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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., [4]. 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 [10], [11].

In the first part of the paper we develop a general framework for the above CSP prob-
lems 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, Lovasz, Sés, Vesztergombi and Szegedy [10],[11],[24], and [26] for graphs including
connections to statistical physics and complexity theory, and were subsequently extended to
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hypergraphs by Elek and Szegedy [15] via the ultralimit method. The central concept of
r-graph convergence is defined through convergence of sub-r-graph densities, or equivalently
through 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 [14] by
Diaconis and Janson, where the authors shed some light on the correspondence between com-
binatorial 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 theorem
for compact colored r-uniform directed hypergraph limits. This says that every limit object
in this setup can be transformed into a measurable function on the (2" — 2)-dimensional unit
cube that takes values from the probability distributions on the compact color palette, see
Theorem below. This extends the result of Diaconis and Janson [I4], and of Lovész
and Szegedy [25]. 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 [f] 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 on parameters
called ground state energies and study variants of them. These are in close relationship
with MAX-rCSP problems, our results can be regarded as the continuous generalization of
the former. We rely on the notion of parameter testing and sample complexity, that was
introduced by Goldreich, Goldwasser, and Ron [I7] and was employed in the graph limit
theory in [I1]. A graph parameter is testable in the sense of [I1], 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 the real
functions on the graph space was carried out in [I1], the original motivation of the current
paper was to provide an analogous characterization for efficiently testable parameters. These
latter 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 [5], their upper bound
on the required sample size was still logarithmically increasing in the size of the problem. The
approach in [5] enabled the employment of linear programming techniques. Subsequently, the
testability of MAX-CUT was shown in [I7], explicit upper bounds for the sample complexity
in the general boolean MAX-rCSP were given by Alon, F. de la Vega, Kannan and Karpinski
[4] using cut decomposition of r-arrays and sampling, that was inspired by the introduction
of weak regularity by Frieze and Kannan [16]. In [4] and [I6], the design of polynomial time
approximation schemes (PTAS) in order to find not only an approximate value for MAX-
rCSP, but also an assignment to the base variables that certify this value was an important
subject, we did not pursue the generalization regarding this aspect in the current work. The



achievements of these two aforementioned contributions turned out to be highly influential,
and took also a key role in the first elementary treatment of graph limits and in the definition
of the dp-metric in [I0] that defines an equivalent topology on the limit space to the subgraph
density convergence.

The best currently known upper bound on the sample complexity of MAX-rCSP is
O(e™), and has been shown by Mathieu and Schudy [27], see also Alon, F. de la Vega,
Kannan and Karpinski [4]. Unfortunately, the approach of [27] does not seem to have a nat-
ural 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
original 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 [4] 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 in Section [ 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 [13] 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 the topic of
approximate graph isomorphism and homomorphism, see [22] and [g].

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 some additional examples. The subsequent Section {4| contains the
proof of Theorem regarding ground state energies of r-graphons, and in the following
Section [f|some variants are examined, in particular microcanonical energies and the quadratic
assignment problem. We summarize possible directions of further research in Section [0}

2 Limit theory and related notions

We will consider the objects called rCSP formulas that are used to define instances of
the decision and optimization problems called rCSP and MAX-rCSP, respectively. 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 a subset of the variables, and the sets of
possible assignments of values to the variables are uniform. 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.

For the treatment of an rCSP (of a MAX-rCSP) corresponding to a certain formula we
are required to simultaneously evaluate all the constraints of the formula by assigning values
to each of the variables in the variable set. If we deal with an rCSP optimization problem
on some combinatorial structure, say on graphs, then the formula corresponding to a certain
graph has to be constructed according to the optimization problem in question. The precise
definitions will be provided next.

Let » > 1, K be a finite set, and f be a boolean-valued function f: K" — {0,1} on
r variables (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' = {x1,29,...,x,} be the set of variables, . =
(Teyy -y Xe,) € VT and f a constraint-type on K in r variables. We call an n-variable
function w = (f;x.): KV — {0,1} with w(ly,...,l,) = f(ley,-..,le.) a constraint on V inr
variables determined by an r-vector of constrained variables and a constraint type.

We call a collection F of constraints on V(F) = {1, xs,...,2x,} in r variables of type
C(K,r) for some finite K an rCSP formula.

Two constraints (f1; z.,) and ( fa; z¢,) are said to be equivalent if they constrain the same
r variables, and their evaluations coincide, that is, whenever there exists a 7 € S, such that
e; = m(ez) (here m permutes the entries of ey) and f; = @(f2), where [7(f)](1) = f(7(1)).
Two formulas F; and F; are equivalent if there is a bijection ¢ between their variable sets
such that there is a one-to-one correspondence between the constraints of F; and F, such
that the corresponding pairs (f1;x.,) € 1 and (fa; x.,) € Fy satisfy (f1;0(ze,)) = (f2; Te,)-

In the above definition the set of states of the variables in V(F') denoted by K is not
specified for each formula, it will be considered as fixed similar to the dimension r» whenever
we study a family of rCSPs. 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 types to be real or K-valued functions on K" with I being
a compact space, then we speak of weighted rCSP formulas.

The motivation for the name CSP formula is immediately clear from the notation used
in Theorem 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. A common assumption is that equivalent
formulas should get the same parameter value.

Definition 2.2 (MAX-rCSP). Let F' be an rCSP formula over a finite domain K. Then
the MAX-r CSP value of F' is given by

MAX—rCSP(F) = 21
rCSP(F) = max. _(fZ)GFW(l), (2.1)

and F' is satisfiable, if MAX—rCSP(F) = {w |w = (f;x.) € F }|.
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Such problems are for example MAX-CUT, fragile MAX-rCSP, MAX-3-SAT, and Not-
All-Equal-3-SAT, where only certain constraint types are allowed for instances, or MAX-
BISECTION, where additionally only specific value assignments are permitted in the above
maximization. In general, formulas can also be viewed as directed r-graphs, whose edges
are colored 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?),cx», where

Fe)=) > [ 20) (2.2)

PES, (fszy(e))EF

for each e € [n]". The data set (F*),c- is called the evaluation representation of F, or short
eval(F), we regard eval(F') as a parallel colored (with colors from [¢|") multi-r-graph, see
below. We impose a boundedness criteria on CSPs that will apply throughout the paper,
that means we fix d > 1 for good, and require that ||F?||, < d for every z € K" and CSP
formula F' with eval(F') = (F?),ckr in consideration. We note that for each z € K", e € [n]"
and ¢ € S, we have the symmetry F*(e) = F?0) % (egq), ..., €4()), also, on the diagonal
F#is 0.

The main motivation for what follows in the current section originates from the aim to
understand the long-range behavior of a randomly evolving rCSP formula together with the
value of the corresponding MAX-rCSP by making sense of a limiting distribution. This task
is equivalent to presenting a structural description of rCSP limits analogous to the graph
limits of [24].

The convergence notion should agree with parameter estimation via sampling. In this
setting 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, this is referred to as the induced
subformula on the sample. Then we attempt to produce some quantitative statement about
the parameter value of the original formula by relying only on the estimation of the corre-
sponding value of the parameter on a subformula, see Theorem [3.3]

Having formally introduced the notion of rCSP formulas and MAX-rCSP, we proceed to
the outline of the necessary notation and to the analysis of the limit behavior regarding the
colored hypergraph models that are used to encode these formulas.

2.1 Limits of K-colored r-uniform directed hypergraphs

Let I 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-colored r-uniform directed hypergraphs, or with different words r-arrays
with non-diagonal entries from K, and the diagonal entries are occupied by a special element
which also can be in K, but in general this does not have to be the case.

The basic content of the current subsection starts with the general setting given above,
CSPs will be considered as a special case in this topic whose limit characterization will be



derived at the end. Some of the basic cases are already settled regarding the representation of
the limits, we refer to Lovasz and Szegedy [24], [25], [23] for the r = 2, general K, undirected
case, to Elek and Szegedy [15] for the general r, IC = {0, 1}, undirected case; and Diaconis and
Janson [14] for r = 2, L = {0, 1}, directed and undirected case. These three approaches are
fundamentally different in their proof methodology (they rely on weak regularity, ultralimits,
and exchangeability principles respectively) and were further generalized or applied by Zhao
[30] to general r; respectively by Aroskar [7] to the directed case; respectively by Austin [9]
general r and by Janson [20] to the directed case where the graph induces a partial order on
the vertex set.

Definition of convergence Let C denote space C(K) of continuous functionals on K, and
let F C C be a countable generating set with || f||. < 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, II1(S) denotes the isomorphism classes of the node labeled
respective objects). The set I1;(.S) denotes the elements of TI(.S) of vertex cardinality k. Let
G(k, F') denote the random induced subformula of F' on the set S C V(F') that is chosen uni-
formly among the subsets of V(F') of cardinality k. We define the homomorphism densities
next.

Definition 2.3. Let K be an arbitrary set or space, and C(K) be the set of continuous
functionals on K. If for some r > 1 F € II"(C(K)) is a uniform directed graph with
V(F) = [k] and G € II"(K), then the homomorphism density of F' in G is defined as

t(F,G):m Z H Fin,...i)(G@G0), ... 6().  (23)

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 (normalization changes
accordingly).

In the special case when K is finite we can associate to the elements of II(K) functions in
II(C'(K)) through replacing the edge colors in K by the corresponding indicator functions.
Note that this way if F,G € II", then t,,;(F,G) = P(G(k,G) = F).

Let the map 7 be defined as 7(G) = ({(F,G))renr) € [0, 1] for each G € II(K). We
set TI(K)* = 7(II(K)) c [0,1]"¢) and TI(K)* to the closure e of II(KC)*. Also, let II(K)*
{(7(@),1/[V(@))) | GeTI(K)} C [0,1]"%) x [0, 1], and let TI(K)*+ be the closure of H(IC)
The function 7(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'.
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The functions 7i,;(G) and 7,1

i (G), and the sets jyi(K) = 7,5(II(K)) and [T (K)* are
defined analogously. It was shown in [24] that
VE)PNE oo
2lV(G)|

tinj(F7 G) - t(F7 G)‘ < (24)
for any pair ' € II(C) and G € II(K).

The precise definition of convergence will be given right after the next theorem which is
analogous to a result of [25].

Theorem 2.4. Let (G,)5%, be a random sequence in II(KC) with |V (G,,)| tending to infinity
in probability. Then the following are equivalent.

(1) The sequence (77(Gp))32, converges in distribution in II(KC)™.

(2) For every F € II(F), the sequence (t(F,G,))2, converges in distribution.

n=1

(3) For every F € II(C), the sequence (t(F,G,))3, converges in distribution.

n=1

(4) For every k > 1, the sequence (G(k,G,))>>, of random elements of I1(KC) converges in
distribution.

If any of the above apply, then the respective limits in (2) and (3) are t(F, ") with I" being
a random element of TL(KC)* given by (1), and also T € TI(KC)*+ \ TI(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 some single element of 11(KC) (non-random case), then
the equivalence holds with the sequences in (1), (2), and (3) being numerical instead of
distributional, while (4) remains unchanged.

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' € II(F) on the same vertex set
as F', say [k], and A1, ..., \; € R such that for any non-random G € II(K) and ¢: [k] — V(G)
it holds that

So therefore we can express t(F,G) = 2321 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 tth moment can be written by the linearity of the expectation as a lin-
ear combination of a finite number of mixed moments of the densities corresponding to
Fl ... F' € II(F). For an arbitrary vector of non-negative integers o = (g, ..., ), 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 t(F', G,)* ... t(F', G,)* = t(F*,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 «, therefore the mixed moments of the ¢(F*,G,,) densities and the mo-
ments of ¢(F,G,) also do. This implies that t(F,G,) also converges in distribution for any
F e II((F)). Now let F" € II(C) and € > 0 be arbitrary, and F' € II((#")) 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)]

:m S T Flis e i) (G@0), -, 6(i)

b1 K] =V (G) i1,0sir=1

H Fl(]l?7]7“)(G(¢(]1)77¢(]r)))

(G15eedr)> (1,050
|F(in i )(G(B(0n), -, 0(in))) — F7 (i, 00 )(G(D(0n), - -, 6(ir)))]
< Kemax{([|F']l + )" ", 1}

for any G € II(K) (random or non-random), which implies (3), as ¢ > 0 was chosen arbi-
trarily.

We turn to show the equivalence of (3) and (4). Let I (K) C TI(K) the set of elements of
II(KC) with vertex cardinality k. The sequence (G(k, G,,))5°, converges in distribution exactly
when for each continuous function f € C(IIx(K)) on II(K) the expectation E[f(G(k, G,))]
converges as n — o0. For each I € II(C) and o > 1, the function #{;(F, ) is continuous on
VENK) and ti(F, G) = tin;(F, G(|V(F)|, G)), so (3) follows from (4).

For showing the other direction, that (3) implies (4), let us fix £ > 1. We claim that
the linear function space M = (t(F,.)|F € II(C)) C C(IIx(K)) is an algebra containing
the constant function, and that it separates any two elements of IIx(K). It follows that
(t(F,.)|F € II(C)) is L*-dense in C'(IIx(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[tin;(F, G(k,Gy))] = E[tii(F,Grn)] whenever |V (F)| < k. We will see in a moment
that ti,;(F,.) € M, convergence of E[t;,;(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 graphs Fj, F, € II(C) we
have t(Fy, G)t(Fy, G) = t(F1Fy,G) for any G € IIx(K), where the product FjFy denotes
the disjoint union of the two C-colored graphs. Also, ¢(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) = KVBOIt(F,G) € M for |V(G)| = k, so therefore

inj(F,G) = > (—)VEOEPITT (S| = DY hom(F/P,G) € M,

P partition of V(F) SeP

where inj(F,G) = tini(F,G)k(k — 1)...(k — |V(F)| + 1) and F/P € TI”I(C) whose edges
are colored by the product of the colors of F' on the edges between the respective classes of
P. This equality is the consequence of the Mobius inversion formula, and that inj(F, G) =
P partition of v(r) BOM(F/P, G). For G and F defined on the node set [k] recall that

inj(F,G) = Z H F(iy,....i,)(G(o(ir),. .., 6(i))). (2.5)

Now fix Gy, Gy € II(K) and let F' € II;(C) such that {F(iy,...,%)(G;(hL,...,))} 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 at least one term in the difference inj(F, G;) — inj(F, G5) written out in the form of
that does not get canceled out, so therefore inj(F, G1) # inj(F, Gs).

We examine the remaining statements of the theorem. Clearly, T' ¢ TI(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 (2.4)), the proof of the
non-random case carries through in a completely identical fashion.

O

We are now ready to formulate the definition of convergence in II(KC).

Definition 2.5. If (G,)%, is a sequence in II(IC) with |V (G,,)| — oo and any of the condi-
tions above of Theorem (2.4 hold, then we say that (G,)52, converges.

We would like to add that, in the light of Theorem [2.4] 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 2.6. Let (G,)>°, be a random sequence in 11 (KC), and additionally be such that for
every F' € II(F) the sequences (timi(F, G,))o2, converge in distribution. Then there ezists
a random H € Iy (K), such that for every F € II(F) we have t(F,G,) — t(F,H) and
tinj (F, G) = tin;(F, H) in distribution.



Proof. We only sketch the proof. The distributional convergence of (G,)22, follows the
same way as in the proof of Theorem [2.4] the part about condition (2) implying (3) together
with the part stating that (3) implies (4). The existence of a random H satisfying the
statement of the lemma is obtained by invoking the Riesz representation theorem for positive
functionals. O

Exchangeable arrays The correspondence analogous to the approach of Diaconis and
Janson in [I4] will be established next between the elements of the limit space II(K)* that is
compact, and the extreme points of the space of random exchangeable infinite r-arrays with
entries in K. These are arrays, whose distribution is invariant under finite permutations of

the underlying index set.

Definition 2.7 (Exchangeable r-array). Let (H(eq,...,€r))1<ey...er<co DE an infinite r-array
of random entries from a Polish space K. We call the random array separately exchangeable
if

<H<el7 s 7€T))1§61,...,er<oo

has the same probability distribution as

(H(P1(€1)> cee 7pr(e7“)))1§el,...,er<oo

for any p1, ..., p. € Sy collection of finite permutations, and jointly exchangeable (or simply
exchangeable), if the former holds only for all py = --- = p,. € Sy.

For a finite set S, let ho(.S) and h(.S) denote the power set and the set of nonempty subsets
of S, respectively, and h(.S, m) the set of nonempty subsets of S of cardinality at most m, also
ho(S,m) = b(S,m) U {0}. A 2" — I-dimensional real vector zy(s) denotes (zr,..., o0, ),
where T1, ..., Ty is a fixed ordering of the nonempty subsets of S with 151 = 5, for a
permutation 7 of the elements of S the vector @ (sy) means (Tx«(ry), .- -, Tar(1y_,)), Where
7* is the action of 7w permuting the subsets of S. Similar conventions apply when x is indexed
by other set families.

It is clear that if we consider a measurable function f: [0,1]%{") — K, 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 € N" in the right way suggested by a fixed natural bijection [.: e — [r], the result will be
an exchangeable random r-array. The shorthand Samp(f) denotes this law of the infinite
directed r-hypergraph model generated by f.

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

Theorem 2.8. [2]] Let K be a Polish space. Every K-valued exchangeable r-array (H (€))een
has law equal to Samp(f) for some measurable f: [0,1]%) — IC, that is, there exists a
function f, so that if (Us)sepoavry are independent uniform [0, 1] random variables, then

H(e) = f(UQ)a U{e1}7 U{62}7 SRR UE\{er}; UE) (26)

for every e = (eq,...,e.) € N', where H(e) are the entries of the infinite r-array.
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If H in the above theorem is invariant under permuting its coordinates, then the corre-
sponding function f is invariant under the coordinate permutations that are induced by the
set permuting S,-actions.

Theorem [2.§ was first proved by de Finetti [I2] (in the case K = {0,1}) and by Hewitt
and Savage [18] (in the case of general ) for = 1, independently by Aldous [I] and Hoover
[19] for r = 2, and by Kallenberg [21] for arbitrary r > 3. For equivalent formulations, proofs
and further connections to related areas see the recent survey of Austin [9].

In general, there are no symmetry assumptions on f, in the directed case H(e) might
differ from H(e’), 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 the independence over { U, | @ C e} for an
exchangeable r-array with law Samp(f) given by a function f as above.

With the aid of Theorem we will provide a form of representation of the limit space
II(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 [I4] Section 2 to 5|, combined with the compactification argument regarding
the limit space from [25], see also [23, Chapter 17.1] for a more accurate picture. The proofs
in our case are mostly ported in a straightforward way, if not noted otherwise we direct the
reader for the details to [14].

Let Lo = Lo(K) denote the set of all node labeled countably infinite K-colored r-uniform
directed hypergraphs. Set the common vertex set of the elements of L., to N, and define the
set of [n]-labeled KC-colored r-uniform directed hypergraphs as £,, = £,(K). Every G € L,
can be viewed as an element of L., simply by adding isolated vertices to G carrying the
labels N\ [n] in the uncolored case, and the arbitrary but fixed color ¢ € K to edges incident
to these vertices in the colored case, therefore we think about £,, as a subset of £, (and also
of L, 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-colored

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 analogously to Theorem if its distribution is
invariant under any permutation of the vertex set N that only moves finitely many vertices,
for example infinite hypergraphs whose edge-colors are independently identically distributed
are exchangeable. An element of £, can also be regarded as an infinite r-array whose
diagonal elements are colored with a special element ¢ that is not contained in K, therefore
the corresponding r-arrays will be IC U {¢}-colored.

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

Theorem 2.9. Let (G,)5%, be a random sequence in II(KC) with |V (G,,)| tending to infinity
in probability. Then the following are equivalent.

(1) 77(G,) — T in distribution for a random T' € TI(IC)*+ \ TI(K)™.
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(2) G, — H in distribution in L (K), where H is a random element of Loo(K).
If any of these hold true, then Et(F,I") = Eti;(F, H|jw) for every F € 11(C), and also, H

1s exchangeable.

Proof. If G € TI(K) is deterministic and F' € II;(F) with |[V(G)| > k then Eti;(F, th]) =
tinj(F, G), where the expectation E 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, also, F' in t(F, G) is always regarded a
priori as labeled, however the densities of isomorphic labeled graphs in any graph coincide.
If we consider G to be random, then by the fact that 0 < ¢(F,G) < 1 (as ||F|loc < 1) we
have that |EEtinj(F,é|[k]) — Eti(F,G)| < P(JV(G)| < k) for F € I1,(F).

Assume (1), then the above implies, together with P(|[V(G,)| < k) — 0 and (1), that
EEt,;(F, én][k ) — Et(F,T) (see Theorem . This implies that G,, ) — Hj, in distribution
for some random Hy, € £, with Et;;(F, Hy) = Et(F,T"), see Theorem [2.6 - 6|, furthermore, with
appealing to the consistency of the Hy graphs in k, there exists a random H € L., such that
Hlpy = Hy for each k > 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 ensured by the fact that H|p = Hy, 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 in the reversed order using

[EEL(F, Gulw) — B{(F, G,) < B(|V(Gy)| < k)

again in order to establish the convergence of (Et(F, G, ))52,. Theorem [2.4| certifies now the
existence of the suitable random T' € II(KC)* \ TI(K )+, this shows that (2) implies (1).
[

We built up the framework in the preceding statements Theorem and Theorem
in order to formulate the following theorem, which is the crucial ingredient to the desired
representation of limits.

Theorem 2.10. There is a one-to-one correspondence between random elements of IL(KC)*\
II(K)* and random exchangeable elements of L. Furthermore, there is a one-to-one corre-
spondence between elements of TI(K)+ \ II(KC)™ and extreme points of the set of random
exchangeable elements of L. The relation is established via the equalities Et(F,T") =
Etin;(F, Hp) for every F € I1,(C) for every k > 1.

Proof. Let T a random element of II(X)+ \ TI(K)*. Then by definition of II(K)* there
is a sequence (G,,)%, in II(K) with |V(G,)| — oo in probability such that 77(G,) — T’
in distribution in II(K)*. By virtue of Theorem there exists a random H € L so
that én — H in distribution in £, and H is exchangeable. The distribution of H|y is
determined by the numbers Etiy;(F, H|), see Theorem , Theorem , and the arguments
therein, and these numbers are provided by the correspondence.
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For the converse direction, let H be random exchangeable element of L. Then let
G, = Hly,), we have G,, — H in distribution, and also @n — H in distribution by the vertex
permutation invariance of G,, as a node labeled object. Again, we appeal to Theorem [2.9]
so 77(G,) — T for a ' random element of II(K)* \ TI(K)*, which is determined completely
by the numbers Et(F,T") that are provided by the correspondence, see Theorem [2.9

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;y;(F, H|)
between the equivalent objects.

]

The characterization of the aforementioned extreme points in Theorem [2.10f was given
[14] in the uncolored graph case, we state it next for our general setting, but refrain from
giving the proof here, as it is completely identical to [14, Theorem 5.5.].

Theorem 2.11. [1j|] The distribution of H that is an exchangeable random element of L
1s exactly in that case an extreme point of the set of exchangeable measures if the random
objects H|[k] and H\{kﬂ,m} are probabilistically independent for any k > 1. In this case the
representing function f from Theorem [2.§ does not depend on the variable corresponding to
the empty set.

Graphons as limit objects Let the r-kernel space =r denote the space of the bounded
measurable functions of the form W: [0,1]°17=1) — R and the subspace = of = the
symmetric r-kernels that are invariant under coordinate permutations 7* induced by some
m € Sy, that is W(zypr-1)) = W(Zr(r)r—1))) for each 7 € S,. We will refer to this
invariance in the paper both for r-kernels and for measurable subsets of [0,1]"(") as r-
symmetry. The kernels W € Z7 take their values in some interval I, for I = [0, 1] we
call these special symmetric r-kernels r-graphons, and their set =". In what follows, \ as
a measure always denotes the usual Lebesgue measure in R?, where the dimension d is
everywhere clear from the context.

If W e Z" and F € II", then the F-density of W is defined as

Zf(Fa W) = / H W(xb(e,r—l)) H (1 — W('xh(eﬂ“—l)))d)‘(mh([k},r—l))- (27)
[0,1]5([K],r—1) €EE(F) e¢ E(F)

Let K be a compact Polish space, and W: [0, 1]%") — K be a measurable function, we
will refer to such an object as a (K, 7)-digraphon, their set is denoted by Z"(K). Note that
there are no symmetry assumptions in this general case, if additionally W is r-symmetric,
then we speak about (IC, r)-graphons, their space is Z"(K). For I = {0, 1} the set P(K) can
be identified with the [0, 1] interval encoding the success probabilities of Bernoulli trials to
get the common r-graphon form as a function W: [0,1]* =2 — [0, 1] employed in [I5].

13



The density of a K-colored graph F € II,,(C(K)) in the (K, r)-digraphon W is defined

analogously to (2.3) and (2.7)) as

(E W)= [ T POV dA i) 28)

[0,1]5([k]7) eclk]”

For £ > 1 and an undirected W € =7(K) the random (/C,r)-graph G(k, W) is deﬁned
on the vertex set [k] by selecting a uniform random point (Xs)sepr, € [0, 1]°F) that
enables the assignment of the color W (Xy()) to each edge e € ([k]) For a directed W the
sample point is as above, the color of the directed edge e € [k]" is W (Xy()), but in this case
the ordering of the power set of the base set € of e matters in contrast to the undirected
situation and is given by e, as W is not necessarily r-symmetric.

Additionally we define the averaged sampled r-graph for  C R denoted by H(k, W),
it has vertex set [k], and the weight of the edge e € (U:}) is the conditional expectation
EW(Xy()) | Xp(e,1)], and therefore the random r-graph is measurable with respect to Xy jx1)-
We will use the compact notation X; for Xy;; for the elements of the sample indexed by
singleton sets.

We define the random exchangeable r-array Hy in L., as the element that has law
Samp(W) for the (K, r)-digraphon W, as in Theorem [2.8/ Furthermore, we define I'y €
II(K)*+ \ II(K)* to be the element associated to Hy through Theorem [2.9 .

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

Theorem 2.12. Let (G,,)5, be a sequence in 11(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]) — K
(that is W € E7(K)) such that t(F,G,) — t(F,'w) for every F' € TI(F). In the directed

case when the sequence is in II(K), then the corresponding limit object W is in =" (KC).

We mention that ¢(F,T'y) = t(F, W) for every F' € II(C(K)) and W € =Z"(K). Alterna-
tively we can also use the form W : [0, 1]%("l7=1) — P(K) for (K,7)-graphons and digraphons
in Z"(K) whose values are probability measures, this representation was applied in [25].

In previous works, for example in [14], the limit object of a sequence of simple directed
graphs without loops was represented by a 4-tuple of 2-graphons (W (0 157 (1.0) j17 (1) 17 (1:1))
that satisfies Y, . W (z,y) = 1 and WO (z,y) = WOD(y, z) for each (z,y) € [0,1]%. A
generalization of this representation can be given in our case of the II(K) limits the following
way. We only present here the case when K is a continuous space, the easier finite case can
be dealt with analogously.

We have to fix a Borel probability measure p on I, we set this to be the uniform dis-
tribution if I € R? is a domain or K is finite. The limit space consists of collections of
(R, 7)-kernels W = (W*"),cy, where U is the set of all functions u: S, — K. Additionally,
W has to satisfy [, W"(z)du®5(u) = 1 and 0 < W™ ™)(z) = W"(@rn(pr),r—1y)) for each
7€ S, and x € [0,1] ([T]T D, As before, the action 7* of 7 on [0, 1]%("l7=1 is the induced
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coordinate permutation by 7, 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
spelled out above and that in Theorem [2.12] It holds

/ W (g (r)r—1) ) A5 (1) = PUW (2r-o((r]r—1)) ¥ Imes,) € U]

for every measurable U C U and x € [0,1]""l7=1) where Y is uniform on [0, 1], and the W
on the right-hand side is a (K, r)-digraphon, Whereas on the left we have the corresponding
representation as a (possibly infinite) collection of (R, r)-kernels.

In several applications it is more convenient to use a naive form for the limit representa-
tion, from which the limit element in question is not decisively retrievable. The naive limit
space consists of naive (K,7)-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)) — & we get its naive
counterpart by averaging, the K-valued random variable E[W (z),1), Us(pr),r—10\6 (1) Y)Y ]
has distribution W (z1, ..., z,), where (Us) sep(r),r—1)\n(fr),1) and Y are ii.d. umform on [O 1].

On a further note we introduce averaged naive (IKC,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
EW (z1, ..., Zr, Uyo(ir)1): Y)] = W@, ..., 2,), where (Ug)sen(r)\o(pr),1) are i.i.d. uniform

n [0,1]. A naive r-kernel is a real-valued, bounded function on [0, 1]", or equivalently on
[0, 1]5(D),

We can associate to each G € II7 (K) an element Wg € Z"(K U {¢}) by subdividing
the unit r- cube [0, 1]%0D into n™ small cubes the natural way and defining the function
W’: [0, 1)) — K that takes the value G(iy, . .., 4,) on [t &) x .. x [==1 =] for distinct
i1,...,1., and the value ¢ on the remaining dlagonal cubes, note that these functlons are naive
(IC,r)-graphons. Then we set Wg(@y(pr—1)) = W’(ph([,n],l)(xh([r]m,l))), where py(),1) is the
projection to the suitable coordinates. The special color ¢ here stands for the absence of
colors has to be employed in this setting as rectangles on the diagonal correspond to loop
edges. The corresponding r-graphon W* is {0,1}-valued. The sampled random r-graphs
G(k,Ws) and H(k, W¢) from the naive r-graphons are defined analogously to the general
case. If K C R, then note that H(k, W¢) = G(k, W¢) for every G, because the colors of G
are all point measures.

Note that t(F,G) = t(F, W), and

k
[t (F, G) — t(F, We)| < (Q)k

n—(5)
for each F' € 1I}, hence the representation as naive graphons is compatible in the sense that
imy, o0 tinj (F, Gp) = limy, o0 t(F, We,,) for any sequence (G, )5, with |V(G,,)| tending to
infinity. This implies that di,(G(k, G,.), G(k, W, )) — 0 as n tends to infinity.

We remark that naive and averaged naive versions in the directed case are defined anal-
ogously.

(2.9)
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2.2 Representation of rCSP formulas as hypergraphs, and their
convergence

In this subsection we elaborate on how homomorphism and sampling is meant in the CSP
context, and formulate a representation the limit space in that context. Recall Theorem
for the way how we perceive rCSP formulas.

Let F' be an rCSP formula on the variable set {z1,...,x,} over an arbitrary domain K,
and let Flx;,,...,z; ] be the induced subformula of F' on the variable set {x;,, ..., z;, }. Let
G(k, F') denote the random induced subformula on k& uniformly chosen variables from the
elements of V(F).

It is clear using the terminology of Theorem[2.7|that the relation w = (f; ze) € Flz,, ..., 2;,]
is equivalent to the relation

¢(w) = (f¢>7 $¢(e)) € F['r’h? SR 7xik] (2'1())

for permutations ¢ € S,, where fy(l1,...,1) = f(lsa), - -, lsr)) and @(e) = (egq), - - -5 €o(r))-
This emergence of symmetry will inherently be reflected in the limit space, we will demon-
strate this shortly.

Special limits Let K = [g]. As we mentioned above, in general it is likely not to be fruit-
ful to consider formula sequences as sequences of C'(K,r)-colored r-graphs obeying certain
symmetries due to constraint splitting. However, in the special case when each r-set of vari-
ables carries exactly one constraint we can derive a meaningful representation, MAX-CUT
is an example. A direct consequence of Theorem is the following.

Corollary 2.13. Let v > 1, and K be a finite set, further, let K C C(K,r), so that K 1is
permutation invariant. Let (F,)>, be a sequence of rCSP formulas with |V (F,)| tending
to infinity, and each r-set of variables in each of the formulas carries exactly one constraint
of type KC. If for every formula H obeying the same conditions the sequences (t(H, F,))>2
converge as (KC,r)-graphs, then there exists a (K,r)-digraphon W : [0, 1)) — K such that
t(H, F,) = t(H,W) as n tends to infinity for every H as above.
Additionally, W satisfies for each x € [0,1]"") and 7 € S, that W (zx (1)) = 7 (W (@)

where 7 is the action of ™ on constraint types in C(K,r) that permutes the rows and columns
of the evaluation table according to 7, that is (7(f))(l1,..., 1) = f(lxq)s - - - lagr))-

General limits via evaluation In the general case of rCSP formulas we regard them as
their evaluation representation eval.

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") that obeys the symmetry
condition given after . This will be the way throughout the paper we look at these
objects from here on. 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 a complete structure representation, which does not seem sensible.
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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 colored 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 given by
densities of functional-colored graphs is basically identical to the convergence via densities
of sub-multi-hypergraphs in the current case.

The definition of convergence for a general sequence of rCSP formulas, or equivalently of
elements of TI(L), was given in Theorem . We describe here the special case for parallel
multicolored graphs, see also [25].

Consider the evaluation representation of the rCSP formulas now as r-graphs whose
oriented edges are parallel multicolored by [¢]". The map ¢: eval(H) — eval(F') is a homo-
morphism between two rCSP formulas H and F if it maps edges to edges of the same color
from the color set [g|” and is consistent when restricted to be a mapping between vertex
sets, ¢': V(H) — V(F), for simple graphs instead of CSP formulas this is the multigraph
homomorphism notion.

Let H be an rCSP formula, and let H be the corresponding element in C'(L) on the same
vertex set such that if the color on the fixed edge e of H is the g-sized r-array (H?(e)).c[gr
with the entries being non-negative integers, then the color of H at e is IT 22 More

z€lq]”
precisely, for an element A € L the value is given by

[H(e(A4) = [T A=)"©.

z€[q]"

The linear space generated by the set

-Z = H x;lz | 0< dzl,...,zr <d

z€lq]"

n=1
requiring the convergence of t(F,eval(G,)) for all F = H with H € II(L) provides one of
the equivalent formulations of the convergence of rCSP formulas in the subformula density
sense with respect to the evaluations.

The limit object will be given by Theorem as the space of measurable functions
W [0,1](") — L, 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 possible W having this form
will serve as a limit of some sequence, the above mentioned symmetry in of the finite
objects is inherited in the limit.

We state now the general evaluation rCSP version of Theorem [2.12]

forms an L>-dense subset in C'(L), therefore Theorem|[2.4] applies, and for a sequence (G, )52

Corollary 2.14. Let (F,)5, be a sequence of rCSP formulas that evaluate to at most
d on all r-tuples with |V (F,)| — oo such that for every finite r CSP formula H obeying
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the same upper bound condition the sequence (t(H,eval(F,)))>>, converges. Then there
exists an (L, r)-graphon W : 0,19 — L such that t(H, eval(F,)) — t(H, W) for every H.
Additionally, W satisfies for each x € [0,1]"") and 7 € S, that W (2w ))) = (W (2o)),
where 7 is as i Theorem when elements of L are considered as maps from [q]" to
non-negative integers.

Exchangeable partition-indexed processes We conclude the subsection 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 additional symmetry conditions have to be
fulfilled by the limit objects.

The most natural exchangeable infinite random object fitting the one-to-one correspon-
dence of Theorem with rCSP limits is the following process, that preserves every piece
of information contained in the evaluation representation.

Definition 2.15. Let N] = {P = (P,..., ) | the sets P; C N are pairwise disjoint and
 |P| = 1} be the set of directed q-partitions of r-subsets of N. We call the random
process (X']))’])EJVJ that takes wvalues 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 permutations of N, i.e., (Xp)‘peNg 4 (Xp*(p))’l)eN(; for any

p € Sym,(N).

Unfortunately, the existence of a representation theorem for partition-indexed exchange-
able processes analogous to Theorem that offers additional insight over the directed
colored r-array version is not established, and there is little hope in this direction. The
reason for this is again the fact that there is no standard way of separating the generating
process of the elements Xp and Xp non-trivially in the case when P and P’ have the same
underlying base set of cardinality r but are different as partitions into two non-trivial ran-
dom stages with the first being identical for the two variables and the second stage being
conditionally independent over the outcome of the first stage.

3 Graph and graphon parameter testability

First we will invoke the method of sampling from K-colored r-graphs and r-graphons, as
well as inspect the metrics that will occur later.

Let (Us)sen(k),») 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 ((Uy,(s))sep(er)), respectively W ((Up,(s))sen(e,r))- Keep in mind,
that G(k, G) # G(k,Wg), the first term corresponds to sampling without, the second with
replacement, but it is true that P(G(k, G) # G(k, W¢)) < %
Norms and distances We also mention the definitions of the norms and distances that
will play a important role in what follows. In the next definition each object is real-valued.

18



Definition 3.1. The cut norm of ann x --- X n r-array A is
1
Allp=— A(SL, .., S0,
Al = 7 max (S 5)

and the 1-norm 1is .

1 , :
Al == > Al

i1yeyip=1
The cut distance of two labeled r-graphs or r-arrays F' and G on the same vertex set [n] is
do(F,G) = [|F = G|,
where F(S51,...,5:) =32, cg, Fi, ..., ir). The edit distance of the same pair is
di(F,G) = ||F — G|
The continuous counterparts are described as follows.

Definition 3.2. The cut norm of a naive r-graphon W is

|IW|o=  max / W(z)dz|,
S1,...,STC[O,1]
1 X XSy

the cut distance of two naive r-graphons W and U is

oo(W,U) = i;llf IWe — U¥||o,

where the infimum runs over all measure-preserving permutations of [0,1], and the graphon
W is defined as Wo(xy,...,x,) = W(p(z1),...,0(z,)). The cut distance for arbitrary

unlabeled r-graphs or r-arrays F' and G is
0n(F,G) = oo(Wg, We).

We remark that the above definition of the cut norm and distance is not satisfactory from
one important aspect for r > 3: Not all sub-r-graph densities are continuous functions in the
topology induced by this norm even in the most simple case, when K = {0,1}. Examples of
subgraphs whose densities behave well with respect to the above norms are linear hypegraphs,
that have the property that any two distinct edges intersect at most in one node.

Originally, in [10], testability of (I, r)-graph parameters (which are real functions invari-
ant under r-graph-isomorphisms) was defined as follows.

Definition 3.3. A (IC,r)-graph parameter f is testable, if for every e > 0 there ezists a
k(e) € N such that for every k > k(e) and simple (IC,r)-graph G on at least k vertices

P(A(G) = F(G(k, Q)| > ¢) <e.

A (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 (3.3]
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Testing parameters A characterization of the testability of a graph parameter in terms
of graph limits was developed in [10] for £ = {0,1} in the undirected case, we will focus

in the next paragraphs on this most simple setting and give an overview on previous work.
Recall Theorem [3.3]

Theorem 3.4. [1(] Let f be a simple graph parameter, then the following statements are
equivalent.

(i) The parameter f is testable.

(i1) For every e > 0 there exists a k(¢) € N such that for every k > k(e) and simple graph
G on at least k vertices

1f(G) —Ef(G(k,Q))| < e.

(i11) For every convergent sequence (Gy,)5, of simple graphs with |V (G,)| — oo the numer-
ical sequence (f(Gr))32, also converges.

(iv) For every € > 0 there exist a ¢ > 0 and a ng € N such that for every pair G,
and Gy of simple graphs |V (G1)|, |V (G2)| > no and on(G1,Ga) < €' together imply
1f(G1) = f(Ga)| <e.

(v) There ezists a dg-continuous functional ' 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 3.5. [26] P is testable, if there exists another graph property P', such that
(a) P(G(k,G) € P') > 2 for every k > 1 and G € P, and

(b) for every e > 0 there is a k(e) such that for every k > k(e) and G with di(G,P) > ¢ we

have that P(G(k,G) € P') < 5.

Note that % and % in the definition can be replaced by arbitrary constants 0 < a < b < 1,
this change may alter the corresponding certificate P’, but not the characteristic of testability.
The link below between the two notions is a simple consequence of the definitions. These
concepts may be extended to the infinitary space of graphons, where a similar notion of
sampling is available.

Lemma 3.6. [20] P is a testable graph property if and only if di(.,P) is a testable graph
parameter.

We provide some remarks yielded by Theorem [3.4]

Remark 3.7. In the case r = 2, the testability of a graphon parameter is equivalent to
continuity in the g distance.
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Remark 3.8. The intuitive reason for the absence of an analogous, easily applicable char-
acterization of testability for higher rank uniform hypergraphs as in Theorem is that no
natural notion of a suitable distance is available at the moment. The construction of such a
metric would require to establish a standard method to compare a large hypergraph H, to
its random induced subgraph on a uniform sample.

The 05 metric for graphs is convenient because of its concise formulation and it induces a
compact limit space, the main characteristic that is exploited that the total variation distance
of probability measures of induced subgraphs of fixed size is continuous in this distance, any
other dy, with this property would fit into the above framework.

3.1 Examples of testable properties and parameters

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

Definition 3.9. An r-graph parameter f is called B-testable for a family of measurable
functions 5= { ;| Bi: RT — R i € I}, if there exists an i € I such that for every e > 0
and r-graph G we have

P(/(G) = f(G(Bi(e),G))| > ¢) <e.

With slight abuse of notation we will also use the notion of [-testability for a family
containing only a single function 5. The term efficient testability will serve as shorthand
for (-testability for some (family) of functions f(¢) that are polynomial in . One could
rephrase this in the light of Theorem by saying that a testable parameter f is efficiently
testable if its sample complexity is polynomial in 1/e.

We will often deal with statistics that are required to be highly concentrated around their
mean, this might be important for us even if their mean is not known to us in advance. A
quite universal tool for this purpose is a Chernoff-type large deviation result, the Azuma-
Hoeffding-inequality for martingales with bounded jumps. Mostly, we require the formulation
given below, see e.g. [3] for a standard proof and a wide range of applications. We will also
apply a more elaborate version of this concentration inequality below.

Lemma 3.10 (Azuma-Hoeffding-inequality). Let (My)p_, be a super-martingale with the
natural filtration such that with probability 1 for every k € [n| we have |My, — My_1| < cx.
Then for every € > 0 we have

2
P(|M,, — Mo| > ¢) < 2exp (_n—) .
22k:1 C%

We will list some examples of graph parameters, for which there is information available
about their sample complexity implicitly or explicitly in the literature.
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Example 3.11. One of the most basic testable simple graph parameters are subgraph densi-
ties fr(G) = t(F,G), where F is a simple graph. The next result was formulated as Theorem
2.5 in [24], see also for hypergraphs Theorem 11 in [15].

Lemma 3.12. [2], [15] Let € > 0 q,7 > 1 be arbitrary. For any q-colored r-graphs F and
G, and integer k > |V (F')| we have

P([tini (F, G) — tj (F, G(k, G))[ > ) < 2exp (‘#ﬁﬂ)p) ’

and

P((F,G) — t(F,G(k, G))| > 2) < 2exp (—18‘;—(’;”2) | (3.1)

For any q-colored r-graphon W we have

P(|t(F, W) — tin;(F,G(k,W))| > €) < 2exp (—%) :

and 2
€
P(lt(E,W) —t(F,G(k,W))| >¢) <2 —— ]
(HF V) = tEG W] > &) < 2exp (~7r )

This implies that for any F that the parameter fr is O(log(%)efz)-testable. In the
case of (IC,r)-graphs for arbitrary r the same as Theorem holds, this can be shown by
a straightforward application of the Azuma-Hoeffding inequality, Theorem [3.10, as in the
original proofs.

Example 3.13. Forr =2, ¢,n € N, J € R? h € R? and G € 1> we consider the energy

EoG M) = 5 30 TuealoT @07 N+ 3wl @ (3

1<i,j<q 1<i<q

of a partition ¢: V(G) — [q], and

N

EG b)) = nax Es(G, J, 1), (3.3)

that is the ground state energy of the graph G (cf. [11]) with respect to J and h, where
eq(S,T) denotes the number of edges going form S to T in G. These graph functions
originate from statistical physics, for the rigorous mathematical treatment of the topic see
e.g. Sinai’s book [29]. The energy expression whose maximum is sought is also referred to
as a Hamiltonian. In the literature this notion is also often to be found with negative sign
or different normalization, more on this below.

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 = [¢|. The formula F
is comprised of the constraints (go; z(;;)) for every edge (i, ) of G, where g is the constraint
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type whose evaluation table is J, and additionally it contains n copies of (g;;x;) for every
vertex ¢ of GG, where ¢; 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 the pair (G(k, G),J) corresponds the 2CSP formula G(k, F). Therefore £(., J, h)
has sample complexity O(Zr)(see [4],[27]).

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 [I1], (2.16), namely

4 1
In hom(G, H) E(G’J)+O(]V(G)|)’ (3.4)
where the edge weights of H are (3;;(H) = exp(.J;;). The former line of thought of transform-
ing ground state energies into MAX-2CSPs is also valid in the case of r-graphs and rCSPs
for arbitrary r.

The results on the sample complexity of MAX-rCSP 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
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 the ground state energy available, we may 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-kernel with respect
to an interaction matrix J. The collection ¢ = (¢1, ..., ¢,) is a fractional g-partition of [0, 1]

with the components being measurable non-negative functions on [0, 1], if for every x € [0, 1]
it holds that Y7, ¢;(z) = 1.

1
V(&)

Definition 3.14. Let ¢ > 1, J € R9*9. Then the ground state energy of the 2-kernel W
with respect to J is

EW, ) = max 3 J. / 6o ()2 ()W (3, y)dady,

z€q]? [0, 1]2

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

Let K =[], L = {0,1,...,d}9" and (F,,)>>, be a convergent sequence of 2CSP formulas.
Consider the corresponding sequence of graphs eval(F,) = (F? )zclq2 for each n, and let W =
(W?).¢[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

maXZ/@ z)p;(y WD (2, y)dady,

INES 1[0 1)2
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where ¢ runs over all fractional g-partitions of [0,1]. The formula is a special case of the
layered ground state energy with the interaction matrices defined by J%(k,1) = L;(k)L;(I)
that is defined below.

Example 3.15. The efficiency of testing a graph parameter can be investigated in terms of
some additional continuity condition in the dg metric. Direct consequence of results from
[10] will be presented in the next lemma.

Lemma 3.16. Let f be a simple graph parameter that is a-Hélder-continuous in the op
metric in the following sense: There exists a C > 0 such that for every ¢ > O there exists
no(e) so that if for the simple graphs Gi, Go it holds that |V (G1)|, |V (G2)| > no(e) and
50(Gh, Go) < =, then |F(Gh) — F(Ga)| < CO8(Gr,Ga). Then f is max{2°(Z%) no(e)}-
testable.

Proof. To see this, let us fix ¢ > 0. Then for an arbitrary simple graph G with |V (G)| > ng(¢)
and k > no(e) we have

1f(G) = f(G(k,G))| < Cloa(G,G(k,G))" < C <L> : (3:5)

\/log, k

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

of Theorem 2.9 of [10]. We may rewrite 1} by setting e = C' ( \/110_k) , the substitution
082
72/(,!)

implies that f is 20<572/a)—testable, whenever ng(g) < 20¢ ) ]

This latter approach is hard to generalize in a meaningful way to r-graphs for » > 3
because of the absence of a suitable metric, see the discussion above. The converse direction,
namely formulating a qualitative statement about the continuity of f with respect to dp
obtained from the information about the sample complexity is also a worthwhile problem.

4 Testability of the ground state energy

Assume that K is a compact Polish space, and r is a positive integer. First we provide the
basic definition of the energy of a (KC,r)-graphon W: [0,1]"") — I with respect to some
g > 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 K-
valued and the probability measure valued form, it will be clear from the context which one
of them is meant.

Recall 7?7 of the energies of naive r-kernels, the version for true (K, r)-graphons is

EsW,.T)= > / Joro zr(W(fEa<[r}>))H@j(fﬂ{j})dA(%([r])) (4.1)
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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 interior partial integral is then not dependent on ¢, so it can be calculated in advance
in the case when we want to optimize over all choices of fractional partitions. Therefore
focusing attention on the naive kernel version does not lead to any loss of generality in terms
of testing, see below.

When dealing with a so-called integer partition ¢ = (I, ...,Ir,), one is able to rewrite
the former expression as

q
EW,J)= Y / Toteeer (W (1) ) ) AN (@)

21,0520 =1 _4

Py ((ry.1) (Tor XX T2r)

where pp stands for the projection of [0, 1]"(“]) to the coordinates contained in the set D.
The energy of a (K, r)-graph G on k vertices with respect to the J € C(K)?**4 for
the fractional g-partition x, = (Tp1,...,2n,) for n = 1,...k (1. e, Zum € [0,1] and

> m Tnm = 1) is defined as

q k r
5X(G,J):% D le,,,,,zT((;(nl,...,nr))Hlxnj,zj. (4.2)
-

21yeezr=1mn1,...;np=1

In the case when K = {0,1} and J,, ..(v) = a,,,. . Li(z) is a constant multiple of
the indicator function of 1 we retrieve the original GSE notion in Theorem [3.13| and Theo-

rem B.141

Remark 4.1. Ground state energies and subgraph densities are Lipschitz continuous graph
parameters in the sense of Theorem ([10],[I1]), 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 ég(G,G(k, G)) decreases with magnitude 1/4/logk in k, which is the result
of the difficulty of finding a near optimal overlay between two graphons through a measure
preserving permutation of [0, 1] in order to calculate their 5 distance. On the other hand,
if the sample size k(e) is exponentially large in 1/e, then the distance dn(G, G(k, G)) is
small with high probability, therefore all Holder-continuous graph parameters at GG can be
estimated simultaneously with high success probability by looking at the values at G(k, G)).

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 € be a finite layer set, IC be a compact set, and W = (W*®).ce be a tuple
of (I, r)-graphons. Let q be a fized positive integer and let J = (J).ee with J¢ € C(K)97 >4
for every e € €. For a ¢ = (¢1,...,¢,) fractional g-partition of [0, 1] let

Es(W, ) = E(WS, )

ecC
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and let
E(W, T) = max €W, J),

denote the layered ground state enerqy, where the maximum runs over all fractional q-
partitions of [0, 1].

We define for G = (G%)cce the energy Ex(G, J) analogously as the energy sum over €, see
above, and S(G, J) = maxy E(G, J) where the mazimum runs over integer q-partitions
(Tpm € {0,1} ), respectively (G, J) = maxy E(G, J), where the mazimum is taken over all
fractional q-partitions x.

Now we will rewrite the unweighted boolean limit MAX-rCSP (recall Theorem as a
layered ground state energy problem. Let & = {0,1}", K ={0,1,...,2"}, W = (W?).cqo1)r
with W# being (I, r)-graphons, and let

r

(W) = max > 1 Sa(y)? (1= dlagy) 7 W (z)dA(),

2€{0.1" g b I

where the maximum is taken over all measurable functions ¢: [0,1] — [0,1]. If eval(F) =
(F?).eq0.1) is a (K%, r)-graph corresponding to a boolean rCSP formula F with & variables,
then the finite integer version of « is given by

k r
d(ena[(F)):mSX% S Y Fn ) [[ e
j=1

2€{0,1}" n1,...,n,=1

where the maximum runs over integer 2-partitions of [k]. It is clear that &(eval(F)) is equal
to the density of the optimum of the MAX-rCSP problem of F.

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

The main result of [4] was the following.

Theorem 4.3. [J|] Let F' be an unweighted boolean r CSP formula. Then for any ¢ > 0 and
6 > 0 we have that for k € O(e~*log(2)) it holds that

P (|a(eval(F)) — &(G(k, eval(F)))| > ¢) < 6.

The upper bound on £ in the above result was subsequently improved by Mathieu and
Schudy [27] to k € O(e~*). We will see in what follows that also the infinitary version of the
above statement is true. It will be stated in terms of layered ground state energies of edge
colored hypergraphs, and will settle the issue regarding the efficiency of testability of the
mentioned parameters in the greatest generality with respect to the previously highlighted
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aspects. However, what the exact order of the magnitude of the sample complexity of the
MAX-rCSP and the GSE problem is remains an open question.

In order to simplify the analysis we introduce the canonical form of the problem, that
denote layered ground state energies of [¢]"-tuples of ([—d, d], r)-graphons with the special
interaction r-arrays .J* for each z € [¢]", that have the identity function f(z) = x as the
(21,...,2-) entry and the constant 0 function for the other entries. 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 canonical .J, and will employ the notation &,(G), £(G), £(G), Es(W),
and (W) (dependence on ¢ is hidden in the notation), where G and W are [¢]"-tuples of
([—d, d], r)-graphs and graphons, respectively. We are ready to state the main result of the
paper.

Theorem 4.4. Letr > 1,q > 1, ande > 0. Then for any [q]"-tuple of ([—||W||co, [|Wlsc], 7)-
graphons W = (W?) ¢ and k > ©*1og(0)q" with © = %ﬂﬁ we have
P(EW) — E(G(k,W))| > €||W]|o) < e. (4.3)

A direct consequence of Theorem is the corresponding result for layered ground state

energies.

Corollary 4.5. Let € be a finite layer set, K a compact Polish color set, ¢ > 1, r-arrays
J = (J)ece with J* € C(K)?**1, and ¢ > 0. Then we have that for any E-tuple of
(K, r)-graphon W = (W*).ce and k > ©*1og(0)q" with © = Tlﬁ that

P(EW, J) = E(G(k, W), J)| > e|€][[ ]l [W]le) < e
Proof. We make no specific restrictions on the color set X and on the set & of layers except
for finiteness of the second, therefore it will be convenient to rewrite the layered energies
E,(W, J) into a more universal form as a sum of proper Hamiltonians in order to suppress

the role of I and €. Let
=% Y / [T - () I, (W (@) ()

e€€ 2q,..., ZrG[CI}[OMh([T]) Jj€ld]

= > / I ¢ @) [Z . zT(W°(l‘))] dA(zy(pr))-

2150 z’“e[q][o,l]h([”]) Jelr] e€€

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 [¢]"-tuple of (|—d, d], r)-graphons, where d =
|€] |T]|oo |W]|oo- For any z € [¢]", let WZ(ZC) = e /5. (We(x)) for each x € [0, 179D,
and let the interaction matrices J? be of the canonical form. We obtain for any fractional
partition ¢ of [0,1] into g parts that (W, J) = 5¢(W, J), and also &(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 loss of generality, we are able to reduce the statement of
the corollary to the statement of Theorem 4.4 dealing with ground state energies of canonical
form. O
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We start with the proof of Theorem [£.4] by providing the necessary background. We
will proceed loosely along the lines of the proof of Theorem from [4] 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 [4] carry through adapted to
our continuous setting with some modifications, and we will also draw on tools from [10] and
[11]. 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.

Lemma 4.6. Let W be a ([—d,d|,r)-graphon, ¢ > 1, J € R?*"*%. Then for every k > 1
there is a coupling of G(k, W) and H(k, W) such that

P (G0 ). )~ £ W), > el W) < 2emp (= (5 - o))

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

~ 1 T
E(G(k, W), J) = I Z Z Sao ZrW<<US)SEh({n1 ----- nr}ﬂ’)) H Tnj,zj
j=1

1 q k r
= ? Z Z Jz1 ..... ZTE[W((US>SGF)({1L1 ..... nr},r)) ’ (US)SGb({nl ..... nr},l)] Hxnj,Zj'
21 yeey2r=1N1,...,np=1 j=1
Let us enumerate the elements of (g) as €1, €2, -, €(k), and define the martingale
2

Yo = EIE(G(k, W), ) | {U; | 5 € (1))
and
Y= E |k, W), ) | {U; |5 € K} U (Uiea{Us | e, € S1)]

foreach 1 <t < (g), so that Yy = E(H(k, W), J) and Y(k) = E(G(k, W), J). For each t € (g)
2

we can upper bound the difference, |Y;—; — Y;| < 5]|J||o||W/|ls. By the Azuma-Hoeffding
inequality, Theorem [3.10] it follows that

p2k4 p2k2
P(|Y; — Yo| > p) < 2exp | — < 2exp (——) : (4.4)
t 2 IV 2NIZ W

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

i (|é(@(k:, W), J) — EH(k, W), J)| > 5HJ||OOHW||OO> < 2exp (—k: (%’“ - logq)> . (4.5)

O

In the following lemmas every r-graph or graphon is meant to be 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.

Lemma 4.7. Let G be a real-valued r-graph on [k] and J € R?**9. Then
4 1
(G, T) = E(G, )] < P lIG ool e

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 » = 2 these are the diagonal
entries). Thus, we get that

, r\ 1
£G.0) - 66 ) = () Gl

Now assume that we are given a fractional partition X so that E(G’, J) attains the maximum
E(G',J). We fix all the entries T, 1,...%,, of X with n = 2,... &k and regard &(G', J) as a
function of #14,...,21 4. This function will be linear in the variables x; 1, ..., 214, and with
the additional condition Z§:1 x1,; = 1 we obtain a linear program. By standard arguments
this program possesses an integer valued optimal solution, 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) = é(G’, J).
Hence, the claim follows. m

Next lemma is the continuous generalization of Theorem 4 from [4], and is closely related
to the Weak Regularity Lemma, 7?7, of [16], and its continuous version ??. The result is a
centerpiece of the cut decomposition method.

Lemma 4.8. Let ¢ > 0 arbitrary. For any bounded measurable function W: [0,1]" — R
there exist an s < 6%, measurable sets S C [0,1] withi =1,...,s, 7 = 1,...,r, and real
numbers dy, ..., ds so that with B =" | dillgr...xsr it holds that

(i) Wl = [W = B2,
(ii) |W = Bllo < e|W|s, and

(iii) Y0y |di| < LW ..
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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,...,t¢,j=1,...,r, and the real numbers dy, ..., d;.
Set Wt =W — S, dilgix...xsr- We proceed to the (¢ + 1)’st step, where two possible
situations can occur. The first case is when

Wlo = e[ W2

This implies by definition that there exist measurable subsets Si.,...,Sy,; of [0,1] such
that | [o1 . o WHz)dA(z)| > €||W|2. We define di1 to be the average of W* on the
t+1 t+1

product set S¢,; x --- x S, and proceed to the (¢ + 2)'nd step. In the case of
W lla < ellW ]2

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. So suppose that the first case above occurs. Then

W3 — W = / (WH?(x)dA(z) — / (W(x) — dysr)?dA(z)
Sl X xSl Sfppx xSt
= d{  MSpi1) - A(St) > 2 W 5. (4.6)

This means that the square of the 2-norm of W' decreases in ¢ 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 < E% 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 (4.6) we get, that

W13 =W 3 = W13 > dA(S)) - AS)).
t=1

t=1

We also know for every ¢t < s that |di|A(S}) ... A(SF) > ¢||W||2. Hence,

S

Do lddelWlla < diX(S)) . AS]) < W],

t=1 t=1
and therefore Y77, [dy| < ||W]2. O

Next we state that the cut approximation provided by Theorem is invariant under
sampling. This is a crucial point of the whole argument, and is the r-dimensional general-
ization of Lemma 4.6 from [10].
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Lemma 4.9. For any € > 0 and bounded measurable function W: [0,1]" — R we have that

2k
P (|[B(k, W)llo — [Wllol > £l|W ) < 2exp (_W)

4
1672
for every k > (T) .

Proof. Fix an arbitrary 0 < ¢ < 1, » > 2, and further let W be a real-valued naive r-kernel.

4
Set the sample size to k > (@) . Let us consider the array representation of H(k, W) and

denote the r-array Agg,w) by G that has zeros on the diagonal. We will need the following
lemma from [4].

Lemma 4.10. G is a real r-array on some finite product set Vi x --- x V.., where V; are
copies of V' of cardinality k. Let S; C V4,...,S, C V., be fized subsets and Q1 a uniform
random subset of Vo X --- x V. of cardinality p. Then

k,'l’

VP

where P(Q1) = Po(@Q1) = {z1 € Vi | X2, yyeco, G(@1, 92, y,) > 0} and the 2-norm
Zm-EV- GQ(ml ..... Zr) 1/2

G(Sl, .. .,ST) < EQlG(P(Ql N Sg X X Sr>,52, .. .,ST) + ||G||2,

Vil Vi

If we apply Theorem [4.10| repeatedly r times to the r-arrays G and —G, then we arrive
at an upper bound on G(S4,...,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
WGl < Fou,.o, o max{GPa(Q). ., Pa(@)): (<G)(P-a(@)). - P-a(@)}
rk”
+ —= G|, (4.7)

VD

since |G|z < |G-

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 Q1,...,Q,. This
bound does not depend on the actual choice of the @;’s, so if we take the average (over the
Q;’s), that upper bound still remains valid.

In order to do this, let us fix Q1,...,Q,, set @ to be the set of elements of V(G) which
are contained in at least one of the @);’s, and fix also the sample points of Uy = {U; | i € Q }.
Take the expectation Ey,. only over the remaining U; sample points.

To this end, by Fubini we have the estimate

k?TEU[k] ||G||D < EQly---QTEUQ [EUQc QIQ’nCaX maX{G(Pg(QII) N QC’ ... 7PQ(Q;) N Qc)’

K3
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rk" _
GP-(@) N, P-a(@) QN+ Gl + 7% [l
(4.8)
where Us = {U; |i € S }.

Our goal is to uniformly upper bound the expression in the brackets in (4.8) 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 @, C @;, and introduce the random
variable Y(Q1, ..., Q) = G(Pe(Q) NQ°, ..., Ps(Q.) N Q°), where the randomness comes
from Uge exclusively. Let

T, ={x; €[0,1] | > W(Uyss o Uy, Uyeyys - Uy ) >0}
Y1y s¥Yim1,Yit 15e-Yr ) EQ)
for i € [r]. Note that t; € P5(Q)) is equivalent to U, € T;. Then
By V(@Y. Qy) < Z Euy.Glty, .- t)Ipgoy)(tr) - - Lpg(qy () + 72K Wl

t1,..., trch

< k" / W (z)dA(z) + 72k W ||lso < E W |lo + 72K |W | so.
Ty X XTy

By the Azuma-Hoeffding inequality we also have high concentration of the random variable
Y(Q,...,Q.) around its mean, that is

2k
since modification of one sampled element changes the value of Y(Q7,...,Q.) by at most

2rk™||W || . Analogous upper bounds on the expectation and the tail probability hold for
each of the expressions (—G)(P-¢(QY), ..., P,(Q.)).
With regard to the maximum expression in over the @)’ sets we have to this end either
that the concentration event from holds for each possible choice of the @ subsets for
(48

both expressions in the brackets in (4.8]), this has probability at least 1 — 2P +1 exp(—ng];), or
it fails for some choice. In the first case we can employ the upper bound k" ||W||g + (r?k"~! +
Pk")||W ]|, and in the event of failure we still have the trivial upper bound of k"||W|| .
Eventually we presented an upper bound on the expectation that does not depend on the
choice of Q)1,...,Q,, and the sample points from Ugy. Hence by taking expectation and
assembling the terms, we have

Euy [Gllo < Wl + Wl ( - i

3 2 2
r pr r r+1 pk
— =+ +—+2p+exp( >)
ik
Letpzx/%andp:%\;—; Then
B Gl < Wl + Wl (= + =+ 24 T+ exp (21 — 202VE)
U[k] [ O ) \4/E \/E \LL/E k eXp T T
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€ g2 gt g2

€
< ||W Wl —+=+-"+=—+—=) Z||IW 2[|W| so-
< Wl + Wl (35 + 357+ 5 + 53005 + s ) < W+ 2/21W1
The direction concerning the lower bound, E||G|g > [|[W{|g—¢/2 follows from a standard
sampling 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

1
P16l ~ IWlol > elWle) < P (|EIGIe ~ IG1:
ek
<2 — .
= 2OXP ( 32r2>

Next we state a result on the relationship of a continuous linear program (LP) and its
randomly sampled finite subprogram. We will rely on the next concentration result that is a
generalization of the Azuma-Hoeffding inequality, Theorem [3.10], and suits well the situation
when the martingale jump sizes have inhomogeneous distribution. It can be found together
with a proof in the survey [28] as Corollary 3.

> /2l

[]

Lemma 4.11 (Generalized Azuma-Hoeffding inequality). Let k > 1 and (X,,)5_, be a mar-
tingale sequence with respect to the natural filtration (F,)k_ . If | X, — X,41| < d almost

surely and E[(X,, — X,41)? | Fn] < 02 for each n € [k], then for everyn < k and § > 0 it
holds that

P(X, — Xp > 6n) < exp (—n02 ((1 + g) (1 + 24y _ M)) . (4.10)

@ o2 o2
Measurability for all of the following functions is assumed.

Lemma 4.12. Let ¢;,: [0,1] = R, U;p: [0,1] 5> R fori=1,...,s, m=1,...,q, u € R**,
a € R. Let d and o be positive reals such that ||c|| < d and ||c||2 < o and set v = Z—j. If the
optimum of the linear program

1
q
maximize /Z fn(t)em (t)dt
0 m=1
1

subject to /fm(t)Ui,m(t)dt < Ujm for i € [s] and m € [q]
0< fult) <1 fort €[0,1] and m € [q]
Z fm(t) =1 fort €0,1]
m=1
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is less than o, then for any ,0 > 0 and k € N and a uniform random sample {Xy, ..., Xx}
of [0,1]% the optimum of the sampled linear program

maximize Z Z %$n7mcm (X5)

1<n<km=1
. 1 .
subject to Z —Zr Ui (X0n) < Uin — 0||U |00 for i € [s] and m € [q]
1<n<k
0<Zpm<l1 for n € [k] and m € [q]
q
Z Tpm = 1 forn € [k]
m=1

15 less than o + € with probability at least

R e |

Proof. We require a continuous version of Farkas’ Lemma.

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

The set C' is a nonempty convex closed subset of R*? containing 0. Let B = {z | z;,, <
Vim } C R, this set is also a nonempty convex closed set. The absence of a solution to
Af < wis 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 y7c < y'7'b for every ¢ € C
and b € B. Additionally every coordinate y; ,, has to be non-positive. To see this suppose
that i ,,, > 0, we pick a ¢ € 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 y'"c < y'7'b will be harmed eventually. We conclude that for any f we have
yT(Af) < y'Tv, hence for y = ﬁ the inequality y” (Af) < y”v has no solution. O

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

Proof. Let Agm(t) =YF_, @H[%g%)(t) fori=1,...,s. The nonexistence of a fractional
g-partition x € R*¥ so that Bz < v is equivalent to nonexistence of a fractional ¢g-partition f
so that Af < wv. For any nonzero 0 < y, the nonexistence of a fractional g-partition z € R*
so that y? Bx < yTv is equivalent to the nonexistence of a fractional g-partition f so that
yT(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
anonzero 0 <y € R and 0 < § with >0 >? | yim + 8 =1 such that

/ZZym i (8) fin( dt—/ﬁZcm ) fn(t <ZZyzmulm Ba

i=1 m=1 i=1 m=1

has no solution f among fractional g-partitions. This is equivalent to the condition
1
/ h(t)dt > A,
0

where h(t) = min[Y 7 | YimUim(t) — Ben(t)], and A = >0 >0 yimtim — B Let
T ={t | h(t) ;nz; 1 YimUim(t) — Bem(t) } for m € [g] and define the functions h4(t) =
2 et I, (8) D251 Yim Ui ()] and ho(t) = 370 I, () Bem(t). Clearly, h(t) = ha(t) = ha(t).
Set also Ay = > 0 D0 YimUim and Ay = fa. Fix an arbitrary § > 0 and k& > 1. By the
Azuma-Hoeffding inequality it follows that with probability at least 1 — exp(——) we have

that
k

1
EZhl(Xn) > Ay — 0] | so-
n=1
Note that [|hi e = || Zz 1 U, UimYimlloo < |1U][0o Zz 1 gl:l [Yim| < U]l More-
over, by Theorem [4.11] the event
Lk
- Z )< Ay+e (4.11)

has probability at least 1 — exp (—lw <(1 + ) In(1+5) - 7d>) Thus,

%Zh(Xn) = Z Z Yism (Ui — 0||U||oc) — Bla + )

i=1 m=1
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with probability at least

1 [exp (—%k) +exp (—/w (( 7d)1n(1 + 7d) ;d)ﬂ .

We conclude the proof by noting that the last event is equivalent to the event in the
statement of our lemma by Claim [2] O

We start the principal part of the proof of the main theorem in this paper.

Proof of Theorem[{]} 1t is enough to prove Theorem [£.4] for tuples of naive ([—d,d],r)-
digraphons. We first employ Theorem 4.6| to replace the energy £(G(k,W)) by the energy
of the averaged sample & (H(k,W)) without altering the ground state energy of the sample
substantially with high probability. Subsequently, we apply Theorem to change from the
integer version of the energy &(H(k,W)) to the relaxed one £(H(k, W)). That is

E(G(k, W) — EE(k,W))| < €%([W o

with probability at least 1 — &2,
We begin with the main argument by showing that the ground state energy of the sample
can not be substantially smaller than that of the original, formally

2

E(H(k, W) 2 EW) = 7

7771l (4.12)
with high probability. In what follows E denotes the expectation with respect to the uniform
independent random sample (Us)gep([x],r) from [0, 1]. To see the correctness of the inequality,

we consider a fixed fractional partition gb of [0, 1], and define the random fractional partition
of [k] as Ynm = ¢m(Uy,) for every n € [k] and m € [g]. Then we have that

EE(H(k, W)) > EE,(H(k, W)
k
1 oW H
— ]Ey W Ub ({n1,...,nr },r) Ynj,z

k!
> — / th (") H¢z] - _”WHOO

z€[q]” [0,1157D

~—

2
> £,() = 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[EMH(E,W)) [ {Us| S eb([jl,r—1)}] for 1 < j < k. The difference |Y; —
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Yip1| < 2||W|lw is bounded from above for any j, thus by the inequality of Azuma and
Hoeffding, Theorem it follows that

P (5(H(k, W)) <EW) — 131/4HWH<>0>

< P (S(E(k, W) < BEE( W) - W] )

2 N
=P <Yk <Yy - k1/4||WH00> < exp (— 3 ) : (4.13)

So the lower bound (4.12)) on E(H(k, W)) is established. Note that by the condition regarding

k we can establish (rather crudely) the upper bound exp(—%) <277,
Now we turn to prove that E(H(k,W)) < E(W) + € holds also with high probability

for k > (@) log(T+7 ©)q". Our two main tools will be Theorem {4.8, that is a variant
the Cut Decomposition Lemma from [4] (closely related to the Weak Regularity Lemma

by Frieze and Kannan [16]), and linear programming duality, in the form of Theorem m
Recall the definition of the cut norm, for W: [0,1]" — R, it is given as

IWlo = mas / W (2)d\()|,

7 7ST [0 1]

and for an r-array GG by the expression

1
max
kT S1..8TCV(G)

IGllo = — |G(Sl,...,ST)‘.

Before starting the second part of the technical proof, we present an informal outline. Our
task is to certify that there is no assignment 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 up 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 scheme between the
elements of the two in such a way, that with high probability we can state 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
Theorem [4.8, We will replace the original continuous problem by an auxiliary one, where the
number of variables will be bounded uniformly in terms of our error margin €. Theorem
makes it possible for us to replace the sampled energy problem by an auxiliary problem with
the same complexity as for the continuous problem. This second replacement will have a
straightforward relationship to the approximation of the original problem. We will produce
the cover sets of the two problems by localizing the auxiliary problems, association happens

37



through the aforementioned straightforward connection. Finally, we will linearize the local
problems, and use the linear programming duality principle from Theorem 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 fractional g-partition of [0, 1] the energy is given by
the formula

TS / IT 6., (t)W=(Dd(e), (4.14)

selal oy J€l

and for an x = (11,212, ..., %14, T21,--.,Tk,) & fractional g-partition of [k] by

Exl Z Z [z W (U, ... U). (4.15)

z€ q]r ni,...,nr=1 jer]

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

g (W) / I ¢ dA (1), (4.16)

[0,1] JElr]

it follows that E(W) = 3_ - €5(W?). Analogously we consider

£2(H(k, W?)) = Z Ha:t W (Unys - Un,),s

so Ex(H(k, W)) = >_ 1y &< (H(k, W) with the sampled graphs on the right generated by
the same sample points. Note that the formulas - - make prefect sense even when
the parameters ¢ and x are only vectors of bounded functions and reals respectively without
forming partition. .

Theorem {.8| delivers for any z € [¢]" an integer s, < QZL;T, measurable sets S, ; ; C [0, 1]
withe=1,...,s,,7=1,...,r, and the real numbers d, ;,...,d, s, such that the conditions
of the lemma are satisfied, namely

||WZH2’

HWZ ngll[szzlx stzr |D —

=1

81"

and Y 27 |d, ;| < SZT |IW?]|2. The cut function allows a sufficiently good approximation for
Es(W?), for any ¢. Let D* =722, d.;Is. , x..xs.,,. Then

&5v7) = &0 = | [ [T o) W7 (0) ~ D] Ao



< W* = Dlls < o [W7 .

We apply the cut approximation to W# for every z € [¢]" to obtain the [g]"-tuple of naive
r-kernels D = (D?).¢(g-- We define the ”push-forward” of this approximation for the sample
H(k W). To do this we need to define the subsets [k] D S.;; = {m | Un € S..;}. Let

= Z L daql s axoex ot First we condition on the event from Theorem E call this
event Ey, that is

£= ) {]r\H<k,WZ>—ﬁZ|\D—HWZ—DZHD <

z€[q]”

On F it follows that for any x that is a fractional ¢-partition
|E2(H(k, W?)) = E2(D?)] < |[H(k, W) — D*||r
< |[[W*—D7|

This implies that

E(W) = Ex(D)| < Wl and  [E,(I(k, W) = & (EL(k, D))| < LW |-

a4
The probability that F; fails is at most 2¢" exp < %) whenever k > (M) due to

211T2q
Theorem , in the current theorem we have the condition k& > ( ) 10g(2r+7 "',
which implies the aforementioned one. The failure probability of E is then strictly less than

2r+7q'r,r

15

-

’ Let S ={S..;|2€[¢,1 <i<s,,1<j<r} denote their set, and let S’ stand for
the corresponding set on the sample. Note that s’ = |S] < 267"6137“52 in general, but in some
cases the W# functions are constant multiples of each other, so the cut approximation can be
chosen in a way that S, ; ; does not depend on z € [g]", and in this case we have the slightly
refined upper bound 267“q2’”8i2 for s’, consequences of this in the special case are discussed in
the remark after the proof. Let n > 0 be arbitrary, and define the sets

I(byn) =q o|Vzelg,1<i<s, 1<j<r: /¢Zj(t)dt_bz,i,j <27,

and
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For a collection of non-negative reals {b,; ; }. At this point in the definitions of the above sets
we do not require ¢ and x to be fractional g-partitions, but to be vectors of bounded functions
and vectors respectively. We will use the grid points A = {(b.;;).i; | V2,4,5: b.ij €
0,1]NnZ}.

On every nonempty set I(b,n) we can produce a linear approximation of £4(D) (linearity
is meant in the functions ¢,,) which carries through to a linear approximation of & (H(k, D))
via sampling. The precise description of this is given in the next auxiliary result.

Lemma 4.13 (Local linearization). If n < 16%2” then for every b € A there exist Iy € R
and functions ly,la, ..., l;: [0,1] = R such that for every ¢ € I(b,n) it holds that

1
q
— 1, —/Zlm(t)gzﬁm(t)dt <5 +3||WHOO,
0 m=1

and for every x € I'(b,n) we have

E(H(k, D)) —lo—> Y %xmmlm(U

n=1 m=1

£
W e

)| <

Additionally we have that Iy, ls, . .. 1, are bounded from above by % HT/V||OO and fo 2 (H)dt <

22r+9 2 3r||W||2

mlm

Proof. Recall the decomposition of the energies as sums over z € [¢|" into terms

gz DZ Zd“ / H(sz HSZZ1>< XSz'L'r(t)dt

[0 1]7‘ j=1
Sz q T
=3 des [ TTTT onlti)tsnocs., (B
=1 gy m=l Zgjn

and

EX(D?) ZdwkTHH > Tum.

m=1 j=1 n:Up€S, ; ;
zZj=m

We linearize and compare the functions £5(D?) and £Z(D?) term-wise. In the end we will
sum up the errors and deviations occurred at each term. Let b € A and > 0 as in the
statement of the lemma with I(b,n) being nonempty. Let us fix an arbitrary ¢ € I(b,n),
z € [q]",and 1 < i <s,. Then

/qsz 5.0, (t;)dt; +Z /qsz s (t)dt; —ba i | BY(2) + A
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— (1-7r)Bi(2) + / om(t) | S Is,,()BY¥(z)| di + A,

m= Jj=l,zj=m

where B'(z) stands for [[}_, b.;, B/ (2) = [1}; b1, and [A] < 47?27, Analogously for an
arbitrary fixed element x € I'(b,7) and a term of £(D?) we have

T

1
H % Z T2y — bz,i,j + bz,z’,j

7j=1 n: Unesz,i,j

r

q k
1 ..
= (1 — 7" BZ Z E n,m Z ]ISz,z‘,j (Un)BZJ (Z) + A/’

Jj=l,zj=m

where |A'] < 5?2

If we multiply these former expressions by the respective coefficient d,; and sum up over
7 and z, then we obtain the final linear approximation consisting of the constant [y and the
functions [y, ..., l,. We would like to add that these objects do not depend on 7 if I(b,n) is
nonempty, only the accuracy of the approximation does. As overall error in approximating
the energies we get in the first case of £4(D) at most 3277227"%HWH00 < 553 ||W/|x, and in
the second case of & (H(k, D)) at most 555 ||W |-

Now we turn to prove the upper bound on |l,,(t)|. Looking at the above formulas we
could write out [,,(t) explicitly, for our upper bound it is enough to note that

r

Z ]Isz,i,j (t)Bi’j (Z)

Jj=1l,zj=m

is at most 7. So it follows that for any ¢ € [0, 1] it holds that

2r

[ ()] <

It remains to verify the assertion regarding fol ¢ _ 12, (t)dt. Note that 1(b,n) C I(b,2n),
so we can apply the same linear approximation to elements ¢ of I(b,2n) as above with a
deviation of at most 557 ||W || from Ey(D). Let ¢ be an arbitrary element of I(b,7), and
let 7' C [0, 1] denote the set of measure 7 corresponding to the largest > 7 _ |1,,(¢)] values.

Define

A ) bm(t) +sgn(ln(t) ifteT
Pm(t) = { G (1) otherwise.

Then ¢ € I(b,2n), since ||¢pm—dml||1 < 7 for each m € [g], but ¢ is not necessarily a fractional
partition. Therefore we have

/Zu £)/dt = /Z% Oun(£)) ()1l
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q

< | [ 32 bnltnlde — (D) +18,(D) ~ £4(D)

0 m=1

+ / > bm(t)ln(t)dt — E4(D)

0 m=1

< gogell Wil + 165(D) — £4(D)]

We have to estimate the last term of the above expression.

POEEIED Y| (H@] H@xm)D fat

ZG[q] 0 1]r

<ol Y [ )

ZG[QW[QJ]T Jj=1

H (bzl H ¢zz ¢z] ¢Zj (tj)) dt

1<j 1>7

q
<2AW |27 Y N — bl < 2IW |27 .

m=1

5 T
/Zu Pt < (2”3 ﬁ)guwnw.

This further implies that for each ¢ ¢ T we have >.7 _ [l,(t)] < (325 + 2) AWllee <
(10 + 2"*17) ¢"||W || so- These former bounds indicate

qu:l?n / Xq: dt+/zq:l

m=1 oI\ ™
< 2222 W2 4 |l / >l

< 22820 W12, + (2”+4 NECTIWIE
< 227«+9 2 3r“WH2

We conclude that

]

We return to the proof of the main theorem, and set n = 6w e 5. For each b € A we apply
Theorem [4.13] so that we have for any ¢ € I(b,n) and x € I’(b n) that

g
lO_Z/¢m m 2T+3||W||oo;

mlO
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k
1 €
Ex(H(k, W) — o — Z Emn,mlm<Un> = ort5 W {|oo,
n=1
since 1 is small enough. Note that ly,l1,..., and [, inherently depend on b. We introduce

the event Ey(b), which stands for the occurrence of the following implication:

If the linear program

o 1
maximize lo+ ; mzl Ea:n,mlm(Un)
subject to x e I'(b,n)
0<x,, <1 forn=1,....kandm=1,...,q
q
Z:Emm:l form=1,...,q

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 om(t) =1 for ¢t € [0, 1]
m=1

has optimal value at least o — (£/2)||W{| -

We apply Theorem |4.12| with § = n, o2 = 2299263 |W 2, d = %THW”OO, and v = Z—j,
and attain that the probability that Fy(b) fails is at most

exp (—k—nQ) + exp <—k7 ((1 + gIITj%)ln(l + éj”WH"") — gHWH‘”))

2 vd vd

< ke 202r+3 —r 1
= exp _28q2r22r +exp | —ke™2 q Q4r+15 72

B ke? ke? <5 ke?
= exp T Qs +exp T zzgen2 | S exXp T ozzgen2 |

where we used that (1 +z)In(l1+z)—2 > (1 +z)(z —2%/2) —x = 2?/2 — 23/2 > 2% /4 for
0<z< }1. Denote by Es the event that for each b € A the event E(b) occurs. Then we

have
gredgr) 2 Je?
P(Ey) >1-2 ( - ) exXp (_ 22r+12q2r7,2>
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2r+7qrr

€

270" 6 ar o
>1—2exp | log 2°rq”" e — log(
€

2r+7 r
> 1 — 2exp (_ log(l>22r+l5r2q3r€2)
3

>1—¢/4

)22r+ 167,2(]31”6—2)

r

Therefore for k > (@)4 log(@)cf we have that P(Ey; N Ey) > 1—¢/2. We only need
to check that conditioned on E; and F, our requirements are fulfilled. For this, consider
an arbitrary fractional g-partition of [k] denoted by x. For some b € A we have that
x € I'(b,n). If we sum up the error gaps that were allowed for the Cut Decomposition and at

the local linearization stage, then the argument we presented above yields that there exists
a ¢ € I(b,n) such that conditioned on the event F; N Ey it holds

Es(W) = Ec(H(E, W) — | W |-

This is what we wanted to show.
O

We can improve on the tail probability bound in Theorem [4.4] significantly by a constant
factor strengthening of the lower threshold condition imposed on the sample size.

Corollary 4.14. Letr > 1,q > 1, ande > 0. Then for any [q]"-tuple of ([—d, d], r)-graphons

W = (W?).eqr and k > ©*1og(©)q" with © = 2724 e have that
. 2k
PIEW) — E(G(k,W))| > €||[W|s) < 2exp (—%) : (4.17)

Proof. For k > ©1log(0)q" we appeal to Theorem , hence
EW) —BE(G(k, W))| < P(IEW) — E(G(k, W))| > &/8I|W |oc)2l|W [|oo + /8[| W ||oc
< &/2||W || so-

Using a similar martingale construction to the one in the first part of the proof of Theorem [4.4]
the Azuma-Hoeffding inequality can be applied, thus

P(IE(W) = E(G(k,W))| > £ Wllx) < P(EE(G(k,W)) = E(G(k,W))| > /2| W||u)
< 2exp (—%) .

Remark 4.15. A simple investigation of the above proof also exposes that in the case when
the W?*’s are constant multiples of each other then we can employ the same cut decomposition
to all of them with the right scaling, which implies that the upper bound on |S| can be

strengthened to 267’(]2’”5%, gaining a factor of ¢". Therefore in this case the statement of

O

T T 4 T T
Theorem {.14| is valid with the improved lower bound condition (2 +1qu 7") log(%) on

k.
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Remark 4.16. Suppose that f is the following simple graph parameter. Let ¢ > 1, my > 1,
and ¢ be a polynomial of [ variables and degree d with values between 0 and 1 on the unit
cube, where [ is the number of unlabeled node-g-colored graphs on mg vertices, whose set
we denote by M, .. Note that [ < 2™8/2¢™. Let then

F(G) = max g((t(F (G, T))) reMymg ) (4.18)

where the maximum goes over all node-g-colorings of G, and (G,T) denotes the node-¢-
colored graph by imposing 7 on the node set of G. Using the identity ¢(F;, G)t(Fy, G) =
t(Fy U Fy, G), where Fy U F, is the disjoint union of the (perhaps colored) graphs F; and Fy,
we can replace in g by ¢’ that is linear, and its variables are indexed by M, 4m,. Then
it becomes clear that f can be regarded as a ground state energy of dmg-dimensional arrays
by associating to every G an tuple (A%).cjgr with © = dmy, where the entries A*(iy, ..., 4,)
are the coefficients of ¢’ corresponding to the element of M, 4, given by the pair z and

Gl(ir,...ir)- We conclude that f is efficiently testable by Theorem .

5 Testability of variants of the ground state energy

In the current section we derive further testability results using the techniques employed
in the proofs of the previous section, and apply Theorem to some specific quadratic
programming problems.

5.1 Microcanonical version

Next we will state and prove the microcanonical version of Theorem [4.4] that is the contin-
uous generalization of the main result of [I3] for an arbitrary number ¢ of the states. To be
able to do this, we require the microcanonical analog of Theorem [4.7] that will be a gen-
eralization of Theorem 5.5 from [I1] 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 outline 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 g-partition of [0,1] | /(bi(t)dt =aq; fori€lq] 7,
0

1
wa = < X fractional q-partition of V(G) | m Z Ty; =a; fori €[q] 7,
eV(Q)
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and

uweV(G) Luyi

Wa = {X integer q-partition of V(G) | ‘Z \V(G))]

1 :
Smﬁ”lg[(ﬂ}-

The elements of the above sets are referred to as integer a-partitions and fractional a-
partitions, respectively.

We 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) = gé%xé}(W, J), &a(G,J) =max&(G,J), &Ea(G,J)=max&(G,J).

XEwWa XEWa

The layered versions for a finite layer set €, and the canonical versions Eo(W), Ea(G),
and E,4(G) are defined analogously.

The requirements for an x to be an integer fractional a-partition (that is ¢ € €2,) are
rather strict and we are not able to guarantee with high probability that if we sample from
an fractional a-partition of [0, 1], that we will receive an fractional a-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 [I1], we slightly generalize that
approach.

Lemma 5.2. Let r > 1, and ¢ > 1. Then for any [q|"-tuple of naive r-kernels W =
(W?).clqr> and probability distributions a,b € Pd, we have

[Ea(W) = E(W)] < r[[W]xlla — bl
The analogous statement is true for a [q|"-tuple of ([—d,d},r)-digraphs G = (G?).¢[gr
€a(G) = &b(G)] < 7[|G|c]la = b1

Proof. We will find for each fractional a-partition ¢ a fractional b-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 fractional a-partition, we define ¢, so that the following
holds: if a; > b; then ¢}(t) < ¢;(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.

[Es(W) = Ex (W) < / Oz (21) - @z () — @, (1) - O, (20)dA(@) | Wl

z€[q]" 0,1]"
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<> N /(cbzm(wm) — ¢ (@) ] () [ &, (@) dA@)| W]l
z€[g]" m=1 0.1]" j<m j>m

=> > / |62 (@) = &, ()| Az [T az, [T 02 1W oo
z€[q]" m:1[071] j<m ji>m

r q q m—1 q r—m—1

=y > / |5(t) — &5(t)] dt (Z aj) (Z bj) W {]oo
m=1j=15; j=1 j=1

=rlla—bl[[W]w.

The same way we can find for any fractional b-partition ¢ an fractional a-partition ¢’ so that
their respective energies differ at most by r||a — b||;||W||. This implies the first statement
of the lemma. The finite case is proven in a completely analogous fashion.

O

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, this result is a generalization with
respect to the dimension in the non-weighted case of Theorem 5.5 of [11], the proof proceeds
similar to the one concerning the graph case that was dealt with in [11].

Lemma 5.3. Let q,7,k > 1,a € Pd,, and G = (G?).¢[q be a tuple of ([—d,d],r)-graphs on
[k]. Then

; 1
[€a(G) = &(G)] < ZIIGl5"d"

Proof. The inequality & (G) < &a(G) + £|Gl5"g" ! follows from Theorem Indeed, for
this bound a somewhat stronger statement it possible,

£(G) <  max Eb(G)<5a(G)+r%||G||OO.

T b |bi—ai|<1/k -

Now we will show that £,(G) > Ea(G) — =|Gl5"q" . We consider an arbitrary fractional
a-partition x. A node i from [n] is called bad in a fractional partition xz, if at least two
elements of {z;1,...,2;,} 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 in 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 an arbitrary set S of cardinality ¢ + 1 of them. 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 reduce the number of fractional entries corresponding to .S while not disrupting any
entries corresponding to nodes that lie outside of S. To do this we fix for each i € [g] the
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sums ZUES z,; and for each v € S the sums Z;]:l Ty, (these latter are naturally fixed to be
1), in total 2¢+ 1 linear equalities. We have at least 2¢q+ 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 < ¢
for some t1,t5 > 0 that obey our 2¢ + 1 fixed equalities and have the following form. Let
xi; = xij + 13 , where B;; = 0if i ¢ S or x;; € {0,1}, and B;; # 0 else, together these
entries define x!. The boundaries —t; and ¢, are non-zero and finite, 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 fractional a-
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.
Et(G) =E(G) + et + -+t

where for [ € [r] we have

z
a = /{,‘T E , E : ﬁuhzﬂu) e 'Buz,zw(z)xulﬂ,zw(z-s-n e ':CUT:ZW(T)G (uﬂ(l)v s 7u7r(r)>7

2€[q)"  u1,..,u €S
Ul415-- 7uT€V\S

where the second sum runs over permutations 7 of [k] that preserves the ordering of the
elements of {1,...,l} and {l + 1,...,r} at the same time. We deform the entries cor-
responding to S through ¢ in the direction so that ¢;t > 0 until we have eliminated at
least one fractional entry, that is we set t = —tq, if ¢ < 0, and ¢t = t, otherwise. Note,
that as x' is a fractional partition, therefore 0 < z;; + tf;; < 1, which implies that for
t8;; < 0 we have [t53; ;| < x;;. On the other hand, Zj tB;; = 0 for any t and i. Therefore
> 1tBigl =232 118 L, j<0y < 23 ;@55 = 2 for any 4 € [k]. This simple fact enables us
to upper bound the absolute value of the terms ¢;t'.

(k—g-1""
jeat'] < HGIIOOZ D Bursy | [tBurzny

Ze[q]T Ul,.. 7ules

k_q_lr—l .
%HGHM(Z) PP IR

l UL yee U] ES
l

m\ . 1 .
kl”GHOO<l>qT : Z |t/8u,j| E”GHOO< )q l(2q—|—2)l.

u€S,j€lq]

It follows that in each step of elimination of a fractional entry of x we have to admit a
decrease of the energy value of at most

T 1 .
> lat] < 72 lIGlloo(3a +2)"
=2
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There are in total kq entries in x, therefore, since in each step the number of fractional entries
is reduced by at least 1, we can upper bound the number of required steps for reducing the
cardinality of bad nodes to at most ¢ by k(¢ — 1), and conclude that we admit an overall
energy decrease of at most 1||G|loe(q —1)(3¢+2)" to construct from x a fractional partition
x’ with at most ¢ nodes with 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 m < ¢. For u; € B
we set x, ;= [;(j), for the rest of the nodes we set x” = X/, obtaining an integer a-partition

of [k]. Finally, we estimate the cost of this operation. We get that
1 -1 r
En(G) > Eq(G) — EHGHOO‘BU{T g
The original fractional a-partition was arbitrary, therefore it follows that
A 1
Ea(G) = £a(G) < 7[IGlc5"g"".

m
We are ready state the adaptation of Theorem adapted to the microcanonical setting.

Theorem 5.4. Letr > 1, ¢ > 1, a € Pd,, ande > 0. Then for any [q|"-tuple of ([—d,d,])-

graphons W = (W?)¢iqr and k > ©*log(0)q" with © = 279 e have

P (|€a(W) — Ea(G(k, W))] > £ W]lao) < e
Proof. Let W be as in the statement and k > ©%log(0)q" with © = T:ﬁ. We start with
pointing out that we are allowed to replace the quantity éa(G(k, W)) by Ea(G(k,W)) in
the statement of the theorem by Theorem and only introduce an initial error at most
%“GHOOWQTH < 5Wl-

The lower bound on E,(G(k, W)) is the result of standard sampling argument combined
with Theorem . 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 € [¢]. The partition y
is not necessarily an fractional a-partition, but it can not be very far from being one. For
m € [q] it holds that

k
P (‘ Zn:]; Unm

> e) < 2exp(—£°k/2),

therefore for our choice of k the sizes of the partition classes obey |7 22:1 Ynom — Qm| < @D

for every m € [q] with probability at least 1 — /2.
We appeal to Theorem [5.2] to conclude

EE(G(k, W) = EE(G(k, W) — (¢/2) W]
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“EL Y Y WU U, Hynm (£/2)[ Wl

> _/{Zr(kk!_ 5 3 / W(tl,...,t,«)g@j(tj)dt— (% +5/2> W

The concentration of the random variable E,(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 £4(W) and & (G(k, W)) for certain
partitions ¢, respectively x is completely identical to the proof of Theorem 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 E3(b) that is occurrence the following
implication.

If the linear program

1
maximize lo + — Tl (U,
()
subject to x € I'(b,n) Nwa
0<zpm<1 forn=1,...,kandm=1,...,¢q
q
mem:l forn=1,...,k

has optimal value «, then the continuous linear program

1
q
maximize lo—l—/Zlm(t)gbm(t)dt
0 m=1

subject to ¢ € I(b,n)N U Qe

c: |lai—c;|<n

0<on(t) <1 fort € [0,1]] and m=1,...,q
q
Z Om(t) =1 for ¢t € [0, 1]
m=1
has optimal value at least a— 5[[W]o.

Recall that n = oo =5 It follows by applying Theorem |4.12| that E3(b) has probability

at least 1 — 2exp <—22T+’§%>. When conditioning on F;, the event from the proof of
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Theorem [£.4] and E3 = Nye4E3(b) we conclude that

La(Gh, W) = | max  Ec(W)+e/2)[Wlleo < Ea(W)+(rante/2)[Wloo < Ea(W)+¢|[W|oo-
C: |a;—C;|SN

Also, like in Theorem [4.4], the probability of the required events to happen simultaneously

is at least 1 — ¢/2. This concludes the proof. ]

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 [6]. Deal-
ing with a 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,J) = % max Z Ji.iGo(i),p0i)
ij=1
where p runs over all permutations of [n]. We speak of metric QAP if the entries of J are all
non-negative with zeros on the diagonal, and obey the triangle inequality, and d-dimensional
geometric QAP if the rows and columns of J can be embedded into a d-dimensional L
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

Qp(W, J) = / J (@, )W (p(x), ply))dzdy, Q<W,J>=mngp<W,J>,

[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
[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 € £([0,1]) the function u(., A) is measurable,
(i) for any x € [0, 1] the function u(x,.) is a probability measure on £([0, 1]), and
(iii) for any A € £([0,1]) [ dp(z, A) = A(A).
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Here £([0,1]) is the o-algebra of the Borel sets of [0, 1].
Then we define

Qu(W, J) = / / J(0 BYW (2, y)dpa(, 2)dpu( B, y)dxd B,

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

and

QW, J) = max 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
i, .) is defined as the atomic measure d,(,) concentrated on p(«), for this choice of ;i we
have Q,(W, J) = Q. (W, J).

An r-dimensional generalization of the problem for J and W: [0,1]" — R is

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

Q(W, J) = max / / J(oa, .. o)Wz, ...z )dp(oq, z1) ... dp(ag, x.)dag . .. da,,

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

A special QAP is the maximum acyclic subgraph problem (AC). 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) = g max Y GiTlp(0) < p(3))

ij=1

where p runs over all permutations of [n].

This can be thought of as a QAP with the restriction that .J is the upper triangular
n X n matrix with zeros 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

~

ACOV) =sup [ T(6(e) > 6(0) Wz ey
’ [0,12]

for a function W: [0,1]> — R is defined analogous to the QAP, where the supremum runs
over measure preserving permutations ¢: [0,1] — [0, 1], as well as the relaxation AC(WV),
where the supremum runs over probability kernels.

Both the QAP and the AC problems resemble the ground state energy problems that
were investigated in previous parts of this paper. In fact, if the number of clusters of the
distance matrix J in the QAP is bounded from above by an integer that is independent from
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n, then this special QAP is a ground state energy with the number of states ¢ equal to the
number of clusters of J. By the number of clusters we mean here the smallest number m
such that there exists an m x m matrix J’ so that J is a blow-up of J’, that is not necessarily
equitable. To establish an approximation to the solution of the QAP we will only need the
cluster condition approximately, and this will be shown in what follows.

Definition 5.5. We call a measurable function J: [0,1]" — R v-clustered for a non-increasing
function v: RT — R, if for any e > 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 ([16]), ??7, any J can be well approximated

by a step function with v(e) = 9z steps in the cut norm. To see why it is likely that this
approximation will not be sufficient for our purposes, consider an arbitrary J: [0,1]" — R.
Suppose that we have an approximation in the cut norm of J at hand denoted by .J'. Define
the probability kernel pg(c,.) = J, and the naive r-kernel Wy = J — J'. In this case
Qe (W, J) — Quy (W, J")| = ||J — J'||3. This 2-norm is not granted to be small compared to
€ by any means.

In some special cases, for example if J is a d-dimensional geometric array or the array
corresponding to the AC, we are able to require bounds on the number of steps required for
the 1-norm approximation of J that are sub-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 to the clustered QAP.

Lemma 5.6. Let v : Rt — RT be nondecreasing, and let J: [0,1]" — R be a v-clustered
measurable function. Then there exists an absolute constant ¢ > 0 so that for every ¢ > 0,

every naive r-kernel W, and k > clog(@)(@)4 we have

PIQW, J) = Q(G(k, W), G (k, J))| = e[ Wl l|oc) <&,
where G(k, W) and G'(k, J) are generated by distinct independent samples.

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']|lc < 1. We set a = (a4, ...,a,) to be the vector of the sizes of the steps of J', and
construct from J’ a real r-array of size ¢ in the natural way by associating to each class of
the steps of J’ an element of [¢] (indexes should respect 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') = E(W, J")
for every r-kernel W. On the other hand we have

QW J)=Q(W, .J')]
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< mﬁxx 1Q.(W, J) — Q.(W, J|

= max / (J—=J)ag,...,«) / W(z)du(aq, z1) ... dp(a, z)dag ... day,
m
01" (0.1]"

< mas / T = T, ) |[Wleda . . da
0,1
= I/ = S 1Wlle < el Wlle-
Now we proceed to the sampled version of the optimization problem. First we gain control

over the difference between the QAPs corresponding to J and J'. G(k, W) is induced by the
sample Uy, ..., Uy, G'(k,J) and G'(k,J") by the distinct independent sample Y7, ..., Y.

Q(G(k, W), G(k, J)) — Q(G(k, W), G(k, J))|
< max |Qy(G(k, W), G(k, J)) — Qu(G(k, W), G(k, J')|

k
1
— max — J— IV, Y W] 5.1
max - il%_l( )(Yi, DLW (5.1)

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

k
1
—E J—INY;,,....Y;
Tt DYCER RN

2
< = Moo + 11l + By [(J = ) (1, Y]

2r2+ <2
= — 19 E.
2 <

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

U Y)

> 45) < 2exp(—e*k/8) < e

We obtain that
Q(G(k, W), G'(k, ) = Q(G(k, W),G'(k, J'))| < 4e[|[W||oo

with probability at least 1 — ¢, if k is such as in the statement of the lemma. Set b =
(b1,...,b,) to be the probability distribution for that b, = %Z?zl Is,(Y;), where S; is the
ith step of J' with A(S;) = a;. Then we have

Q(G(k7 W)7 G(k7 J/)) = gb(G<k7 W)? ']//)'
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It follows agam from the Azuma-Hoeffding inequality that we have P(Ja; — b;| > ¢/q) <
2exp(—3 ) for each i € [g], thus we have ||a — bl|; < ¢ with probability at least 1 —e. We
can conclude that with probability at least 1 — 2¢ we have

QW, J) — Q(G(k,W),G(k, J))| < |QW,J) — QW, .J')|
+ [Ea(W, T") = Eu(G(k, W), J”>|+IQ( (k, W), G(k, J)) — Q(G(k,W),G(k, J))|
< (54 20)e||W ||oo + |Ea(W, J") — Ea(G (K, W), J")|.

By the application of Theorem the claim of the lemma is verified.

Next we present the application of Theorem for two special cases of QAP.

Corollary 5.7. The optimal values of the d-dimensional geometric QAP and the mazimum
acyclic subgraph problem are efficiently testable. That is, let d > 1, for every ¢ > 0 there
exists an integer ko = ko(e) such that kg is a polynomial in 1/, and for every k > ko and
any d-dimensional geometric QAP given by the pair (G, J) we have

POQ(G, J) = Q(G(k,G),G'(k, )))| 2 el|Gllss|| ][ o) < e, (5.2)

where G(k, W) and G'(k, J) are generated by distinct independent samples. The formulation
regarding the testability of the maximum acyclic subgraph problem is analogous.

Note that testability here is meant in the sense of the statement of Theorem [5.6] since
the size of J is not fixed and depends on G.

Proof. In the light of Theorem it suffices to show that for both cases any feasible J is
v-clustered, where v(g) is polynomial in 1/e. For both settings we have r = 2.

We start with the continuous version of the d-dimensional geometric QAP given by the
measurable function J: [0,1]> — RT, and an instance is given by the pair (W, J), where W
is a 2-kernel. Note, that d refers to the dimension corresponding to the embedding of the
indices of J into an LP metric space, not the actual dimension of J. We are free to assume
that 0 < J < 1, simply by rescaling. By definition, there exists a measurable embedding
p:[0,1] — [0,1]¢, so that J(i,j) = ||p(i) — p(4)]|, for every (i,5) € [0,1]>. Fix ¢ > 0 and
consider the partition P' = (11,...,15) = ([0, %), [£,2),..., [%, 1]) of the unit interval into

BB
— [QW} classes. Define the partition P = (Py,..., FP,) of [0,1] consisting of the classes

_1 T, x ---xT;) for each (iy,...,i5) € []", where |P| = ¢ = p? = 2ddd/p We construct
p 1 d ) ) q

the approxnnating step function J' of 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.

q

7= Tl= [ 1@ =@l =3 [ ) - Sale <30 e ==

[0,1]2 Li=1p % p;
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By Theorem and Theorem it follows that the continuous d-dimensional metric QAP
is O(log(2) =iz )-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. Note that here we have r = 2. Fix ¢ > 0 and
consider the partition P = (P, ..., P,) with ¢ = %, and set J' to 0 on every step P, X P;
whenever 7 > j, and to 1 otherwise. This function is indeed approximating J in the L'-norm.

7= Tl= [ 1) = Iale =" [ @) - @l <

[0,1]2 =lpxp

Again, by Theorem [5.6/and Theorem [5.4] it follows that the AC is O(log(1)-z)-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 1/¢ for the
efficiently testable problems is also a worthwhile question.
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