ESTIMATING PERIMETER USING GRAPH CUTS

NICOLAS GARCIA TRILLOS, DEJAN SLEPCEV, AND JAMES VON BRECHT

ABSTRACT. We investigate the estimation of the perimeter of a set by a graph cut of a random
geometric graph. For Q@ ¢ D = (0, l)d, with d > 2, we are given n random i.i.d. points on
D whose membership in €2 is known. We consider the sample as a random geometric graph with
connection distance € > 0. We estimate the perimeter of €2 (relative to D) by the, appropriately
rescaled, graph cut between the vertices in 2 and the vertices in D\{2. We obtain bias and vari-
ance estimates on the error, which are optimal in scaling with respect to n and €. We consider two
scaling regimes: the dense (when the average degree of the vertices goes to o) and the sparse one
(when the degree goes to 0). In the dense regime there is a crossover in the nature of approximation
at dimension d = 5: we show that in low dimensions d = 2, 3, 4 one can obtain confidence inter-
vals for the approximation error, while in higher dimensions one can only obtain error estimates
for testing the hypothesis that the perimeter is less than a given number.

1. INTRODUCTION

This paper investigates the use of random-graph cuts to obtain empirical estimates of the
perimeter of a domain Q C D := (0,1)¢ for d > 2. Let x1,...,Xp, ... denote a sequence of
independent random points uniformly distributed on the unit cube D and let V,, := {x1,...,Xp}.

The problem of estimating the perimeter of 2 based on knowing which points of V,, belong
to (2 is a classical question, see [4} (8], [9} [17] 23] [24]] for recent contributions, and see Subsection
[L2l below which contains a discussion about related work. Here we consider an estimator of the
perimeter that is based on a geometric graph constructed from the point cloud V;,. More precisely,
we select €, > 0, and connect two points in the cloud if they are within distance ¢,, of each other;
then we consider an appropriately scaled ‘cut’ determined by the number of edges in the graph
that connect points in €2 with points that belong to 2¢. This type of estimator is natural to consider,
since graph cuts arise as a discretization of the perimeter in many applications such as clustering
(3L 170 (14, [15L (18, [25] 126, 27, 28]].

While our choice of the estimator is based on its relevance to statistics and machine learning
tasks, one of its important features is that it has a small bias. Indeed, the expectation of our
estimator provides a second order approximation (in terms of the natural parameter €,,) of the true
perimeter of €2 under some regularity conditions on the boundary of the set (see (7) below); this
turns out to be a sharp estimate for the bias. We also obtain precise estimates for the variance
of the estimator; for these estimates to hold, we do not need any regularity assumptions on the
boundary of the set {2 except that it has finite perimeter in the most general sense. Furthermore,
we show that our estimator converges a.s. for remarkably sparse graphs (and indeed in settings
which are sparser than for previously considered estimators). The a.s. convergence holds with no
regularity assumptions on €2 (other than the fact that it has finite perimeter in the most general
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sense). Finally, assuming some smoothness on the boundary of €2, we are able to establish (in the
dense graph regime ﬁ < € < 1) the asymptotic distribution of the error. These estimates lead
to asymptotic confidence intervals and bounds on the type I and type II errors for hypothesis tests
associated to the perimeter of a set.

1.1. Set-up and main results. Let us now be more precise about the setting we consider in this
paper. We consider random geometric graphs with vertex set V,, and radius ¢,, > 0. That is,
graphs where x; and x; are connected by an edge if ||x; — x;|| < e,. The graph cut between
A C V, and A€ is given by
Cutgn (A, AC) = Z Z 1{||Xi—XjHS8n}‘
x €EAx;€EV\A
We define the graph perimeter as a rescaling of the graph cut: For any 2 C D
2 C
(1) GPeI‘n7€n (Q) = W Cut(Vn N Q, Vn N Q )

See Figure 1| for an illustration of this construction. The scaling is chosen so that GPer,, . (£2)
becomes a consistent estimator for the true (continuum) perimeter.

FIGURE 1. Edges of the cut between (2 and )¢ are represented by bold lines,
while other edges are dashed lines. Total number of vertices is n = 200 and
connectivity radius € = 0.13.

One of our interests lies in determining how well does GPer), ., (€2) estimate the relative
perimeter of €2 in D. We first investigate for which scaling of €, on n does the convergence
hold almost surely as n — oco. In other words, we want to understand the relation between edge-
sparsity of random geometric graphs and point-wise convergence of the graph perimeter to the
continuum perimeter in the almost sure sense. We consider this question for a very broad family
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of sets {2 C D, which are only assumed to have finite relative perimeter in D in the general sense
of [2]. That is, we define the relative perimeter of 2 with respect to D to be

(2) Per(Q2) = sup {/Qdiv(v) de : (Vze D) |v(x)]| <1, ve CEO(D,Rd)}.

If © has a smooth relative boundary then Per(2) is nothing but the surface area of 92 N D.
We remark that the notion of the perimeter we use is more general than the notion of Hausdorff
measure of the boundary, H~1(9Q N D), and than the Minkowski content, which are the ones
more typically used in the statistics literature [4} [8, 9]. In particular, as we see below, we work
with consistent nonparametric estimators in the most general setting available.

As we recall below in (I7]HI9), it is known that when €, — 0 as n — oo then the bias of the
estimator vanishes in the limit:

3) E(GPery, ¢, (©2)) = o4 Per(Q) as n — 00.
The scaling factor o satisfies
2842
() o4 :=/ o1 ds = k2
[E[ES! (d+1)(d—1)

where 21 denotes the first component of the vector z € R? and s4_» is the area of the (d — 2)-
dimensional unit sphere (the boundary of the unit ball in R%~1). We refer to the normalizing
quantity o4 as the surface tension.

We obtain the following estimates on the deviation of the graph perimeter GPer,, ., (€2) from
its mean. Let

. i 1 3

VNeEn nl/d n
(5) ](H) =y 1 if;<€ -1
nagld+1)/2 n2/d+1) = <n = 1/d

Theorem 1.1. Let p > 1 and and let Q2 C D be a set with finite perimeter. Assume £, — 0 as
n — oo. Then,

(6) E(| GPerp ., () — E(GPery c,())") < C (f(n))?

where C'is a constant that depends only on p and the true perimeter Per(Q)) of Q). In particular,
2

ifn @) e, < 1, then

GPery, ., (2) — 04 Per(QY), almost surely as n — oc.

The last part of the previous theorem follows from (3)), the moment estimates (6), Markov’s
inequality, and Borel-Cantelli Lemma which imply that

GPer), ., (©2) — E (GPer,,,(2)) = 0 as.
Remark 1.2. We note that the a.s. convergence holds for rather sparse graphs (see Figure [2).
Namely the typical degree of a node is wdna where w, is the volume of the unit ball in d

dimensions. When n “@n Lep, Kn i the a.s. convergence holds, while the average degree
of a vertex converges to zero. The convergence is still possible because the expected number of
edges crossing OS2 is still a quantity converging to infinity.
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(a) n =400 and € = 0.045 (b) n = 1000 and € = 0.027

FIGURE 2. Here we illustrate the “sparse” regime when 1/n'/? > ¢ >
(1/n)?/4+1 when the average degree goes to zero. Nevertheless since the num-
ber of edges in the cut still increases as n does the convergence of the cut to the
perimeter still holds.

Remark 1.3. Given that we show the almost-sure consistency of our estimators for any arbitrary
(but fixed) set for which the perimeter is finite, our construction provides a universal strongly
convergent estimator which was the desired property listed as an open problem in [8]] (for the
estimator they considered).

We turn to estimating the bias of the empirical approximation: |E(GPer,, ., (©2)) — o4 Per(Q)].
We first characterize the mean of the graph perimeter, E(GPer,, ., (€2)), as the non-local perime-
ter Per., () of Q, which we introduce in (16)); the non-local nature of the functional essentially
has to do with the fact that it involves averages of finite differences as opposed to a local approach
where one considers derivatives. We then proceed to estimate |Per., (©2) — o4 Per(£2)| explicitly.
It proves straightforward to check that |Per. () — o4 Per(Q2)| = O (e,) for general subsets
Q) C D with smooth relative boundary. However, we show that the error is actually quadratic in
En

7 IE(GPer,, , (Q)) — 04 Per(Q)| = |Per,, () — 04 Per(Q)| = O(c2)

under the extra condition that dist(€2,0D) > 0. This is the content of the next lemma, whose
proof may be found in Appendix [A]

Lemma 1.4. Let 2 be a set with smooth boundary, such that dist(2,0D) > 0. Let € > 0 and let
Per(Q) be defined by (16). Then

8) Per. () = o4 Per(Q) + O(£?).

Remark 1.5. The assumption dist(£2, D) > 0 in the above Lemma is needed in order to obtain
bias of order 2. If ) touches the boundary 9D the error of order £ is not expected, as can be seen
for example by considering the rectangle Q := {x = (x1,...,24) € D : x; < 1/2}, for which
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the error is of order ¢; in this situation the error is completely due to the region where 02 meets
0D transversally. Thus, in general, for 2 C D with smooth relative boundary, the bias is of order
€. On the other hand, the smoothness of the boundary of €2 is only needed in the previous lemma
to guarantee that curvature and its derivatives are well defined. Finally, the constant involved in
the term O(£?) depends on the reach of the set §2 and the intrinsic curvature of 9f together with
its derivatives; this can be seen from our computations in Appendix [Al

Combining the bias and variance of estimates allows us to obtain the rates of convergence for
the error |GPer,, ., (2) — 04 Per(€)|. In particular we estimate the ‘standard deviation’

std(n) = E ((GPery,c, () — o4 Per(2))?) "2,

which we may quantify precisely by using the variance-bias decomposition
std?(n) = Var(GPer, ., (Q)) + (E(GPer,., () — 04 Per())?.

Using the special case p = 2 of Theorem [I.1] to estimate the variance and using Lemma [T.4] to
estimate the bias we obtain the following.

Theorem 1.6. Let 2 C D be an open set with smooth boundary. Assume n_d%l KLep KL land
consider f(n) defined via (8). The error of approximating o4 Per(Q) by GPer,, ., (Q) satisfies

std(n) = O(f(n) + en).

If we furthermore assume that ) does not touch the boundary of D, that is dist(Q2,0D) > 0, then
a better estimate holds:

std(n) = O(f(n) +&2).

A simple calculation using (5) allows one to choose a scaling of &, on n so that the error of
the approximation is as small as possible. In particular, for a set {2 which touches the boundary
(dist (€2, 0D) = 0) the optimal scaling of &, is

n-1/3 ifd<3 () — n-1/3 ifd <3
B P P e Al PV CIE R P

We note that for d < 3 the optimal &,, is achieved in the regime n /¢ < en < 1, whileif d > 3
it is in the sparse regime.

If we consider sets {2 with smooth boundary but such that dist(£2, 9D) > 0, then the optimal
scaling of €,, on n is as follows

n=2/% ifd<5 () — n=l/® ifd <5
R R R P e R G R T e

Again we note that the optimal ,, is in the sparse regime if d > 5.

This has implications to how well is the perimeter estimated by graph cuts in the graphs con-
sidered in most machine learning applications. Namely if d > 5 and the graph has average degree
bounded from below, that is when n-1/d < €, < 1, then, since the bias bound is sharp, most of
the error is due to the bias term.

We now consider obtaining confidence intervals for the value of the true perimeter Per(£2)
based on the estimator U—ld GPer), ., (€2). We focus on the dense regime (See Figures [3| and ,

ﬁ < e, < 1, and first obtain the asymptotic distribution of GPer,, ., (©2) — E(GPery, ., (£2)).
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(a) n =100, =0.17 (b) n=300and e = 0.12
FIGURE 3. Here we illustrate the “very dense” regime, 1 > ¢ > (In(n)/n)'/,
when the graphs are connected with high probability.

Since the term E (GPer,, ., (22)) = Per., (€2) depends on the set  itself, which is unknown
(we only assume we have an oracle access to it), we need the bias to be negligible compared to the
standard deviation of our estimator in order to construct confidence intervals for Per(2). From
(6) the standard deviation of GPer,, ., (Q2) scales as \/%?n while by (7) the bias scales as €2; these

estimates lead to restrictions on the dimensions for which the bias is negligible with respect to the
standard deviation. Namely this is possible for d = 2, 3, and 4.

Theorem 1.7. Let Q C D be an open set with smooth boundary such that dist(€2,0D) > 0. Let
en be such that

1
W Lep, K1
Then,
__ T (GPery.., (Q) — Pere, () % N(0,1)
4C 4 Per(Q) fhen e Y
where Cy is given by
1 2
9) Cyq:= 2/ ‘Bd((),l) N {x = (z1,...,24) € RY : 24> t}‘ dt.
0
If in addition the dimension d is either 2,3 or 4 and if
1 1
then,
(11) B (GPery., (Q) — 04 Per(92)) -2 N(0,1).

4Cd Per(Q)
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(@) n=100and ¢ = 0.12 (b) n =400 and € = 0.07

FIGURE 4. Here we illustrate an intermediate, “dense”, regime (In(n)/n)Y/® >
e > (1/n)Y/¢. The average degree still increases, but the graphs are discon-
nected with high probability.

Naturally, the previous theorem implies that one can obtain confidence intervals for the value
of Per(§2) when the dimension d is 2,3 or 4. Let us fix a € (0,0.5) and let Z,, be the 1 — «
quantile of the standard normal distribution. That is, Z,, is such that

P(N(0,1) < Zo) =1 — a.

Then provided that
1 1
W L egp K W,
it follows that with probability converging to 1 — «, Per(Q) € (a,,, a,}), where
1 4C 3 Per (2
at == —(GPer,., (Q) + di()Za/Q).

[oF;] nen

For d > 5, the confidence intervals can not be obtained unless one has some extra quantitative
information on the smoothness of 9f2 (like curvature bounds). Nevertheless since it is known that
the nonlocal perimeter Per., (Q) = E(GPer, ., (€2)) is less than o4 Per(Q) (see (30)), one can
construct reliable test for the hypothesis that Per(£2) is less than a certain number p without using
any quantitative estimates on the smoothness of 9€2. Namely consider the hypothesis testing of

(12) Hp: Per(Q) <p, vs Hy:Per(Q2) > p,

based on our estimator GPer, ., (2). We consider the statistic:

nep
(13) ln =4/ 1Cp (GPery, ¢, (2) — ogp) .

The test consists on

(14) Accept Hy if l, < Z,, reject otherwise.
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Proposition 1.8. Assume d > 2 and ﬁ <L ep K 1. Then, the type I error satisfies
PHO (ln > Za) 5 «,

where < simply means that the left hand side of the above expression is asymptotically below c.
The type Il error satisfies

1

< 2 =0 (1),
Remark 1.9 (Extensions). The estimates obtained in Theorem |1.1] and Theorem |1.6 are not ex-
clusive to the case where the points are uniformly distributed in the unit cube and to geometric
graphs. In fact, with slight modifications to the proofs of Theorem [I.1]and Theorem [I.6] we can
extend these results to more general situations. For example, if the data points are distributed
according to some smooth density p that is supported on a regular, bounded domain D C R¢
with p bounded below and above by positive constants, then the results still hold. In this case,
the limiting value of GPery, ., () is a weighted perimeter Per({), p?) (see for example [10]).
Convergence is guaranteed for the same scaling for €,, as in the uniform case. The fact that the
weight is p? and not p (as may be a priori expected) ultimately comes from the fact that a graph
cut is a double sum.

Furthermore if instead of weights 1y x, ;| <c,} In the definition of the graph cut, one con-
siders edge weights 7)(||x; — x| /e, ) where 7 is nonnegative, integrable and non-increasing, the
results still hold, provided we change the surface tension o4 with a surface tension associated to
7 defined as in [10].

Outline. In Subsection [I.3] we establish (3) and give an outline of the argument behind our
main results. We present the proof of Theorem|[I.1]in Section 2] while in Subsection [2.1| we show
that the scaling is sharp (up to logarithmic corrections) in the sense that if n2c9*! — 0 then
GPer), ., (2) converges in probability to zero and hence does not converge almost surely to the
(rescaled) relative perimeter. In Section [3] we prove the results on the asymptotic distribution of
the error stated in Theorem In Subsection [3.1] we study the type I and type II errors of the
hypothesis test of Proposition[I.8] Finally, Appendix [A]deals with the bias estimate from Lemma
L4

1.2. Discussion. Here we discuss the connections between our work and related works in the
literature. First we relate it to other estimators of perimeter based on a random sample. Then
we contrast the type of the convergence and the scaling regimes considered in this paper with the
ones needed for the convergence of graph-cut based machine learning algorithms for clustering
and related tasks.

The problem of estimating the perimeter of a set, {2, based on knowing which points of a
random sample V,, belong to €2, has been considered by a number of works. Cuevas, Fraiman,
and Rodriguez-Casaet [9], considered estimators of the Minkowksi content, which agrees with
perimeter for regular enough sets, but is a less general notion of the perimeter than the one we
consider, (2). Their estimator is based on counting the vertices near the boundary (relative to
a parameter €,), while we “count” edges of a graph. The error bound obtained was of order
O(n_l/ 2d) " Pateiro-Lépez and Rodriguez-Casal [24] consider a similar estimator and improve
the bounds to O((Inn/n)'/(4+1)) under qualitative regularity conditions (rolling ball conditions).
Cuevas, Fraiman, and Gyorfi [8]], obtain the convergence of estimators similar to those of [9],
when &, >> 1/n'/¢ and under weaker conditions on the regularity of €2, although still not in the
full generality we consider in this paper.
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Armendariz, Cuevas, and Fraiman [4] consider a similar set-up to that in [9) 24] but with
different sampling rates for {2 and 2¢: let n denote the number of sample points in €2 and & the
number of sample points in £2¢. Under mild assumptions on the regularity of 02, and under some
conditions on n and k which include 1 > &, 5 > (1/n'/?) and k > (n/e, )%¥? they obtain
the asymptotic distribution of the error, under the same scaling in n and € that we consider in
Theorem We notice that our estimator is different, and also that in [4]] a very large number
of points k in ¢ is needed for the consistency to hold. This allows the authors to obtain the
asymptotic distribution of the total error in any dimension, while in our setting we only obtain it
in low dimensions. A further difference between their work and ours, is that we allow for a wider
range in &, namely 1 > &, > (1/n)%/ (@),

Jiménez and Yukich [17] give a different use to the point cloud and instead of considering a
parameter ¢ to count points close to the boundary of the set or to define a geometric graph, they
consider a new estimator based on the Delaunay triangulation induced by the cloud. They obtain
results not only on estimating the perimeter of the set, but also integrals of functions over 0f2.

Kothari, Nayyeri, and O’Donnell [21] and Neeman [23]] consider an estimator essentially based
on the following procedure: pick n random points uniformly distributed on D and to each point
associate a random direction for a ‘needle’ based at the point with length of order /e,; then
count how many of the needles touch the boundary of 9€2. Their main motivation is to consider
the perimeter estimation from the viewpoint of property testing as introduced in [19]. In that
setting, the idea is to produce an algorithm that requires a small number of samples (essentially
independent of the dimension d) in order to determine if a given set has a small perimeter or is
‘far away’ from a set that has small perimeter. The authors show completeness and soundness
of the test they design (the notion of completeness and soundness is as in [21,[19]]). The price to
pay for the dimension independence of their statements is that of considering a different notion
of testing; this is one of the main differences with our work since we consider the perimeter
testing in the more classical framework of hypothesis testing (Proposition[I.8). We note that the
completeness of [21]] is analogous to the type I error, but the soundness is fundamentally different
from estimating the type II error.

It is also worth mentioning the work of Belkin, Narayanan and Niyogi [|5] where they consider
an algorithm that requires as few samples as possible in order to estimate the perimeter of a
convex body. Their results show that there is an algorithm that uses O(d*y~2) samples to obtain
an estimator for the true perimeter of the convex set, with an error of approximation of +y; this
statement holds with high probability. We notice the polynomial dependence on dimension in
their estimates.

Let us now contrast the type of the convergence and the scaling regimes that we consider in this
paper with the ones needed for the convergence of graph-cut based machine learning algorithms
for clustering and related tasks.

Graph-cut based algorithms for tasks such as clustering have played an important role in ma-
chine learning [3, [7, [14} 15} 18} 25, 26} 27, 28]]. Data clustering algorithms are called consistent
if as the sample size n — oo their outputs converge to a desired partitioning of the underlying
measure being sampled. It is of interest to understand under what scaling of €,, on n does the
consistency hold. Here we showed that for a fixed set €2 the value of graph perimeter (and indeed
of the graph-cut-based objective functionals such as Cheeger, ratio, or normalized cuts) converges
to the perimeter of 2; this result holds even for rather sparse graphs (Theorem|[I.6). In particular,
partitioning such sparse graphs (as on Figure [2) does not provide almost any information about
the clusters present in the data. We conclude that the convergence of the graph perimeter of a fixed
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set towards the continuum perimeter does not provide the needed information on the asymptotic
properties of graph-cut based clustering algorithms. To obtain consistency of such algorithms one
needs a stronger notion of convergence of graph based functionals towards continuum function-
als. Recently the authors [[10], and together with Laurent and Bresson [[11] have developed the
appropriate notion of convergence (based on I'-convergence from the calculus of variations), and
have applied it to consistency of Cheeger, ratio, sparsest, and normalized cut based point cloud
clustering. More specifically, in [L1] it is shown that consistency holds if (log(l /)3 v Lexl1
(for d > 3), in that regime the graphs are connected with high probability as n — oo.

1.3. Outline of the argument. In order to understand the asymptotic behavior of the graph
perimeter, following [3]] we first define a symmetric kernel ¢, : D x D — (0, 00) by

L{jje—yll<e
0:(a.y) = X E 10(@) — 1a(y)]

Using the kernel ¢.,,, we can then write GPer,, ., () as

(15) GPer, ., (Q) = Z Z e, (%4, %),

=1 j=i+1

which is a U-statistic in the terminology of [[16]]. In order to understand the mean of this U-
statistic, we define the non-local perimeter of the set 2 C D as the expression

(16) Per.(Q2) : //d)e x,y) dedy = a1 / /D\Q 1fjjo—y|<e} dady.

A simple computation shows that Per,, (€2) is the mean of GPer,, ., (12), that is,
(17) E(GPer), ., (2)) = Per., (Q).

Additionally, Remark 4.3 in [[10] establishes that the non-local perimeter Per.  (£2) approaches a
constant multiple of the relative perimeter of €2 as the parameter ¢,, goes to zero. More precisely,
if ¢, — 0 asn — oo then

(18) Per. (Q2) — o4Per(Q) asn — 0o

for o4 the surface tension (). This convergence also follows from the estimates in Appendix
in the special case that {2 has a smooth boundary. Combining (I8)) with (7)) we conclude that if
€pn, converges to zero as n — oo then

(19) E(GPery, ¢, (Q2)) = o4 Per(Q) asn — 0o.

Since the graph perimeter GPer,, .. (£2) is a U-statistic of order two we can use the general theory
of U-statistics to obtain moment estimates for GPer,, ., (2). Let us first note that Hoeffding’s
decomposition theorem for U-statistics of order two (see [20]) implies that GPer,, ., (€2) can be
written as:

(20) GPer,, ., (Q) — Per., (Q) = 2Upn1 + Up.a,

where U,, 1 is a U-statistic of order one ( just a sum of centered independent random variables)
and U, » is a U-statistic of order two which is canonical or completely degenerate (see [20]). In
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order to define the variables Uy, 1 and U,, 2, let us introduce the functions

Q_se(l') = /D¢€($,Z)dz, reD,

(1) In1(x) = ¢., (x) — Pere, (), z €D,
In2(2,Y) = ¢e, (7,y) — &an (z) — ésn(y) + Pere, (), z,y € D.

With the previous definitions, we can now define

1 n
Uni= Zgn,l(xi)7
(22) 5
Un72 = m Z gn72(x74’x]>'
1<i<j<n

We remark that [, gn1(2)dz = 0 and that [, gn2(,2)dz = 0 for all 2 € D. Because of
this, U, 1 and U, 2 are said to be canonical statistics of order one and two respectively (see [20]).
Now, Bernstein’s inequality [[6] implies that

C
23) E(Unal?) < ~2max (A7, B, ).
where
(24) An,l = Hgn,lHOOa Bn,l = \/ﬁ||gn,1’|2-

and C), is a universal constant. See also [12] for a slight generalization of the previous result.
On the other hand some of the moment estimates in [[12!] for canonical U -statistics of order two
can be used to prove that

C
(25) E (|Unal") < 2 max (AL 5, BL5. Chy) |

n,27

where
26)  Anz = lgnallos  Bnz=mnllgnzll2,  (Cn2)® :=nll /Dgﬁz(wy) dy|[oo-
and C), is a universal constant. From the decomposition (20) it follows that for p > 1

E (| GPeryc, () — Pere, (Q)F) < Cp(E (|Un1[”) + E(|Un2l?))-

Thus in order to obtain the moment estimates for GPer, . (£2) in Theorem |1.1, we focus on
finding estimates for the quantities in (24) and (26).

Remark 1.10. The estimates on U,, 1 and U, » exhibit a crossover in the nature when the parameter
€y, transitions between the sparse (m L e, K ﬁ ) and the dense regime ( ﬁ L e K
1). From the theory of U-statistics the crossover in the nature of the bounds, is connected to the
different nature of the two components in the canonical decomposition for U-statistics. Under
the dense regime the biggest source of error comes from the term U,, ; while in the sparse regime
the biggest source of error comes from the term U,, 2. The two variables U,, 1 and U,, » exhibit a
different nature. In fact, one can think that U,, ; is a global quantity as it is the sum of averages,
while Uy, 2 is simply the sum of pure interactions concentrating on the boundary of the set 2. We
believe that there is a deeper geometric and analytic reason for the scaling of the error that appears
in the sparse regime (m K egp K nl—l/d). Moreover, we believe that such understanding
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would allow us to complete the study of the asymptotic distribution in Theorem [I.7]for the sparse
regime. We expect such distribution to be of the Gaussian chaos type.

The bias estimates in Appendix [A]are obtained by a series of computations whose starting point
is writing Per.(€2) in terms of an iterated integral, the outer one taken over the manifold 02 and
the inner one taken along the normal line to OS2 at an arbitrary point z € 0¢2. Such computations
show that the first order term of Per. (£2) on &,, vanishes.

Finally, Theorem is obtained by using the canonical decomposition of U-statistics and by

noticing that in the dense regime nl—l/d < gy, < 1, the variable U, 5 is negligible in relation to

U,,.,1. We make use of the CLT for triangular arrays after computing the variances of the involved
variables.

2. PROOF OF THEOREM[L.1]

We first compute the moments of U,, ; and so we start computing the quantities A,, ; and B,, ;
from (24). Denote by T the e-tube around 02, that is, consider the set

27) T .= {x e RY : dist(z, 09) < 5} .

We also consider the half tubes T and T.",
(28) T :={r€Q : dist(x,00) <e}, T :={xecQ°: dist(z,00) <e}.
With these definitions it is straightforward to check that
|Ba(z,en) NQ| /el ifax e TS
(29) e, (x) = { |Ba(x,e,) N Q| fedHt ifa € TS
0 ifte €T, .

Since | By(w,,) N Q| and | By(z, £,) N Q°| are bounded by azel, where ayq is the volume of the
d-dimensional unit ball, we deduce that

1
Ay =0 <> |
En

In order to compute the quantity 5, 1 we use the following lemma, whose proof may be found
in Appendix B}
Lemma 2.1. Let p > 1 and let Q) C D, be a set with finite perimeter. Then, for all € > 0 we have

p—1
Odd g

" d
/D PP (z)dx < s Per(Q).
In particular, taking p = 1 in the previous expression, we obtain

(30) Per. () < o4 Per(Q).

Using the previous lemma with p = 2 we deduce that [}, &gn (x)dz =0 (%ﬂ), and since

/ 621 ()dz = / 82 (x)dz — (Per., ()2,
D D
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By :0( ")
En

From the previous computations, we deduce that

we conclude that

1 1
E(|Up ) < Cmax ( ) ,

p )
nPen, pp/2P/?

where C may depend on the set €2 and p. If m < &p, so that in particular % is o(1), then
C

31 E(|Up1|P) < ——.

( ) (| n,l’ ) = np/zgﬁ/Q

Remark 2.2. Later on, in Lemma we provide an explicit computation of | D &gn (x)dz up to
order Ei , which is useful when studying the asymptotic distribution of a rescaled version of U, 1.

Now we turn to the task of obtaining moment estimates for U, 2. We estimate the quantities
Ay 2, By 2 and Cy, 5 from (26). Let us start by estimating A,, ». Note that for any (z,y) € D x D,
¢e, (x) and ¢, (y) are of order é and that Per,, () is of order one. Thus, it is clear from the

definition of g,, » in (21) that
1
Aup=0 () .

On the other hand, using ¢? (z,y) = Ed%qﬁgn (x,y), we obtain that for every z € D,
| oty = [ 62 (@ )ay - 62, (@) + 20,5, (2)
- 2/D e, (2, Y) e, (y)dy +/D ¢z, (y)dy — 67

e, (o) = 2, (2) + 20,5 (2)

(32)

_ 7 12 2
2/D¢sn(rv,y)¢sn(y)dy+/Dqﬁgn(y)dy 07

where we are using 0,, := Per, (€2). From this, it follows that

n
Cho=0 —— .
2 <\/ z—:ﬁ,”)

Finally, upon integration of (32) and direct computations, we obtain

0 _
lgnal3 =~ — 2 / & (y)dy + 62,
En D

n
Br2=0 <5<d+1>/2) '

1 1 1
Py <
El[Unal?) < 5 max (n%sﬁ(dﬂ)’ npell /27 3/ zsﬁ(d+2)/2> ’

which implies that

Thus, from (23]) we deduce that
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where K, depends on the set {2. Hence, if W < &,, we have

K
P p
(33) E(|Un2l") < I

Combining and and using the canonical decomposition (20)), we obtain ().

2.1. Sharpness of the Rate in Theorem [I.1} A very simple argument shows that the rates for
€n, that guarantee the almost sure convergence of the graph perimeter to the actual perimeter in
Theorem [I.1] are optimal in terms of scaling, up to logarithmic corrections.

In fact, suppose n2c%+! = o(1) and let e,, denote the random variable that counts the number
of edges that cross in the interface between () and its complement. In other words, we define

n n
ey = edtl Z Z be, (X5 Xj).

i=1 j=i+1
As a consequence, if €2 has finite perimeter then we have

2 n(n — 1)edt!

(34) GPer., ,(Q) = Ded en,  Elen) = 5

n(n —

Per., ().

Note that e,, takes integer values in the range {0,1,..., N} for N = n(n — 1) /2, so that

N
n) =Y kpp  ppi=Plen =k).

The fact that pij + --- +pi; = 1 implies

N
E(en) Zkgzz =(1-pY).

In particular, from (34) and (I8) we deduce that if n2 d+1 s (0 and (2 has finite perimeter then

(1 —pp) < E(en) = o(1).
On the other hand, note that for any given v > 0 it is true that GPer,, ,(€2) > ~ implies that
en # 0. In turn
P (GPer.,(2) > ) <P(e, #0) =1—pj = o(1).
We conclude that if n2e2*! — 0 then GPer,, ,,(2) converges in probability to zero. There-
fore, if {2 has a non-zero, finite perimeter then GPer., ,,(£2) does not converge to o4 Per(2) in
probability (nor almost surely, either).

3. PROOF OF THEOREM[L7]
The proof of Theorem relies on the following lemma, whose proof may be found in Ap-
pendix [C|
Lemma 3.1. Asssume that €, — 0 as n — oo, and that 0 C D is an open set with smooth
boundary so that dist(2,0D) > 0. Then
CyqPer(Q)

€n

(35) Var(gn,1(X1)) = +0(1),

where Cy is given by (9).
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Now we turn our attention to the proof of Theorem[I.7]

Proof of Theorem|[.7] Note that from (20), (2I) and (22) we have

e Y TR o R ST
m (GPernz, () - Pere, (€2)) = nCqPer(Q) ;gn’l(xz)—i_ 4C; Per(Q) Un,z-

From the moment estimates (33)), we deduce that

nep P

(36) CobaUne 20
On the other hand, we note that from (33)
std(gn,1(x1))v/En

— 1, asn — oo,
CqPer(Q)

where std(gy,1(x1)) is the standard deviation of g, 1(x1). Lyupanov’s condition which is suffi-
cient to allow us to use the central limit theorem for triangular arrays is easily checked from (2.1)).

We deduce that
E7’7/ w
_— n1(X;) — N(0,1).
\ nCaPer(@) ;g 1(X3) (0,1)

Combining with and the Slutsky’s theorem, we obtain the desired result. Finally, to obtain
the last statement in the theorem, we note that from the bias estimates in Lemma|I.4]
V/ney| Per,, (A) — o, Per(A)| = O(n'/?e5/2)

Under the condition (I0), we conclude that \/ne,| Per., (A) — o, Per(A)| — 0. This implies
(L1). U

3.1. Application to Perimeter Testing. Here we prove Proposition|[I.8] We assume that 2 C D
is an open set with smooth boundary such that {2 C D. Note that under the null hypothesis, if
lp, > Z,, then,

ney
4C Per(92)
where we used that Per., (Q) < 4 Per(2) by Lemmal[2.1] Thus, using Theorem|[1.7} we deduce
that asymptotically, the type I error of our test is

(37) Lo <lp < (GPery, ¢, (2) — Per,, (),

ney, (
4Cd Per(Q)
Where ~ arrises because of the difference of the asymptotic distribution and its discrete approxi-
mation.

In order to compute the type II error of our test, suppose that Per(Q2) = p’ where p’ > p. In
that case,

(38)
IP)HA (ln < Za) - ]P)HA <

Pr, (In > Zo) <P ( GPer), ., (©2) — Per., (22)) > Za) ~P(N(0,1) > Z,) = a.

ney,

4Cqp
nen nep
=Py, <1 /m(Pergn(Q) — Per,, ., () > —Zo + 1Cup (Pere, (2) — adp)> )

(0ap — Perp ., () > —Za>
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Now recall that lim,,_,«, Per;, () = o4 Per(Q) = o4p’ > o4p. In particular, we deduce that

Thus, for large enough n,

Nen 1 nen

—Za + (Pere, () —0ap) 2 5 1Cyp (0ap’ — oap)-

Hence, for large enough n,

NeEn 1 nen
Pt b < Z0) < Pty (11525 Peren () = Petn, () 2 5. /1 (0!~ oup).)

Using the moment estimates from Theorem I.1] and Markov’s inequality, we deduce that

Prt, (In < Za) = O (\/%) .

1

That is, the type II error is of order NS

APPENDIX A. PROOF OF LEMMA [[.4]

Since 2 CC D and (2 has smooth boundary the relative perimeter of {2 with respect to D in
the generalized sense (2)) simply corresponds to the usual perimeter of 02 in the sense that

Per(Q) = / At = 1 (09).
o0

Additionally, for all ¢ < § := dist(€2, 0D) we have that

2
Per. () W/Q|Bd(w,5)ﬂﬂc|d:r,

where By(z,7) denotes the ball of radius r in R centered at = and 2¢ denotes the complement of
2 in all of space. Moreover, since 0f2 is a compact smooth manifold, we can assume without the
loss of generality ( by taking e small enough) that for every « € T there is a unique point P(x)
in 012 closest to x. Furthermore, we can assume that the map P is smooth. We may further write

2
Pere(Q) = gdﬁ /T |Bd(l’,€) ch’ dw,

where T is defined in (28). This reformulation makes it natural to write the previous integral as
an iterated integral; the outer integral is taken over the manifold 02 and the inner integral is taken
along the normal line to O at an arbitrary point x along the boundary.

To make this idea precise, we first let N(z) denote the outer unit normal to 92 at x € 92 and
then consider the transformation (x,t) € 9Q x (0,1) — x — teN(z) for all € sufficiently small.
The Jacobian of this transformation equals € det ([ + teS,), where S, denotes the shape operator
(or second fundamental form) of J€ at z, see [[13]] for instance. For all ¢ sufficiently small, we
may therefore conclude that

1
1/ |Bg(x,e)NQ°| dz = / (/ |Bg(x — teN(z), ) N Q°| det(I + teS,) dt) dH*(z).
T N 0

3
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As a consequence, we also have that

1
(39)  Per.(Q) = ;d /8 ) ( /0 By(w — teN(x), £) 1 Q| det(I + 28, dt> AH ().

With the expression (39) in hand, we may now proceed to establish (§]) by expanding Per.(£2) in
terms of € and appealing to some elementary computations that show that the first order term in €
vanishes.

For a fixed x € 02, we first wish to understand the behavior of the function

gz(g) == id </1 |Bg(x — teN(z), ) N Q°| det(I + teSy) dt>
€ 0

for € in a neighborhood of zero. Without loss of generality, we may assume that x = 0, that
N(x) = e4 and that around z the boundary 02 coincides with the graph & = (z1,...,24-1) —
(&, f(#)) € R? of a smooth function f(&) that satisfies both f(0) = 0 and V f(0) = 0 simul-
taneously. By symmetry of the shape operator S, there exists an orthonormal basis for R~
(where we identify R~! with the hyperplane {(#,24) : 24 = 0}) consisting of eigenvectors of
the shape operator. We let vy, ..., v4_1 denote the eigenvectors of S, and k1, . . ., k4_1 the corre-
sponding eigenvalues ( also known as principal curvatures). In particular, whenever ||Z|| < e we
have that

d—1
0) F(#) = § Y mild )+ O
i=1

where curvatures #; = #;(z) and the O(e?) error term can be uniformly bounded.
With these reductions in place, we first define u(g) := /2 — ||9||? and then let

2u(g) it f(9)+et <—u(g)
h(g,t;e) = qu(@) —et — f(§) if —u(@) < f(9)+et <u(y)
0 otherwise.

A direct calculation then shows that
(1) Balo — N )2 = [ hg.tie) di
Bg_1(0,¢)
and an application of (0) shows that h(7,t;¢) = 21/2 — ||y||? only if
19> =e*—O(*)  and  w(h) = O(?).
It therefore follows that
/ hgutie) g < O [ dj = O(=13).
Ba—1(0,e)0{f(§)+et<—u(9)} Ba_1(0,e)n{[l9]|>+/e2—-0(e*)}

We then let AS denote the set A := {§ € By—1(0,¢) : —u(y) < f(y) + et < u(y)} and use the
previous estimate in (#1)) to uncover

42)  |Bylx —teN(z),e) N Q7| = / (u() — 2t — F()) dj + O(=™).
Ba—1(0,e)NAS
We may then note that
det(I +etS,) = (1 +tery)... (1 +terg_1) = 1 + teH, + O(?),
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d—1 . . . .
where H, := ) 7" k; represents the mean curvature. Using this fact in (42)) then yields

1! X s
gz(e) = Ed/o </Bd_1(0,5)mA§ u(y) — et — f(9) dy) (1+teH,) dt + O(£?).

Now let f¢(z) := 1 f(ez) and define the corresponding subset Cf of (0,1) x Bq_1(0,1) as

Cs 1= {(t.2) € (0,1) x Baa(0,1): =T = [o] < f5(2) + ¢ < VI [:]P},

then make the change of variables § = ¢z to see that

galE) = /C (VITTZE —t = () ) (1 + teH,) dzdt + O(2).

t

Recalling shows that

€
(43) fé(z) = §Zﬁi<z,vi)2 + 0(?),
which then allows us to obtain an expansion of g,(¢) in terms of € according to the relation

9:(2) = /C <W—t> dtdz

(44) +e /
CE

t

=
(tHx(\/l — Izl = —5 an (z,v;) 2) dtdz + O(?).
=1

The bias estimate (8) then directly follows after computing each of these terms individually.
We begin by considering the first term in the expansion, i.e.

I:AA%FWW%%M;

t

Given e > 0 and z € By_1(0,1) define ¢(z) := max{—+/1 — ||z]|2 — f°(2),0} and C(z) :=
min{y/1 — [|z]|2 — f¢(2), 1}, so that we may easily write

C(z) +c(z
= [ e et (VISR - S22 g
Bg-1(0,1)
As the set where c(z) # 0 has measure at most O(c?), we easily conclude that
C(z) 2
I= Cz) (V11— |z]]2— —=) dz+ O(%).
By 1(0,1) 2
If C(z) = 1then /1 —||2]|2 — % = 1(1—||2[[?) + O(e?) as well. In any case, it follows that

(45) = / (1= 2% dz + O(?) = 22 + O(e?).
2 JB4_1(01) 2
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We now proceed to compute the second term in the expansion

I ::Hm/ (t 1 szP—t?) dtdz
ot

—H, C2(2) (V ! 3 =1 _ C(Z)> dz + O(e?)

Bgq_1(0,1) 3

and the third term in the expansion

III := Zm/ z,0)? dtdz = = Zm/ (z,1:)2C(2) dz + O(£?)

Bg-1(0,1)
in a similar fashion. We always have C'(z) = /1 — [|z]|2 + O(e), so that
(46)
H, Hyvol(§972) 1
= (1— 2332 dz 4+ O(e) = VO(S)/ (1 —r2)32p4=2 dr + O(e)
6 JB, 1001) 6 0

The third term follows similarly by appealing to spherical coordinates, in that we have

o=t Z’%/ VI 2R ) dz + 0(e)

Ba-1(0,1)
H 1 d 2
= ;(?i‘s‘l/ \/ 7"2 dT—I—O —II+O(€)
- 0

thanks to an integration by parts in the final term. We therefore have that I = o4/2 + O(£?) and
II — III = O(g), so that g, (¢) = 04/2 + O(£?) and

Per.(Q) = 2/ go(e) dHI™ = o4 Per(Q) + O(£?)
o0N
as desired.

We may also show that when €2 is a fixed ball, say {2 = Bd(:cc, ) for 2. € R? the center point
of D, that the absolute value of the difference between Per.({2) and o4 Per(€2) remains bounded
from below by ce? for ¢ > 0 some positive constant. The proof proceeds similarly to the proof of
the bias estimate above. In particular, this shows that the bound in Lemma|l.4|is optimal in terms
of scaling for general sets with smooth boundary.

APPENDIX B. PROOF OF LEMMA 2. 1]

The proof follows the same argument used in the proof of Theorem 4.1 in [10] or Theorem
6.2 in [1]. We assume that dist(€2, 0D) > 0. Such assumption implies that the perimeter of 2
with respect to D, that is Per(£2) defined in (2), is equal to the perimeter of {2 with respect to R,
We remark that a slight modification of the argument we present below proves the result in the
general case and hence we omit the details (see for example the proof of Theorem 4.1 in [10]]).

First we prove that for any function v : R? — [0, 1] with u € WH1(R4) N C>°(R?) and for all
€ > 0 we have

1 P p—1
llz—yll<e &y 9d
an (P ) - ) e < L5 vuas,
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Inequality follows from

/ / Mm(y) — u(z)|dy pdx _ 1 / |u(z + eh) — u(z)|dh pda:
Rd Rd gd+1 el Jra B4(0,1)

< / / |u(x + eh) — u(z)Pdh dz
el Jrd JB,(0,1)
< / / |u(x + eh) — u(z)|dh dz
el Jrd JB,(0,1)
-1
- ]
eP~1 Jra JB,(0,1)
1
— / / / |Vu(x + teh) - h||dt dh dx
el Jrd JBy(0,1) Jo

oPt 1
= dl/ / / |Vu(z) - h||dz dh dt
P~ Jo JBy(0,1) JRrd

1
/ Vu(z + teh) - hdtH dhdz
0

p—1  r1
:O‘dl// V()] W-h”dhdxdt
eP 0 JRrd B,0,1) || [[Vu()]

AR

d d

% /Rd Vu(z)|dz

where in the first equation we used the change of variables h = “Z¥, in the first inequality we
used Jensen’s inequality and in the second inequality the fact that u takes values in [0, 1].
Now, for any set {2 C D as in the statement, we can find a sequence of functions {uy } ren With

ug : RY = [0,1], up € WHH(RY) N C°°(R?) and such that
LY(RY) .
(48) up — lg, lim IVug(x)||de = Per(£2).
k—oo JRd

Such sequence can be obtained for example with the aid of standard mollifiers (see Theorem 13.9
in [22])). It follows from and from that

Ljz—yli<e P Py
/Rd (/Rd — 1la(y) — la(@)ldy | do < == Per(9).

Finally, notice that

, Ljo—yj<e o _af 'oa
/ng];(:v)dx:/Rd </Rd€d+llg(y)—1g(x)|dy de < S 74 per(9).

APPENDIX C. PROOF OF LEMMA [3.1]

The proof is based on similar computations to the ones in Appendix [A| and thus we simply
highlight the main ideas. First of all note that

Var (gn.1(X1)) = /D @2 (z)dz — (Perc, (Q))°.



ESTIMATING PERIMETER USING GRAPH CUTS 21

Since Per., (2) = O(1), our task reduces to computing the integral in the above expression. It
follows from (29) that for all &,, small enough (so that 7., C D)

- 1
2 _ c|2 2
/D 2,20 = ey /T Buleen) 10+ 75356”” /T , Batezn) 10

We compute the first of the integrals from the above expression. As in the proof of Lemma[I.4]
we write

—_ By(z,e,) NQ°* do
6i(d+1) T ’ ( ) |

n

1
= — <€2d / |By(z — tenN(2),,) N Q°|* det(I + te,Sy) dt> dH ().
o0

For x € 00 we study the expression

1 B — te, n QCQ
he () ::/0 |Bg(x — te,N(x),e,) N Q|

2d
€n

det(I + te,S,)dt.

Note that det(I + te,S;) = (1 + tepk1) - - - (1 + tepkg_1) = 1 + O(ey), where K1, ..., kg1
are the principal curvatures (eigenvalues of the shape operator S,). Hence,

LB x — te,N(2), e,) N Q°J?
0 n

Without loss of generality, we may assume that x = 0, that N(z) = e4 and that around x the
boundary 9 coincides with the graph & = (x1,...,24_1) + (&, f(2)) € R of a smooth
function f(Z) that satisfies both f(0) = 0 and V f(0) = 0 simultaneously, and we denote by
v1,...,Uq4_1 the eigenvectors of S, (just as in Appendix . Then, f : B4_1(0,¢,) — R, satisfies

f(j) = Zd 11’%1 (T, UZ) + O(Ei)-
Now for fixed ¢ € [0, 1] we define H;_; to be the hyperplane
Hi_ ={z=(Z,zq) : x4 >1—-1},
and we let
= |Bg(0,1) N Hy_y|.
With these definitions we can write

|By(z — te,N(z),e,) N Q°| _5dAt+Zm/ (2,0;)? A2 + O(e3+2)
Bd 1 O€n\/1 )

(49) d—1 .
iy, 2am1 N /
d=1 JB, 1(0,envI=D)
= E;iLAt + O(Engl)’
where the second equality holds due to symmetry, and where the last equality follows after com-
puting | Bu (0.0 /T=0) ||2||>d# using polar coordinates. From the above, it follows that

I12]%dz + O (5 ?)

|Ba(z — te,N(z),€,) N Q°J2

2d
€n

= A? + O(en).

We conclude that .
he, () = / AZdt + O(ey).
0
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Therefore,

1 c|2 _ 1 ! 2

Analogously, we can obtain a similar expression for 5 [+ |Ba(z,e,) N Q| dz and from
En &n
this we deduce (33).
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