term fractional and integer respectively to the name. Denote

Ea(W, J)zgé%x5¢(w, J), &G, J) =max&(G,J), Ea(G,J) =max&(G,J).

XEwa XEWa
The layered versions for a finite layer set E are defined analogously.

The requirements for an x to be discrete a-fractional partition are rather strict and we are
not able to guarantee with high probability that if we sample from an a-fractional partition
of [0, 1], that we will receive an a-fractional partition on the sample, in fact this will not
happen with probability 1. To tackle this problem we need to establish an upper bound on
the difference of two microcanonical ground state energies with the same parameters. This
was done in the two dimensional case in [9], we generalize that approach.

Lemma 5.2. Let E be a finite layer set, K a compact color set, ¢ > 1, and r-arrays
J = (J)eer with J¢ € C(K)?* 1. Then for any E-layered (IC,r)-graphon W = (W) cp,
and probability distributions a,b € Pd, we have

[Ea(W, J) = E(W, J)| < r[E|| ][] [W | lla = b1

The analogous statement is true for an arbitrary E-layered K-valued r-graph G,

€a(G,J) = &(G, J)| < 7| Bl T]|sc]|Gllsclla — b
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Proof. We can restrict our attention to the canonical form of the problem with W being a
real-valued averaged naive graphon tuple, and |[W|| = 1. We will find for each a-fractional
partition ¢ a b-fractional partition ¢’ and vice versa, so that the corresponding energies
are as close to each other as in the statement. So let ¢ = (¢1,...,¢,) be an arbitrary a-
fractional partition, we define ¢, so that the following holds: if a; > b; then ¢}(t) < ¢;(¢)

for every t € [0,1], otherwise ¢;(t) > ¢;(t) for every ¢t € [0,1]. It is easy to see that such a
¢ = (¢}, .., ¢,) exists. Next we estimate the energy deviation.

£ W) — W) < 3 / bua(01) - b (22) — &, (1) .. &, (,)dz

z€[q]" 0,1
< S| [ Gentom) ot ) T 650 TT 4 )00
z€[q]" m=1 0.1 j<m ji>m
= 53 [ [6uuem) — o (] o [ s, T 0
z€lq]” m:1[071] j<m j>m
=33 [ i) - g0 (Y ) S by
m=1 j:l[oJ] j=1 j=1
= r|la — bll;.

The same way we can find for any b-fractional partition ¢ an a-fractional partition ¢’ so
that their respective energies differ at most by r||a — b||;. This implies the first statement

of the lemma. The finite case is proven in a completely analogous fashion.
m

We are ready to show that the difference of the fractional and the integer ground state
energies is o(|V(G)]) whenever all parameters are fixed.

Lemma 5.3. Let q,r > 1 and let G be a [q]"-layered real-valued r-graph on [k]. Let also be
J € R and a € Pdy. Then

- 1 r ror
[€a(G, ) = &a(G, )] < 74" [l Gllc5"g .

Proof. We may assume that J is the canonical interaction r-array. The inequality (G, J) <
Ea(G, ) + 11T ||Gllsc5"g" T follows from Lemma . Indeed, in this direction one has a

somewhat stronger bound,

r+1
q

G, T) < max  &(G,J) < E(G,J)+r -

b:|b;—a;|<1/k

[ ]oc [ Gl co-

Now we will show that £,(G,J) > &a(G, J) — 2]|Gl|5"g"t!. We consider an arbitrary a-
fractional partition x. A node ¢ from [n] is called bad in a fractional partition z, if the at
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least two elements of {z;1,...,x;,} are positive. We will reduce the number of fractional
entries of the bad nodes of x step by step until we have at most ¢ of them, and keep track of
the cost of each conversion, at the end we round the corresponding fractional entries of the
remaining bad nodes some certain way.

We will describe a step of the reduction of fractional entries. For now assume that we
have at least ¢+ 1 bad nodes and select somehow a set S of cardinality g+ 1. To each element
of S corresponds a g-tuple of entries and each of these g-tuples has at least two non-{0,1}
elements.

We will now reduce the number of fractional entries corresponding to S while not dis-
rupting any entries outside of S. To do this we fix for each i € [¢] the sums ) _¢ x,; and for
each v € S the sums "7 | z,; (these are naturally fixed), in total 2¢+1 linear equalities. We
have at least 2¢ + 2 fractional entries corresponding to S, therefore there exists a subspace of
solutions of dimension at least 1 for the 2¢ + 1 linear equalities. That is, there is a family of
fractional partitions parametrized by —t; <t <ty for some ¢,y > OiXij = x;;+1t5; ;, where
Bij=01ifi ¢ S or z;; € {0,1}, and f3;; # 0 else, that obey our 2g + 1 fixed equalities. The
boundaries —t; and ¢, are present, because eventually an entry corresponding to S would
exceed 1 or would be less than 0 with ¢ going to plus, respectively minus infinity. Therefore
at these boundary points we still have an a-fractional partition that satisfies our selected
equalities, but the number of fractional entries decreases by at least one. We will formalize
how the energy behaves when applying this procedure.

Eit(G, ) =,(G,J)+ et + -+ ¢t
where for [ € [r]

z
E E /Bul7z7r(1) = '6UI,ZW(1)$W+1,ZW(1+1) - 'xumzﬂ(r)G (uﬂ(1)> s ’uﬂ(r))>

z€[q]"  u1,...,u €S
uz+1 ----- urEV\S

where the second sum runs over permutations 7 of [k] that preserves the ordering of the
elements of {1,...,{} and {l + 1,...,7} respectively. We deform the entries corresponding
to S through ¢ in the direction so that ¢;t > 0 until we have eliminated at least one fractional
entry. Note, that as x* is a fractional partition, therefore 0 < z;; + ¢3;; < 1, which implies
that for £8;; < 0 we have [t3;;| < x;;. On the other hand, }_;tf;; = 0 for any ¢ and i.
Therefore . [t6; ;] = 23, [t8ijllyp, ;<0p < 23 ;wi; = 2 for any i € [k]. This simple fact
enables us to upper bound the absolute value of the terms ¢t'.

(k—g-1)""
|Ctl| < HGHOO Z Z |tBu, 2 W(1>| |t/3waz7r(z)|

z€[q]" u1,.. ules

k — _1r—l
:%“GHOO(Z)”Z Do [tBual. - 1tBual

€lq)t u1,.- W €S
l

1 T\ ,_
sl | < 160 () a2+ 20

< gl ()| 32

u€S,j€lq]
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It follows that in each step of elimination of a fractional entry of x we have to pay a price of
at most

T

S la] < 751G (30 +2)"

1=2
There are in total kq entries in x, as in each step the number of fractional entries is reduced
by at least 1, we can upper bound the number of required steps by k(¢ — 1), and conclude
that we to pay at most a price of +||G|l(g — 1)(3¢ + 2)" to construct from x a fractional
partition x” with at most ¢ fractional entries In the second stage we proceed as follows. Let
B = {uy,...,u,} be the set of the remaining bad nodes of x’, with r < ¢. For u; € B we set
xy. ; = lgi—j}, for the rest of the nodes we set x” = X/, obtaining an integer a-partition of [£].
Finally, we estimate the cost of this operation.

1
En(G,J) > Eu(G,J) — E||G||OO|B|kT_1qT.
The original a-fractional partition was arbitrary, therefore it follows that
A 1
(G, J) = &G, J) < E||G||oo5rq7"+1.

O

We are ready state the generalization of Theorem [4.4] adapted to the microcanonical
setting.

Corollary 5.4. Let E be a finite layer set, K a compact color set, ¢ > 1, a € Pd, r-
arrays J = (J®)eep with J¢ € C(K)?*, and ¢ > 0. Then we have that for any E-layered
(K, r)-graphon W = (W¢).cr and for k € O(e*log(e™)) that

P (1€ (W, J) = Ea(G kW), )| > £l BTV o) <

Proof. We start with pointing out that we are allowed to replace the quantity é'a(G(k:, W), J)
by Ea(G(k,W),J) in the statement of the corollary by Lemma and only introduce an
initial error at most +q"[|J]|x||G|lx5"¢" . We can also require W = (W?), to be [g]"
layered and real-valued with [|[W||, < 1, furthermore J to have canonical form (see the
proof of Theorem for details).

The lower bound on &,(G(k, W), J) is the result of standard sampling argument combined
with Lemma . Let us consider a fixed a-partition ¢ of [0,1], and define the random
fractional partition of [k] as ynm = ¢m(U,) for every n € [k] and m € [¢]. Now y is not
necessarily an a-fractional partition, but it cannot be very far from being one. For m € [q]

it holds that .
p (‘Zn:]iyn,m o

> 6) < 2exp(—’k/2),
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therefore for k € O(e~*log(e™")) the sizes of the partition classes obey |+ S Ynm—am| < €

for every m € [q] with probability at least 1 — ¢.
We apply Lemma [5.2] to arrive at

EE(G(k, W) > EE,(G(k, W) — (¢ + 1)z

k! r?
> / (1, H@] )t = = (g+ 1)

The concentration of the random variable £(G(k,W)) can be obtained through martingale
arguments identical to the technique used in the proof of the lower bound in Theorem [4.4]

For the upper bound on &,(G(k, W)) we are going to use the cut decomposition and local
linearization, the approach to approximate the energy of £,(W) and &,(G(k, W)) for certain
partitions ¢, respectively x is completely identical to the proof of Theorem [£.4] therefore we
borrow all the notation from there, and we do not refer to again in what follows.

Now we consider a b € A and define the event Fs3(b) that is occurrence the following
implication.

If the linear program

kq
- 1

maximize lo + ; mzl Exn,mlm<U )

subject to xeI'(bn) Nwa
0<x,, <1 forn=1,....kandm=1,...,q
q
mem:l forn=1,...,k
=1

has optimal value «, then the continuous linear program
! q
maximize lo + / Z L () (T)dE
0 m=1

subject to ¢ € 1(b,n) ﬂ U We

c:la;—ci|<n

0<odn(t) <1 fort € [0,1]] and m=1,...,q
q

Z(bm(t) =1 for t € [0, 1]

m=1
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has optimal value at least o — 7.
It follows by applying Lemma with setting 7 = ve that E3(b) has probability at least
1— exp(—EQTk). When conditioning on Fy and E3 = Ny 4 E3(b) we conclude that

EG( W) max | E(W) +0(e) < Ea(W) +0().
Also, like in Theorem [4.4] the probability of the required events to happen simultaneously

is at least 1 — O(e) for k > de~*log(e™?!) for a ¢ > 0 large enough.
[

Remark 5.5. The proof of Corollary also reveals that there exists a positive constant
’ not depending neither on &, g nor r, so that the statement of Corollary remains valid
for every sample size k > ¢’ log(q"/e)q* e .

5.2 Quadratic assignment and maximum acyclic subgraph prob-
lem

The two optimization problems that are the subject of this subsection, the quadratic as-
signment problem (QAP) and maximum acyclic subgraph problem (AC), are known to be
NP-hard, similarly to MAX-rCSP that was investigated above. The first polynomial time
approximation schemes were designed for the QAP by Arora, Frieze and Kaplan [3]. Dealing
with the QAP means informally that one aims to minimize the transportation cost of his
enterprise that has n production locations and n types of production facilities. This is to
be achieved by an optimal assignment of the facilities to the locations with respect to the
distances (dependent on the location) and traffic (dependent on the type of the production).
In formal, terms this means that we are given two real quadratic matrices of the same size,
G and J € R™" and the objective is to calculate

QG ) = 5 max 3 SiGoti
ij=1

where p runs over all permutations of [n]. We speak of metric QAP, if the entries of J obey
the triangle inequality, and d-dimensional geometric QAP if the rows and columns of J can
be embedded in a d-dimensional LP metric space so that distances of the images are equal
to the entries of J.

The continuous analog of the problem is the following: given the measurable functions
W, J: [0,1)> = R, we are interested in obtaining

QW) = [ Ty Wip(o). ply)dady,  QUF.I) = maxQ (V...
[0,1]2

where p in the previous formula runs over all measure preserving permutations of [0, 1]. In
even greater generality we introduce the QAP with respect to fractional permutations of
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[0,1]. A fractional permutation p is a probability kernel, that is p: [0, 1] x £([0,1]) — [0, 1]
so that (i) for any A € L£([0,1]) the function u(., A) is measurable, (i7) for any = € [0, 1]
the function p(z,.) is a probability measure on £([0,1]), and (iii) for any A € L(][0,1])

fol du(x, A) = A(A). Then

Qu(W, J) = / / T, )W (&, y)du(i ) du(, y)dids,

[0,1]2 [0,1]?

and
QW J) = mgx Q.(W, J),

where the maximum runs over all fractional permutations. For each measure preserving

permutation p one can consider the fractional permutation p with the probability measure

(1, .) is defined as the atomic measure 6,;, for this choice of p we have Q, (W, J) = Q. (W, J).
The r-dimensional generalization of the problem for J and W: [0,1]" — R is

m

Q<W7 J) = max / / J(jb s 7jr>W<x17 s >$r)du(j17 IE1) s d:u(.]ra x?‘)djl s dj?“a

[0,1]" [0,1]"

where the maximum runs over all fractional permutations p of [0,1]. The definition of the
finitary case in r dimensions is analogous.

A similar problem to QAP is the maximum acyclic subgraph problem. Here we are given
a weighted directed graph G with vertex set of cardinality n, and our aim is to determine
the maximum of the total value of edge weights of a subgraph of G that contains no directed
cycle. We can formalize this as follows. Let G € R™*™ be the input data, then the maximum
acyclic subgraph density is

AC(G) = % max > Gislpmzan
ij=1
where p runs over all permutations of [n].

This is a special case of the QAP when J is the upper triangular n x n matrix with 0’s
on the diagonal and all nonzero entries being equal to 1. However in general AC cannot be
reformulated as metric QAP. The continuous version of the problem AC(W) for a function
W:[0,1]* — R is defined analogous to the QAP, as well as the relaxation AC(W), where
the maximum runs over probability kernels.

Both QAP and AC problems resemble the ground state energy problems that were in-
vestigated in previous parts of this paper. In fact, if the number of clusters of the distance
matrix J in the QAP would be upper bounded independent of n, QAP would exactly turn
into ground state energy with the number of states ¢ equal to the number of clusters. By
number of clusters we mean here the smallest number m such that there exists an m x m
matrix J' so that J is [7]-fold equitable blow-up of J'. To establish an approximation to
the solution of the QAP we will only need this condition approximately, and this will be
shown in what follows.
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Definition 5.6. We call a measurable function J: [0,1]" — R v-clustered for a non-increasing
function v: RT — RT, if for any € > 0 there exists another measurable function J': [0,1]" —
R that is a step function with v(e) steps and ||J — J'||1 < €||J|]oo-

Note, that by the Weak Regularity Lemma ([I7]) any J can be well approximated by a

step function with v(e) = 22 steps in the cut norm. To see why it is likely that this cut norm
approximation will not be sufficient for our purposes, consider a J: [0,1]" — R. Suppose
that we have an approximation in the cut norm of J in hand, namely J’, and define the kernel
po(i,.) = &; and the r-graphon Wy = J—J'. In this case |Q,, (W, J)—Q, (W, J")| = ||J—=J'||3.
This 2-norm is not granted to be small in € by any means.

In some special cases, for example if J is a d-dimensional metric or the array corresponding
to the AC, we are able to require a smaller upper bounds on the number of steps required
for the 1-norm approximation of J, than exponential in % By the aid of this fact we can
achieve good approximation of the optimal value of the QAP via sampling. Next we state

an application of Theorem [£.4] to the clustered QAP.

Lemma 5.7. Let J: [0,1]" — R be a v-clustered measurable function. Then there exists an
absolute constant ¢ > 0 so that for every e > 0, every r-array W, and k > clog(l/(e)es)(@)4
so that

P(IQW.J) = Q(G(k, W), G'(k, J))| Z el W]l /) <&,
where G(k, W) and G'(k, J) are generated by independent sampling.

Proof. Without loss of generality we may assume that ||J|| < 1. First we show that under
the cluster condition we can introduce a microcanonical ground state energy problem whose
optimum is close to Q(W, J), and the same holds for the sampled problem. Let ¢ > 0 be
arbitrary and J’ be an approximating step function with ¢ = v(e) steps. We may assume
that ||J'||c <1 We set a = (aq,...,a,) to be the vector of the sizes of the steps of J', and
turn J’ into a real r-array on [g] the natural way by associating to each class of the partition
of [0,1] of J" a vertex of the vertex set [¢] (indexes should be chosen with regard to a), and
set the entries of the r-array corresponding to the value of the respective step of J'. We will
call the resulting r-array J”. From the definitions it follows that

QW J') = Ea(W, J")
for every r-graphon W. On the other hand we have that
|Q<W7 J) - Q(W7 J/)| < ml?x |QM(W7 J) - QM(Wa Jl)|

—max| [(7=0)0) [ WEulinm) . duGina)di -

0,1~ [0,1]"
< max / (= Y)W oeds - dji
[0,1]"

= 1] = J1lWllee < el[W]|oo-
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Now we turn to the sampled version of the optimization problem. First we gain control
over the difference of the QAPs, when we replace J by J'. G(k, W) is induced by the sample
Ui, ...,Ug, G'(k,J) by the independent Yi, ..., Y.

< max |Qy(G(k, W), G(k, J)) = Qy(G(k, W), G(k, J'))]

k
1
= max | Yo (T =I)Viee YIW oo (5.1)

p

We analyze the random sum on the right hand side of (5.1)) by first upper bounding its
expectation.

k
1
i J=J)Yi, .Y
h ' Z1Zi:1( )( ' T)
7“2 TQ
S?H‘]Hoo_{_||J/||00+EY|(J—J/)(Yi,...,}/;n)|:?+5§25

By the Azuma Hoeffding inequality the sum is also sufficiently small in probability.

k
‘ Z (‘]_ ‘],)(Y;U"w)/ir)

> 45) <exp(—e?k/2) <¢

We obtain that

with probability at least 1 — ¢, if k is such as in the statement of the lemma. Set b =
(b1,...,b,) to the probability distribution for that b; = %Zle I(y,es,), where S; is the i’th
step of J" with A(S;) = a;. Then we have that

Q(G(k,W),G(k, J)) = E(G(k, W), J").

It follows from the Azuma-Hoeffding inequality that for each i € [q] P(|la; — b;i] > ¢) <
2 exp(—2¢%k) so we have that |a — b|; < € with probability at least 1 —e. We can conclude
that with probability at least 1 — 2¢

QW J) = Q(G(k, W), G(k, J)| < [QW, J) = Q(W,.J')]
+|E(W.J") = E(G (K, W), J")| + |Q(G (k‘ W), G(k,J)) — QG(k, W), G(k, J))|
< 6el[W||oo + [Ea(W, J") = Ea(G (K, W), J")].

By application of Corollary [5.4] the claim of the lemma is verified.
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Next we present the application of Lemma to two special cases of QAP.

Corollary 5.8. The d-dimensional geometric QAP and the mazimum acyclic subgraph prob-
lem are efficiently testable.

Proof. We start with the continuous version of the d-dimensional geometric QAP given by
the measurable function J: [0,1]> — R*. Note, that d refers to the dimension corresponding
to the embedding of the indices of J into an LP a metric space, not the actual dimension of
J. We are free to assume that 0 < J < 1 simply by rescaling. There exists an embedding
p:[0,1] — [0,1]¢, so that J(i,5) = ||p(i), p(4)||, for every (i,j) € [0,1]?. Fix ¢ > 0 and
consider the partition P' = (T1,...,T3) = ([0, %), [%, %), ce [%, 1]) of the unit interval into
g = (%ﬁ classes. Define the partition P = (P, ..., P,) of [0,1] consisting of the classes
p N T, x -+ x Ty,) for each (iy,...,iq) € [B]", where |P| = ¢ = p? = ngj/p. We construct
the approximating step function J’ by averaging J on the steps determined by the partition
classes of P. It remains to show that this indeed is a sufficient approximation in the L!-norm.

Ih = z)—J(z x:q z) — J'(z)|dz qiezf«:
\\J—Jrrl—méum Halde =32 [ 1) = olts <3 e =e

zJ:lPI X P]'

By Lemma and Corollary it follows that the continuous d-dimensional metric QAP
is O(log (%) zrz)-testable, and so is the discrete version of it.

Next we show that the AC is also efficiently testable given by the upper triangular
matrix J whose entries above the diagonal are 1. Fix € > 0 and consider the partition
P=(P,...,P,) with ¢ = g, and set J' to 0 on every step P; x P; whenever ¢ > j, and to 1
otherwise. This function is indeed approximating .J in the L!-norm.

|J = J||; = / () = J'(x)|dz =) / |J(x)—J'(x)\dx§Z2—z2:5.

[0,1]2 =lpxp

Again, by Lemma [5.7| and Corollary [5.4]it follows that the AC is O(log(%)<5)-testable.
[

6 Further Research

Our framework based on exchangeability principles allows us to extend the notion of a limit
to the case of unbounded hypergraphs and efficient testability of ground state energies in
this setting. The notion of exchangeability is crucial here. The notion of efficient testability
in an unbounded case could be of independent interest, perhaps the results on ground state
energy carry through for the setting when the r-graphons (induced by r-graphs) are in an
L? space for some p > 1.

Another problem is to characterize more precisely the class of problems which are effi-

ciently parameter testable as opposed to the hard ones. Improving the bounds in % for the
efficiently testable problems is a another important problem.
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