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Abstract

We study the problem of variance estimation in general graph-structured problems. First,
we develop a linear time estimator for the homoscedastic case that can consistently estimate
the variance in general graphs. We show that our estimator attains minimax rates for the
chain and 2D grid graphs when the mean signal has total variation with canonical scaling.
Furthermore, we provide general upper bounds on the mean squared error performance of
the fused lasso estimator in general graphs under a moment condition and a bound on the
tail behavior of the errors. These upper bounds allow us to generalize for broader classes
of distributions, such as sub-Exponential, many existing results on the fused lasso that are
only known to hold with the assumption that errors are sub-Gaussian random variables.
Exploiting our upper bounds, we then study a simple total variation regularization esti-
mator for estimating the signal of variances in the heteroscedastic case. We also provide
lower bounds showing that our heteroscedastic variance estimator attains minimax rates
for estimating signals of bounded variation in grid graphs, and K-nearest neighbor graphs,
and the estimator is consistent for estimating the variances in any connected graph.

Keywords: Total variation, conditional variance estimation, nonparametric regression.

1. Introduction

Consider the problem of estimating signals #* € R™ and v* € R}, based on data {y;}; C R
generated as

yi = 0 + () e, (1)

where €1, ..., €, are independent and E(¢;) = 0, and var(e;) = 1, and where y; is associated
with node 7 in a connected graph G = (V, E) where V = {1,...,n} and E C V x V. This
class of graph estimation problems has appeared in applications in biology (Tibshirani et al.,
2005), image processing (Rudin et al., 1992; Tansey et al., 2017), traffic detection (Wang
et al., 2016), among others.

A common method for estimating the signal §* is the fused lasso over graphs, also known
as (anisotropic) total variation denoising over graphs, independently introduced by Rudin
et al. (1992) and (Tibshirani et al., 2005). This consists of solving the optimization problem

) (1
6 := arg min {2Hy — 9”2 + )\HV09H1}, (2)
feR™
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where ¥y = (y1,...,yn)", A > 0 is a tuning parameter, and Vg € RIFI*" is the incidence

matrix of G. Specifically, each row of V¢ corresponds to an edge ¢ = (e*,e™) € E and

1 if ¢ =e™,
(V@)ee{ =1 ifb=e",

0 otherwise.

The motivation behind (2) is to have an estimator that balances between fitting the data
well, with the first term in the objective function in (2), and having a small complexity in
terms of the quantity ||[Vg0|[; which is known as the total variation of the signal 6 along
the graph G. Intuitively, if the graph G is informative about the signals 6* and v*, then we
would expect that [|[Vab*||1, [[Vev*|l1 << n. For instance, suppose that G is constructed
as a K-NN graph based on features {z;}], C R?, and assume that 07 = fo(z;) for all
i =1,...,n, and for a smooth function fy. If K is small, then for {i,;} an edge in G, we
have that |0] — 07| = | fo(z:)-fo(x;)| which would be a small quantity or zero for most edges.
Then summing over all the edges, we obtain |Va6*||1 << n. In fact, Madrid Padilla et al.
(2020b) showed that ||[Vg0*||; = Ope(n'~'/?), ignoring logarithmic factors, provided that
fo is a piecewise Lipschitz function.

The estimator defined in (2) has attracted a lot of attention in the literature. Specifically,
computationally efficient algorithms for chain graphs were developed by Johnson (2013),
for grid graphs by Barbero and Sra (2014), and for general graphs by Tansey and Scott
(2015); Chambolle and Darbon (2009). Moreover, several authors have studied the statisti-
cal properties of (2) in different settings. In particular, Mammen and van de Geer (1997),
and Tibshirani (2014) studied slow rates of convergence in chain graphs with signals having
bounded variation. Dalalyan et al. (2017); Lin et al. (2017); Guntuboyina et al. (2020), and
Ortelli and van de Geer (2021) proved fast rates for piecewise constant signals. Hiitter and
Rigollet (2016), Sadhanala et al. (2016), Ortelli and van de Geer (2020), and Chatterjee and
Goswami (2021b) studied statistical properties of total variation denoising in grid graphs.
Padilla et al. (2018), and Ortelli and van de Geer (2018) studied the fused lasso in general
graphs. Wang et al. (2016), and Sadhanala et al. (2021) focused on developing higher order
versions of total variation denoising.

Despite the tremendous attention from the literature focusing on the fused lasso as
defined in (2), most of the statistical work assumes that the errors {¢;}! ; are sub-Gaussian
when studying the estimator (2). While some works have considered the model in (1) with
more arbitrary distributions, such as Madrid-Padilla and Chatterjee (2020) and Ye and
Padilla (2021), these efforts have studied the quantile version of (1). Thus, the performance
of the estimator defined in (2) is not understood beyond the sub-Gaussian errors assumption.

Additionally, the literature has been silent about estimating the variances in (1). Thus,
there is currently no estimator available in the literature for estimating the variances even in
the homoscedastic case, where the v are all equal to some v > 0, when G is a general graph.
Estimation of the variance is an important problem because it would allow practitioners
the possibility of quantifying the variability of the data in different regions of the graph.
For instance, if y; is the crime rate at location ¢, then we could have two locations where
E(y;) = E(y;), however, knowing that var(y;) > var(y;) would be informative about the
nature of crime at location ¢ versus location j.
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In this paper, we fill the gaps described above regarding mean and variance estimation
in general graphs. Our main contributions are listed next.

1.1 Summary of results

We make the following contributions for the model described in (1) with a connected graph

G.

1. If the variances satisfy v; = vj for all « = 1,...,n, then we show that, under a
simple moment condition, there exists an estimator © that can be found in linear
time, O(n + |E|), and satisfies

* *
o= 5] = O (18 + VX 1L). ®)
The estimator ¢ is based on first running depth-first search (DFS) on the graph G
and then using the differences of the y;’s along the ordering. A detailed construction
is given in Section 2. Notably, when G is a 1D or 2D grid graph and ||[Vg0*||; has
a canonical scaling, the rate in (3) is minimax optimal. Moreover, our estimator is
the first for the problem of estimating the variance in the sequence model where the
measurements are collected in a general graph. We also show with experiments in
Appendix B.1 that the estimator © can be useful for model selection when the goal is
to estimate 6*.

2. For the fused lasso estimator defined in (2), under a moment condition and an as-
sumption stating that
max pr(le;)| > U,) — 0 (4)
i=1,...,n

fast enough, where U,, > 0 is a sequence, we show that:

(a) For any connected graph, ignoring logarithmic factors, it holds that

i p*)|2 4/3 x|2/3 2
16— e :Opr<Un 1V +Un>’

n n2/3 n

()

and the same upper bound holds for an estimator that can be found in linear
time. Thus, we generalize the conclusions in Theorems 2 and 3 from Padilla
et al. (2018) to hold with noise beyond sub-Gaussian noise. For instance, for
sub-Exponential noise the term U,, would satisfy U, = O(logn).

(b) For the d-dimensional grid graph with d > 1 and n nodes, we show that

) *||2 * 2
16— 6% _ Opr(UnIIVGH [ Un> (©)
n n n
if we disregard logarithmic factors. Thus, under the canonical scaling ||V0* |1 =
O(n'~1/9), see e.g Sadhanala et al. (2016), the upper bound is minimax optimal
thereby generalizing the results from Hiitter and Rigollet (2016) to settings with
error distributions that satisfy (4).
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(c) For K-nearest neighbor (K-NN) graphs constructed with the assumptions from
Madrid Padilla et al. (2020b), we show that the fused lasso estimator satisfies

that ) )
16— 07| Un
n = Opr nl/d ’ (7)

up to logarithmic factors. Hence, we generalize Theorem 2 from Madrid Padilla
et al. (2020b) to models with more general error distributions. Moreover, if
Un, = O{poly(logn)} for a polynomial function poly(-), then the rate in (7) is
minimax optimal for classes of bounded variation.

3. In the heteroscedastic setting, where some of the v} can be different from each other,
we are the first in the literature to develop an estimator for the vector of variances v* €
R™ in general graph structured models. Specifically, we provide a simple estimator ©
of v* that can be found with the same computational complexity as that of 6. For the
proposed estimator we show that there exists U/, satisfying U}, = O(1 + U?) for which
the upper bounds in (5)(7) hold replacing ||§ —6*||?/n with |6 —v*||2/n and ||V ¢6* |1
with |[Va0*[|1 + [|[Vav*||i. Our results hold with the same assumptions that those in
2), but with a stronger moment condition presented in Theorem 9. Moreover, when
U, = O{poly(logn)} and ||Vg0*||1 < ||[Vav*|1, our variance estimator attains, up to
log factors, the same rates as 0 attains in (5)—(7). We also show, save by logarithmic
factors, that the upper bounds in the case of grid and K-NN graphs are minimax
optimal, see Lemmas 13 and 14.

1.2 Other related work

Besides total variation, other popular methods for mean estimation in graph problems
include kernels based methods (Smola and Kondor, 2003; Zhu et al., 2003; Zhou et al.,
2005), wavelet constructions (Crovella and Kolaczyk, 2003; Coifman and Maggioni, 2006;
Gavish et al., 2010; Hammond et al., 2011; Sharpnack et al., 2013; Shuman et al., 2013), tree
based estimators (Donoho, 1997; Blanchard et al., 2007; Chatterjee and Goswami, 2021a;
Madrid-Padilla et al., 2021b), and fyp-regularization approaches (Fan and Guan, 2018; Yu
et al., 2022).

As for variance estimation, some methods estimate the conditional mean and then com-
pute the residuals before proceeding to estimate the conditional variance. Some of these
approaches include Hall and Carroll (1989); Fan and Yao (1998). Other methods, as it is
the case of our proposed approach, do not consider the residuals. Some of such works in-
clude Wang et al. (2008); Cai et al. (2009), which studied rates of convergence for univariate
nonparametric regression with Lipschitz classes. Cai and Wang (2008) considered a wavelet
thresholding approach also for univariate data. More recently, Shen et al. (2020) considered
univariate Holder functions classes and some homoscedastic multivariate settings.

Finally, total variation denoising methods have become popular as a tool to tackle
different statistics and machine learning problems. Ortelli and van de Geer (2020) and
Sadhanala and Tibshirani (2019) studied additive models, Padilla (2018) proposed a method
for graphon estimation, Madrid-Padilla et al. (2021a) considered a method for interpretable
causal inference, Dallakyan and Pourahmadi (2022) developed a method for covariance
matrix estimation. More recently, Tran et al. (2022) proposed an ¢; + ¢2 based penalty over



VARIANCE ESTIMATION WITH THE FUSED LASSO

graphs called the Generalized Elastic Net aimed for problems where features are associated
with the nodes of graph.

1.3 Notation

Throughout, for a vector v € R™, we define its ¢, o and { norms as ||v|1 = > i |vil,
vl = (0, [vi)Y2, [[v]lee = maxi—1,_n |vi|, respectively. Given a sequence of random
variables X, and a sequence of positive numbers a,, we write X,, = Op:(ay,) if for every
t > 0 there exists C' > 0 such that pr(X,, > Ca,) < t for all n. For two sequences a,, and
b, we write a,, < b, if there exists positive constants ¢ and C' such that ca, < b, < Ca,
for all n. A d-dimensional grid graph of size n = m? is constructed as the d-dimensional
lattice {1,...,m}?, where i,j € {1,...,m}? are connected if and only if ||i — j||; = 1. We
also write 1 = (1,...,1)T € R* and a = 237 | a; for a vector a € R". For a function

f 00,1 = R, we write || f||2 := ﬁ/f[o,l]d f(z)%dx.

1.4 Outline

The rest of the paper is organized as follows. In Section 2 we introduce the estimator for
the homoscedastic case and show an upper bound on its performance. In Section 3 we start
by defining our estimator for the heteroscedastic case. In Section 3.1 we provide a general
upper bound for the fused lasso estimator. Then we apply our new result in Section 3.2 to
obtain general upper bounds for our variances estimator in the heteroscedastic case, and
conclude by providing matching lower bounds. Section 4 contains numerical evaluations of
the proposed methods in both simulated and real data. All the proofs are deferred to the
Appendix.

2. Homoscedastic case

This section considers the homoscedastic case, which means that v] = v for all i. We now
give a motivation on how an estimator of the variance in the homoscedastic setting can
be used for model selection of (2). Specifically, if ¥ is an estimator of v, then following
Tibshirani and Taylor (2012) and denoting 05 the solution to (2), we can define

Risk()\) := [ly — 6x]1® + 28dky,

where (Tf,\ is an estimator of the degrees of freedom corresponding to the model associated
with 6, see Equation (8) in Tibshirani and Taylor (2012). In fact, based on Equation 4 from
Tibshirani and Taylor (2012), dfy can be taken as the number of connected components in
G induced by 0, when removing the edges (i,5) € E satisfying ()); # (6);. Hence, in
practice one can choose the value of A that minimizes 1:{15{()\) or some variant of it, such
as the one we consider in Section 4.1. Therefore, for model selection, it is convenient to
estimate vg.

Before providing our estimator of v, we state the statistical assumption needed to arrive
at our main result of this section.

Assumption 1 We assume that v] = vy fori=1,...,n, and

‘max E(e}) = O(1).

i=1,...,n
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Figure 1: An example of a graph G. Running DFS starting with the node 1 produces the
ordering 1,3,6,5,8,9,4,7,11,10, 2.

Thus, we simply require that the fourth moments of the errors are uniformly bounded.
We are now in position to define our estimator. This is given as

1 [n/2]-1
. 2
v n/2J Z {ycr 2i) — yo(Qifl)} ) (8)

where o(1),...,0(n) are the nodes in G visited in order according to the DFS algorithm in
the graph G, see Tarjan (1972). The DFS algorithm proceeds as follows:

Procedure DFS(G,v):

Step 1: Label v as discovered.

Step 2: For all w such that (w,v) € E do

If vertex w is not label then recursively call DFS(G,w).

Figure 1 shows an example of a graph and a potential run of DFS. Clearly, by construc-
tion of DFS, the function o is a bijection from {1,...,n} onto itself, and the DFS ordering
is not unique. Hence, we propose to select the DF'S by randomly choosing the start of the
algorithm.

Notice that the total computational complexity for computing ¢ is O(n + |E|), which
comes from computing the DFS order. Moreover, the estimator ¢ does not require any
tuning parameters to be specified.

The construction in (8) can be motivated as follows. First, recall that by Lemma 1 in
Padilla et al. (2018), it holds

D 1656 = O] < 20V
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Hence, if |[Vg6*|)1 is small relative to n, then the signal 6* is well behaved in the order
given by DFS. Our resulting estimator defined in (8) is then obtained by applying the idea
of taking differences from Rice (1984), see also Dette et al. (1998) and Tong and Wang
(2005).

Theorem 1 Suppose that Assumption 1 holds and ||€||oc = Opr(Up) for some positive se-
quence Uy. Then

v AU+ 0"} V8"
s+ - . (9)

[vg = 0| := Opr

Remark 2 Consider the case where G is the chain graph, and suppose that 07 = f*(i/n)
fori=1,...,n, for a function f* : [0,1] — R, bounded and of bounded total variation.
Thus, f* € C where

C:={f: [0,1] = R : [[fllec < C1, TV(f) < Ch},

where C1 and Co are positive constants, and TV(f) is the total variation defined as

m—1

TV(f) = 0§a1<...33}3§1, meN ]:Zl ’f(aj) B f(aj—i_l)‘,

see the discussion about functions of bounded total variation in Tibshirani (2014). Then
max{[|0*| 0, [[Vab*|l1} = O(1). Hence, provided that v = O(1) and U, = O{poly(logn)}
for poly(-) some polynomial function, we obtain that

vy — 9] == Opr(n~?), (10)

if we ignore logarithmic factors. Therefore, from Proposition 3 in Shen et al. (2020), the
rate in (10) is minimax optimal in the class C. This follows since C is a larger class than
that considered in Proposition 3 in Shen et al. (2020) for the case corresponding to bounded
Lipschitz continuous functions.

Remark 3 If G is the 2D grid graph, then it is well known that |Vg6*||1 =< n'/? is the
canonical scaling, see Sadhanala et al. (2016) and our discussion in Appendixz A. Hence,
if max{v, |0*||cc} = O(1), and U, = O{poly(logn)}, then (10) holds. Therefore, as in
Remark 2, by Proposition 3 from Shen et al. (2020), ¥ attains minimax rates when 0* is in
the class

{0 : [10lloc < C1, |Vab]1 < Crn'/?}
for positive constants C1 and Cs.
Finally, for a general graph G, if the graph does capture smoothness of the true signal

in the sense that U, ||Va6*|1/n — 0, then, as long as max{vg, [|0*| -} = O(1), the upper
bound in Theorem 1 shows that v is a consistent estimator of vy.
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Figure 2: The left panel shows comparisons of the true and estimated means for Example
1 in the text. The right panel shows the corresponding variance comparisons.

3. Heteroscedastic case

We now study the heteroscedastic setting. Hence, we do not longer require that all the
variances are equal. To estimate the signal v* € R", we recall the identity

v; = var(y;) = E(?J?) - {E(?/i)}?

Therefore, it is natural to estimate v with
b = 4 — (6:)7, (11)
where 4; is an estimator of v} := E(y?), and 0 is the fused lasso estimator defined in (2).
As an estimator for v*, we propose

. )1
7 = argmin § o 2:(%2 — %)2 + N Z 1 — ;] (12)
YER™ i=1 (i,j)EE

for a tuning parameter \' > 0.

Notice that © can be found with the same order of computational cost that it is required
for finding §. In practice, this can be done using the algorithm from Chambolle and Darbon
(2009). As for parameter tuning, we give details about choosing A’ in practice in Section
4.1.

To illustrate the behavior of the estimator defined in (11)—(12), we now consider a simple
numerical example. More comprehensive evaluations are given in Section 4.

Example 1 We set n = 6000 and generate data according to the model given by (1) with
ind

€ ~ N(0,1) fori=1,...,n, and 0*,v* € R" satisfying

o — 1 if n/4<i<3n/4,
o otherwise,
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and
1 i< /7l
vf = ¢ 1.5%2 if [n/7] <i<n/2,
0.62 otherwise.

Given the data {y;}_,, we run the estimator defined in (11)-(12) with tuning parame-
ter choices as discussed in Section 4.1. The results are displayed in Figure 2, where we
see that the estimated means and variances are reasonably close to the corresponding true
parameters.

3.1 A general result for fused lasso estimator

Before presenting our main result for the estimator ¢ defined in (11)—(12), we provide a
general upper bound for the fused lasso estimator that holds under very weak assump-
tions and generalizes existing work in Hiitter and Rigollet (2016), Padilla et al. (2018) and
Madrid Padilla et al. (2020b).

Theorem 4 Consider data {o;}}_, generated as o; = B} + &; for some f* € R"™ and
€1,...,En independent random variables satisfying satisfying E(g;) =0 fori=1,...,n,
and max;—1, . n E(e}) = O(1). Let B be defined as

(2

. 1
B := argmin (¢ —
sern | 2

Z(Oi — B +X DY BBl g (13)

(i,J)eE
The following results hold:

1. General graphs. For any connected graph G, if for a positive sequence U, holds that

n'2U- {log(en)} /2 max {pr(|e;| > U}/ = 0, (14)

then 5 4/3 2/3
18 =85> _ 0. Un (logn)'#|[VaB*|ly N Ujlogn 15
n P n2/3 n ’ (1)

for a choice of \ satisfying A =< U,il/?’(n log n)1/3||VG5*||1_1/3.

2. Grid graphs. Let G be the d-dimensional grid graph with d > 1. Suppose that for a
positive sequence Uy, we have that

max 20 Ypr(lei| > U) P4 = 0. (16)

Then there exists a choice of \ satisfying
A < Unén + U2 VaBIT!

such that

1B=81 _ (UnﬁﬁnHVGﬂ*Hl N U) (17)

n n n

9
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where ¢, = C'logn if d = 2 and ¢, = C(log n)Y/2 otherwise, for some constant C' > 0.
for some constant C' > 0.

3. K-NN graphs. Suppose that in addition to the measurements (o1,...,0,)" we are
also given covariates {x;}, C X, where z; corresponds to o;, and X is a met-
ric space with metric dist(-). Suppose that {(x;,0;)}1 satisfy the assumptions from
Madrid Padilla et al. (20200b), see Appendiz E. In particular, X is homeomorphic to
[0,1]9. In addition, assume that K =< log'™?" n for some r > 0 in the construction of
the K-NN graph G, and that for a positive sequence U,, we have that

nPUS K2 max {pr(lei| > Un) 4 = 0. (18)
i=1,....,n
Consider

2
A = VeS| [(poly(log n)n'~V4U,)V2 + KY2U, + (U,KY?*poly(logn)n'~g,)!/?
(19)
where poly(+) is a polynomial function, and ¢y, is defined as in the case of grid graphs

above. Then . )
15 = B~ Unpolys (log n)
- = Opr 1/d , (20)

where polyy(+) is another polynomial function.

Remark 5 Let us now elaborate on (14), (16) and (18). Suppose, for instance, that €; is
sub-Exponential(a), for some constant a > 0. Then the usual sub-Exponential tail inequality
can be written as

pr(le;| >t) < 2exp(—t/a), for allt >0,

see Proposition 2.7.1 in Vershynin (2018). Hence, taking U, = 4alogn it follows that (14),
(16) and (18) immediately hold. More generally, if

pr(le;| >t) < crexp(—t*/ca), for allt >0,

for positive constants c1,ca, and «, then taking U, = 4co(logn)V/®, we obtain that (14),
(16) and (18) all hold.

Remark 6 Remark 5 gives a family of examples where U, can be taken as a power function
of logn. More generally, if U, = O{poly(logn)}, for a polynomial function poly(-), then
up to logarithmic factors, Theorem 4 gives the same rates as in several existing works on
the fused lasso, but now we allow for more general error distributions than sub-Gaussian.
Specifically:

1. For a connected graph G, (15) generalizes the upper bound in Theorem 4 in Padilla
et al. (2018). Moreover, the same upper bound in (15) also holds if we replace the
fused lasso estimator 3 (13) with the DFS fused lasso estimator from Padilla et al.
(2018).

2. For a d-dimensional grid graph G, the rate in (17) matches that in Corollary 5 from
Hiitter and Rigollet (2016).

10
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3. For nonparameteric regression, (20) gives the same minimaz rate as Theorem 2 in
Madrid Padilla et al. (2020b) for classes of piecewise functions.

Remark 7 As stated before, Theorem 4 is the first result for fused lasso in general graph
models where the error terms can be non-Sub-Gaussian, yet the estimator still uses the £y
loss. The proof of Theorem 4 relies on Theorem 15 in Appendiz D. The latter basically
allow us to control the quantity pr(HB — B*|| > n), forn >0, in terms of the process

1
—E
Ui

sup > Geile,<v (B — 53)] (21)

BER™ - |1B=B*1<n, IVaBI1 SIVaB*lh 1=1

where 1, . .., &, are independent Rademacher random variables independent of {e;}' ;. This
general result holds for arbitrary sequences Uy, and it is key given that the random variables
§i€ilyje;<v,y for i =1,...,n are uniformly bounded. Hence, we do not need to control the

standard process
E sup e (B—8Y)
BeA:[|B=B* 1<, IVaBliSIVas*Ih

as it is the case in the analysis in Guntuboyina et al. (2020), which is only able to handle
sub-Gaussian random variables e;, 1 = 1,...,n. With this challenge overcome, the proof of
Theorem 15 continues by controlling additional terms, that account for the case {igilye,|>u,}
fori=1,...,n, of the form

n'/? max {E(ef)}/*{pr(leil > Un)}/*

(22)
n

With Theorem 15 in hand, the proof of Theorem 4 continues by deriving upper bounds for

the quantities (21) and (22). The analysis for (21) is done customizing for general graphs,

grid graphs, and K-NN graphs.

Remark 8 We now proceed to discuss the choice of the tuning parameters in Theorem
4. As pointed out by one of the reviewers, the corresponding choices of tuning parameters
depend on the unknow quantity ||VcB*||1. Here, we expand on this aspect and point out
some relaxations.

e First, in order to obtain (15), which holds for general graphs, our choice of X is
basically the same as in Theorem 4 from Padilla et al. (2018).

e In the context of the d-dimensional grid graph, as explained in Section A, the canonical
scaling for |[VaB*|1 is n' =Y. Hence, supposing that |[VaB*||1 > 1, our proof can be
modified, see Page 34, so that if

A < Ungy + U2,

we have that

51 _ g, (maxUuén URHVE

n n

11
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Thus, ignoring factors that depend on U, and ¢, we can get the same rate as in
Theorem 4 for a choice of tuning parameter that does not involve ||Vgf*||1. This is
in the spirit of the findings in Hitter and Rigollet (2016), where the choice of tuning
parameter does not depend on ||VaB*|1.

e Finally, for the setting of K-NN graphs, in the choice of X that depends on ||VaB*|lh
in (19), we can replace |VaB*||1 with n*=Y¢ to attain the rate in (20). This can
be done provided that cin~/4 < IVas*h < cont V4 for constants c1,cy > 0, with
probability approaching one.

3.2 Fused lasso for variance estimation

We are now ready to state our main result regarding the estimator ¢ defined in (11)—(12).
Notably, our result shows that the estimator ¥ enjoys similar properties as the original fused
lasso in general graphs, d-dimensional grids, and K-NN graphs. The conclusion of our result
follows from an application of Theorem 4 to 6 defined in (2) and 4 defined in (12).

Theorem 9 Consider data {y;}?_, generated as in (1) and suppose that max E(e}) < cc.

i=1,...,n
Then the estimator ¥ satisfies the following.

e General graphs. Let G be any connected graph and assume that (14) holds with
{€i}_, instead of {&;}_,. Then for choices of A\ and X' satisfying

A =< U3 (nlogn) 3|V a0/

and X' = {|[*]1;* 10" [loaUn + 0" oo (1+U2) Y3 (n1og n) V3|V ey* |17/, we have that

lHﬁ 2 = o 6712, + DUL)Y3og n)3((|Var* |1 + 118 lool| Vab*[11) %/ N
n N pr n2/3
(16115 + 1)(Uy,)* log n
n
(24)
where
Uy, = v 12216% loo + 1)Un + [[0*[l0cUZ + [[*]|oc- (25)

e Grid graphs. Let G be the d-dimensional grid graph with d > 1. Suppose that the
sequence {€; 1 satisfies (16). Then there exists tuning parameter choices satisfying

A X Unén + UZ|Vet'|I7Y, and N < Ulén + (U2 Ver'|l; !

for which
o= _ {6115 + DUnén (Vo™ 1 + 10" llool VO™ [11) N (116113 + 1) (UR)?
n pr n n ’
(26)

with U] as in (25) and ¢, as in Theorem 4.

12
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o K-NN graphs. Suppose that in addition to the measurements (yl,...,yn)T we
are also given covariates {z;}]", C X, where x; corresponds to y;, and X is a
metric space with metric dist(-). Suppose that {(x;,y;)}7-, satisfy the assumptions
from Madrid Padilla et al. (2020b) stated in Appendiz E. In addition, assume that
K = log'™ n for some r > 0 in the construction of the K-NN graph G, and (18)
holds for {€;}!_,. Then for choices of X and X' satisfying

2
A= Vet [T [(poly(log nyn! ~1/40,)12 + K20, + (Uu K poly(log n) n' =1/, 1/?]
and
2
N o= HVGv*Hl_l [(poly(log7”L)7”L1*1/dU,’1)1/2 + Kl/QU{l + (U;lKl/only(logn) nlfl/d@l)l/ﬂ

for a polynomial function poly(-), it holds that

[0 —v*[* 0 (16*[12, + 1)U/ ¢npoly(logn)
n P nl/d ’

(27)

with U], as in (25), ¢n as in the previous case of grid graphs, and poly(-) is a polyno-
mial function.

Remark 10 Consider the setting in which max{||0*||cc, ||v*||cc} = O(1), and U,, = O{poly(logn)},
for poly(:) a polynomial function. Then, ignoring logarithmic factors, Theorem 9 implies
the following:

1. For a connected graph G the estimator U satisfies

lo—v I _ [Vl + [Vev)*?
n = Upr n2/3 )

Hence, for the chain graph and the canonical setting in which max{||Va0*|1,||Vev*|1} =

O(1), the estimator © attains the rate n=2/3, which is minimaz optimal in the class

{(v,0) : max{[|Va0™[|1, [Vev'|lhi} < Cr, max{|[07 o, [v7[|c} < C1}
for some constants Cy,Co > 0, see Theorem 4 in Shen et al. (2020).

2. If d > 1, then for the d-dimensional grid graph, we obtain that

o — v*||?
” || _ Opr <n71/d) ’ (28)
n

under the canonical scaling, (Sadhanala et al. (2016), see also Appendiz A)
IVat*|1, [Vav*||i = n'~Y¢. Hence, from Lemma 13 below, for estimating v*, o
attains the minimax rate under the canonical scaling.

3. For the K-NN graph, © also attains the rate n=Y/% for estimating piecewise Lips-
chitz functions, thereby maintaining the same adaptivity properties ofé studied in
Madrid Padilla et al. (2020b). Moreover, from Lemma 14, the rate n~ Y% matches the
minimax rate for estimating the signal of variances when this is constructed based on
the evaluations of a piecewise Lipschitz function.

13
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Remark 11 Given that our proposed estimator defined in (11) is based on estimating v} =
E(y/) and 07 = E(y;) fori=1,...,n, the first step in the proof of Theorem 9 is to establish
Lemma 16 which states that the total variation of v* is bounded by the total variation of the
variance signal v* and the total variation of the mean signal 60*:

Vel S IVev'lls + Vet

Thus, if v* and 6* both have small total variation along the graph G, then the same can be
said about the signal v*, which justifies our construction in (12). Then the proof of Theorem
9 continues by showing that

Yo by o)t Ly 2
" Nni:l Z ' ni:l Z v

and then applying Theorem 4 separately with the choices * = 0* and p* = v*. The latter
has an additional small challenge, addressed in Lemma 17, concerning the behavior of the
tails of the random variables yf

Remark 12 Just as in Remark 8, for the d-dimensional grid graph, we can attain the rate
in (28) for choices of tuning parameters that do not depend on |[Va0*|1 and |[Vey*|1-
Specifically, for choices satisfying

A= Updyp + U2, and N = Ulg, + (U2

Next, we justify the second conclusion in Remark 10 concerning the minimax optimality
of ¥ under canonical scaling. This is presented in the next lemma.

Lemma 13 Let G be the d-dimensional grid graph and ¢ € (0,1) a constant and let
O ={0eR" : Vel <en' V7 ||0]|o < c}.
Consider the collection of estimators given as
F o= {v : R" - R" measumble}.
Then there exists a constant C' > 0 depending on ¢ and d such that

. 1, . C
nt s B (M - R) 2 S0
9*,v*ee),v;*e(§,%)

for data generated as y; = 07 + \/v]€;, with €; i N(0,1), fori=1,...,n.
Finally, we conclude our theory section with a lower bound that justifies our assertion
that © is minimax optimal when using a K-NN graph for estimating a piecewise Lipschitz

signal.

14
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Lemma 14 Consider the class of piecewise Lipschitz functions F(Lg), defined in Appendiz
E, for a constant Ly € (0,1). Suppose that, for functions fo, g0 € F(Lo) with go > 0, the
data are generated as

yi = fo(wi) + v go(wi)ei,

where ¢€; nd N(0,1) and z; nd Ul0,1]¢, for i = 1,...,n. Then for a constant C > 0
depending on Ly, we have that

C
inf su E (|lg — 2y > —.
g estimator fo,goe.}I')(Lo) (Hg go||2) - nl/d

4. Experiments
4.1 Heteroscedastic estimator: Tuning parameters

We now discuss how to choose the tuning parameters for the estimator ¢ defined in (11)—
(12). Let 8(\) and 6(X) the estimates based on choices A and . Notice that 6()\') depends
on A but we do not make this dependence explicit to avoid overloading the notation.

To choose A, inspired by Tibshirani and Taylor (2012), we use a Bayesian information
criterion given as

BIC()) := [ly — (N[ + df(A) logn (29)

where df (\) is the number of connected components induced by #()) in the graph G. Then
we select the value of A that minimizes 1§I\C(A)

Once H()) has been computed, we proceed to select A\’ for (12). We let 4(\’) be the
solution to (12) and df(\') be the number of connected components in G induced by 4()).
Then we define

n

BIC(X) := Y [min{q, 57} — 4(N);]* + df(X') log n (30)

i=1

where ¢ is the 0.95-quantile of the data {y?}"_,. We use min{g,y?} in (30) to avoid the
influence of outliers in the model selection step. With the above score in hand, we choose

the value of \’ that minimizes ﬁ]()\’ ). In all our experiments, we select X\ and A’ from the
set {10%,102,103,10%,10°}.

4.2 Homoscedastic case simulations

We start by considering settings where the variance, denoted as v, is constant across the
different nodes i. As benchmarks, we consider the estimator defined in (8) which we refer
as homoscedastic estimator (Hom.), the heteroscedastic estimator (Het.) defined (11)—(12),
and the U-statistic based local polynomial estimator defined in Shen et al. (2020) (U-LP).

For our comparisons, we generate data from the model in (1) with ¢; N (0,1) and v} =
v fori=1,...,n. We consider 2-dimensional grid graphs G with n € {1002,2002, 3002, 4002},
and we identify the nodes of G’ with elements of the set {1,... n'/?} x {1,...,n'/?}. Then
we consider values of v§ in {0.5,1,1.5,2} and three different scenarios for the signal 6*.
Next, we describe the choices of 8* that we consider.
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Scenario 1 Scenario 2 [ Scenario 3

n V0 U-LP Hom. Het. U-LP Hom. Het. { U-LP Hom. Het.
1002 0.25 0.33 0.26 1.15 0.17 0.16 0.17 0.43 0.28 2.25
2002 0.25 0.14 0.12 1.121 0.21 0.10 0.11 0.39 0.11 0.94
3002 0.25 0.15 0.08 0.97 0.19 0.09 0.09 0.44 0.08 0.47
4002 0.25 0.14 0.07 0.70 0.22 0.09 0.08 0.49 0.06 0.28
1002 0.5 1.12 1.10 1.11 1.13 1.11 1.24 5.22 1.12 2.65
2002 0.5 0.52 0.44 1.23 1.21 0.62 1.34 4.99 0.44 0.94
3002 0.5 0.62 0.32 0.97 1.19 0.34 1.15 4.84 0.36 0.48
4002 0.5 0.61 0.20 0.70 1.38 0.25 0.91 4.96 0.23 0.29
1002 0.75 2.79 2.72 1.24 1.36 2.40 1.23 5.06 3.06 2.52
2002 0.75 1.20 1.19 1.18 1.31 1.27 1.40 4.89 1.49 0.91
3002 0.75 0.69 0.68 1.01 1.43 0.78 1.24 4.76 0.78 0.48
4002 0.75 0.68 0.55 0.69 1.33 0.58 0.92 5.30 0.59 0.30
1002 1.0 3.42 3.94 1.18 2.73 2.63 1.28 5.46 3.76 2.60
2002 1.0 2.31 2.22 1.28 1.58 2.23 1.38 4.81 2.03 0.96
3002 1.0 0.76 0.65 0.94 1.35 0.94 1.22 .4.94 1.06 0.51
4002 1.0 0.57 0.47 0.74 1.29 0.89 0.95 4.81 1.03 0.29

Table 1: Performance evaluations of the competing methods for the different settings de-
scribed in the text. We report 100 multiplied by the average mean squared error,
averaging over 200 Monte Carlo simulations.

Scenario 1. For k,1 € {1,...,n'/?}, we let

1 if [k—n/2| <n/4, and |l —n/2| <n/8,

0 otherwise.

*

kil =

Scenario 2. We set
1 if (k—n/4)?+ (1 —n/4)? < (n/5)?,

0 otherwise.

*

kl =

Scenario 3. In this scenario we set

1 if k<n/2andl <n/2,

ol 0 otherwise.

For each scenario and value of the model parameters, we generate 200 data sets and, for
each data set, compute the different estimators. We compute the Hom. estimator with a
random DFS, and the Het. estimator with tuning parameters chosen as in Section 4.1. As for
the U-LP estimator, we follow the construction in Section 4.1 from Shen et al. (2020). First,
we identify the nodes of the 2-dimensional grid graph with elements of the interval [0, 1%
such that (7,7) in the grid graph corresponds to X(;_y),1/2; = (i/n1/?,j/n1?) € [0,1]?
for (i,7) € {1...,nY2} x {1,...,n'/2}. We also let Y 1yn1/245 = Yij) Where y; ;) is the
observation associated with (7, j) in the 2-dimensional grid graph. Then we recall that the
estimator in Shen et al. (2020) in this context becomes

() e Koy (Xt — Xet) - Ky (Xi2 — X02) (Y, — Y2)?
(g)_l Dot Kny (Xip — Xo1) - Ky (Xi2 — Xo2)

: (31)

VUoriginal —
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where £ : R — R is a kernel, hi,he > 0 are bandwidths, and Kp(:) := K(-/h)/h. No-
tice that computing Uoriginal involves O(n?) operations which quickly becomes intractable.
Hence, we approximate (31) with

NS Khy (Xioq — Xeo1) - Ky (X, 2 — Xo,2) Vi, — Ya,)?

Dapprox = N ) (32)
N7y Kony (X = X 1) - Ky (X 2 = Xe, 2)
where (k1,¢1), ..., (kn,¢n) are independent draws from the uniform distribution in {1, ..., n}x
{1,...,n}. The resulting estimator is the one that we consider as competitor in representa-

tion of the method from Shen et al. (2020). In our simulations, we set N = 5000, /C is the
Gaussian kernel, and hy = hy = h. We allow h € {270,279 ... 271} and report results for
the choice of h that gives the best performance in terms of estimating the true parameter
VG-

We use the mean squared error as a measure of performance for the different estimators.
For the methods Hom. and U-LP which only compute a single estimator, denoting the
output of the method as v € R, we compute the average of |0 —v; |2 across the 200 replicates.
For the method Het. that produces a vector ¢ € R™, we compute the average of

>0 g (3)
=1

over the 200 Monte Carlo simulations. The results can be seen in Table 1, where observe
that our proposed estimators Hom. and Het. outperform the competitor in all of the
instances considered. This does not come as a surprise since the true mean in each scenario
is piecewise constant, making it challenging for the kernel based method from Shen et al.
(2020), while both of our proposed methods are better suited for handling piecewise constant
signals for both the mean and variance vectors.

4.3 Heteroscedastic case: 2D Grid graphs

In our next experiment, we consider generative models where the true graph is a 2D grid
graph of size n!/2 x n'/2. We generate data similarly to Section 4.2 with the difference that
the variance is now non-constant. Specifically, the data are generated as

Y, = 9: + \/U;-kei

with ¢; 2 N (0,1). The scenarios we consider are:
Scenario 4. The signal 6* is taken as in Scenario 3 from Section 4.2, and we let

. {1.75 if |k —n/2| <n/3, and |l — n/2| < n/3,
Ugy =

1 otherwise,

for k,l e {1,...,n'/?}.
Scenario 5. We set

. 1.5 if (k—n/2)?2+ (1 —n/2)? < (n/4)?,
v =
kil 0.5 otherwise.
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Figure 3: Each row corresponds to one scenario, with the top row corresponding to Scenario
4, the middle to Scenario 5, and the bottom to Scenario 6. The left column
depicts the signals 6%, the middle column the signals v*, and the right column
the estimated © with our method in (11)—(12).
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Scenario 4 Scenario 5 [ Scenario 6 ‘
n ‘ L. Pol. Laplacian S. Het. { L. Pol. Laplacian S. Het. { L. Pol. Laplacian S. Het.
1002 3.25 11.02 1.34 2.18 4.91 1.57 2.40 9.49 1.22
2002 3.27 10.71 0.52 2.17 4.91 0.75 2.44 8.09 0.72
3002 3.21 6.82 0.29 2.15 4.43 0.43 2.41 7.87 0.42
4002 3.15 6.14 0.18 2.14 3.92 0.28 2.39 7.41 0.29

Table 2: Performance evaluations of the competing methods for the different settings de-
scribed in the text. We report 10 multiplied by the average mean squared error,
averaging over 200 Monte Carlo simulations.

for k,1 € {1,...,n'/?} and take #* as in Scenario 2 in Section 4.2.
Scenario 6. We let 0* = 0 € R*/*x7"/? and

0.5 if (k—n/4)%+ (I —n/4)?< (n/5)?
v =2 if (k—3n/4)? + (I —3n/4)* < (n/5)?,

1 otherwise.

for k,l € {1,...,n'/?}.

As for benchmarks, we compare our estimator Het. defined in (11)—(12) with the lo-
cal polynomial regression (L. Pol.) method from Fan and Yao (1998), and the Laplacian
smoothing estimator (Laplacian S.), see e.g. Smola and Kondor (2003). For our method
Het. the tuning parameters are selected as in Section 4.1. As for the method L. Pol., we
use the function loess from the R package stats with the default choices of input. However,
for large values of n (n > 10000) the computational complexity of this function becomes
challenging, and hence we average 10 estimates each of which is obtained by fitting the
estimator to randomly selected subsets of the data with size 5000.

As for the Laplacian S. estimator, we first define

- _ 1
f := argmin 5||yfe||2 +n Y 10— 07 ¢, (34)
fcRn” =
(i,5)€G

where 7 > 0 is a tuning parameter, and G is the 2-dimensional grid graph. Thus, the only
difference with the estimator 6 defined in (2) is in the penalty with (34) using the square of
the absolute value of the difference of the signal values, along the edges of the graph. Once
0 has been constructed, we define

5 = — (6:)7, (35)
where
1 n
§ = argmin ¢ > (=) +0" Y il (36)
verr i=1 (i.4)ER

for a tuning parameter ' > 0. The final estimator 4 is the one that we refer to as Laplacian
S., where the tuning parameters are chosen with BIC as in Section 4.1.
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For each scenario and value of the tuning parameters, and for each data set, we compute
the estimator v and choose the tuning parameters as in Section 4.1. We then report

oo
averaging over 200 Monte Carlo simulations. The results in Table 2 show an excellent
performance of our estimator, which becomes more evident as n grows. This goes in line
with our findings in Theorem 9.

Finally, Figure 3 provides visualizations of Scenarios 46 and the corresponding esti-
mates 0 for one instance of n = 400%. There, we can see that ¢ is a reasonable estimator of
v*, although ¢ is affected by the bias induced by 6 which comes from Equation (11).

True variances Estimated variances (Scenario 8)

0 o0 0 o
True means (Scenario 8)

Figure 4: For n = 20000 and d = 2, the top left panel shows a scatter plot of
{(xi,1,2i2,v])}, for one instance of Scenarios 7 and 8. The top right panel
displays the corresponding scatter plot of {(x;1,x;2,9;)}; for Scenario 7. The
bottom left panel is the scatter plot of {(x;1,z; 2, fo(x;))}-; for Scenario 8, and
the bottom right panel shows the scatter plot of {(x; 1,z 2,0;)}~, for Scenario
8. Here, v is our Het. estimator defined in (11)—(12) with the K-NN graph.
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Scenario 7 [ Scenario 8

n d L. Pol. Laplacian S. Het. { L. Pol. Laplacian S. Het
5000 2 1.06 1.73 0.59 1.06 5.27 0.87
10000 2 1.04 1.65 0.40 1.01 5.11 0.58
15000 2 1.01 1.57 0.34 1.04 5.26 0.45
20000 2 1.25 1.53 0.27 1.08 5.05 0.39
5000 3 1.48 1.49 1.45 1.86 4.21 1.88
10000 3 1.38 1.40 1.05 1.61 4.11 1.54
15000 3 1.34 1.48 0.92 1.40 4.11 1.22
20000 3 1.42 1.26 0.89 1.39 4.37 1.12

Table 3: Performance evaluations of the competing methods for the different settings de-
scribed in the text. We report 10 multiplied by the average mean squared error,
averaging over 200 Monte Carlo simulations.

4.4 Heteroscedastic case: K-NN graphs

In this experiment we consider a nonparametric regression setting. Specifically, we generate
data from the model

yi = folx) + (v)) %,
v = go(x;)
¢ ON(©,1

z U0, 1),

where U[0,1]? is the uniform distribution. In our simulations, we consider d € {2,3},
n € {500, 10000, 15000, 20000}, and difference choices of fy and go. The functions fy and go
are taken from the following scenarios:

Scenario 7. In this scenario, we let fo(2) = 0 for all z = (21,...,24)" € R and

(2) 1.75 if z; > 0.5,
z =
g0 0.25 otherwise.

Scenario 8. We let gg as in Scenario 7, and let

h@):{o if 2 > 0.5,

—1 otherwise,

for z € R?

Based on the above scenarios, we generate 200 data sets and compute the mean squared
error of our estimator in (11)—(12) averaging over all the repetitions. Our estimator is
computed using the K-NN graph with K = 5. Table 3 seems to corroborate our findings in
Theorem 9 as our method’s performance appears to improve with sample size but worsens
when d increases.

Finally, Figure 4 provides a visualization of the true signals and the estimated variances
for one instance with n = 12000 and d = 2.
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Figure 5: Ion channels data and estimated variances

4.5 Ion channels data

We now validate our method using a real data example. Specifically, we consider the Ion
channels data used by Jula Vanegas et al. (2021). The original data was produced by the
Steinem Lab (Institute of Organic and Biomolecular Chemistry, University of Gottingen).
As explained by Jula Vanegas et al. (2021), Ion channels are a class of proteins expressed
by all cells that create pathways for ions to pass through the cell membrane. The data
consist of a single ion channel of the bacterial porin PorB, a bacterium related to Neisseria
gonorrhoeae.

Although the original data consists of 600000 time instances. We proceed as in Cappello
et al. (2021) and construct a signal y € R?°#8. The resulting data are plotted in Figure 5.
There, we also see the estimated variances using our proposed method for the heteroscedastic
case on the 1D chain graph. We see that our method seems to capture the heteroscedastic
nature of the data.

5. Conclusion

In this paper, we have studied the problem of estimating the variance in general graph
denoising problems. We have proposed and analyzed estimators for both the homoscedastic
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and heteroscedastic cases. In studying the latter, we also proved generalizations of known
bounds for the fused lasso estimator to models beyond sub-Gaussian errors.

Many research directions are left open in this work. Omne particular problem is to
generalize our results to higher order versions of total variation for estimating the vector of
variances. Constructing higher order versions of total variation is challenging in the case
of estimating the mean in general graph-structured problems, and we expect it to be even
more challenging for the variance case. Therefore, we leave this for future work.

Appendix A. Canonical scaling

In previous sections of the paper we made reference to the fact that the canonical scaling
of the total variation in a d-dimensional grid graph is O(nl_l/ 4). Thus, for the 1D chain
graph we obtain that the canonical scaling is O(1) and O(n'/2) for the 2D grid graph. We
now justify this by following the discussion from Sadhanala et al. (2017).

To start, consider a d-dimensional grid graph given as G = (V, E), with V. = {1,...,n}.
We let N = n'/¢ and construct the d-dimensional lattice Zg = {(i1/N, ... ,iq/N) : i1,...,iq €
{1,...,N}} € [0,1]%. Then we can index the components of a vector § € R™ by the lattice
locations, 0(a), a € Z;. Then, the total variation of 6 along the graph G is given by

IVablh = 5 30 3 10(a) — 00) 10y 1

a€ZybeZy,

Notice that the factor 1/2 appears because we are counting every edge exactly twice. Next,
assume that 6(a) = f(a) for a function f : [0,1]? — R such that

1f(a) = FO) < Lla—b],

for all a,b € [0,1]¢ and for a constant L > 0. Thus, f is an L-Lipschitz function. It follows

that )
IVebly = 5 > D Llla= by -t
a€EZybeZy
_ L
aGZd
dnL

2N
Ol =114,
and so O(n'~1/%) makes sense as a canonical scaling for | V8|, when G is a d-dimensional
grid graph.
Appendix B. Additional experiments
B.1 Model selection

Recall that in Section 2 we motivated our homoscedastic estimator as being potentially
useful for model selection. In this section, we evaluate a BIC criterion for model selection
for the purpose of mean estimation in a 2-dimensional grid graph. For this evaluation, we
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consider Scenarios 1-3 from Section 4.2. For each scenario, and o € {0.25,0.5,0.75,1}, we
generate 200 data sets and compare the performance of 6(\), the solution to (2) with two
choices of A\. The first choice of A is taken as optimal, thus, as

A := argmin||6* — (N,
AEA

where A = {10',10%,103,10%,10°}. The second choice of ) is set to
A i= argmin{ly — 65| + log(n)odty},
AEA

where df » is the number of connected components induced by é(A) in the 2-dimensional
grid graph, and where ¢ is the homoscedastic estimator defined in (8).

We find that in all the instances considered, both choices of A coincide, suggesting that
in practice the estimator ¢ can be useful for mean estimation with a BIC criterion that
typically produces the optimal choice of .

B.2 Mean estimation wih Laplace errors

Notice that in the second step of our heteroscedastic estimator, Equation (12), we actually
estimate 7 = E(y?) for i = 1,...,n. Thus, we estimate the mean of the random variables
{yi2 ", which are not sub-Gaussian, even if the {y;}?_; are sub-Gaussian random variables.
In our experiments, the key is that our analysis in Theorem 4 can be used when {y;}' ; are
sub-Gaussian as in such case the random variables {y?}" ; are sub-Exponential.

We now evaluate the validity of Thereom 4 in a Slmulatlon setting where we estimate the
mean of the random variables but with y; — 67 following a Laplace distribution. Specifically,
we consider the same setting as in Section 4.3, but focusing on estimating 6* € R", and

with data generated as
yi = 07 + /ve

with ¢; i Laplace(0,1). The methods that we compare are the gaph fused lasso (GFL)
defined in (2) with the Laplacian S. estimator defined in (36), and where we choose the
tuning parameters as in Section 4.1.

The results on Table 4 seem to provide additional evidence in favor of Theorem 4. In
particular, the GFL outperforms Laplacian S., and the performance of GFL improves as n
increases which is what it is expected in light of Theorem 4.

Appendix C. Proof of Theorem 1

Proof First, we observe that

v [n/2]-1
log — 0] < |vg — n/2 Z {€s(2i) _60(22'—1)}2 +
v Ln/2J 1
‘ n/2 Z {€o2i) — €o(2i-1)}> —
n/2J 1

n/Q —1) Z {(v)' 6U(Qi) - (08)1/260(21'—1) + 050 — ‘9:—(21‘71)}2 :
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‘ Scenario 4 Scenario 5 Scenario 6 ‘

‘ n ‘ Laplacian S. GFL { Laplacian S. GFL { Laplacian S. GFL ‘
1002 1.12 1.08 1.12 0.91 2.7 x 1073 9.87 x 10~4
2002 1.13 0.52 1.12 0.54 2.7 x 1073 2.89 x 104
3002 1.10 0.23 1.12 0.32 2.7 x 1073 1.44 x 104
4002 1.11 0.13 1.11 0.18 2.7 x 1073 6.82 x 10~5

Table 4: Performance evaluations of the competing methods for the different settings de-
scribed in the text. We report 10 multiplied by the average mean squared error,
averaging over 200 Monte Carlo simulations.

Next, using the identity a® — (a + b)? =

|05 — 0]

IN

IN

v —

2(ln/2] - 1)
1

v —

{4l elloo (v)'/* + 2!\9*Hoo}

o [n/2]-1
LTL/Q _1 Z {60(21)

[n/2]—1

PEDIRIILC

o [n/2]-1
0
I_n/2 — 1 Z {60(21)

[n/2]-1

2(ln/2] =

*

'Uol

{4llelloo (v5)""2 + 46" [l o} V0l

1

n/2)—1"
T2 -1 Z (€o(2i) — €0

i=1

2([n/2] = 1)

o(2i— 1)} ’+

Z |0* 21)

o(2i— 1)} ’+
9* (20— 1)|
(2i—1))2'+

—b(2a + b) we obtain that

9;(2171)‘ ‘2(7)5)1/2(%(21') — €(2i-1)) T+ (9;(21') -

05 @i-1))|

(37)

where the last inequality follows from Lemma 1 in Padilla et al. (2018). Finally, notice that

E

b
2([n/2] — 1)

[n/2]-1

Z {6 (20) — €o(2i— 1)}
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and
1 [n/2) -1 1 [n/2)-1
2l = 2
var ( n/2 _ 1 Z {6 27, - 60(2i—1)} - W Zz; var [{60.(21) — 60_(27;_1)} ]
1 [n/2]-1
4
= 4(|n/2] —1)2 ; E [{€r(2i) — €o2i-1)}"]
1 [n/2]—1
< - 4 .
S Ln/QJ ~1) ; E {860(21) + 860(2%1)}
< e sup E
=TS, B
(39)
where the second inequality follows from the inequality (a + b)* < 8a* + 8b*. Combining
(37)—(39) with the Chebyshev’s inequality we conclude the proof. ]

Appendix D. A general upper bound

Theorem 15 Consider data {o;}}_, generated as o; = (] + ¢; for some f* € R™ and
€1,...,En independent random variables satisfying satisfying E(e;) = 0 and

max E(e}) = 0(1).

Let 3 be defined as

3 := argmin ;;(oi—ﬂi)Q-i-/\ Z B = Bjl ¢ -

peR™ (i.d)EE

Let n > 0. Then for any sequence Uy, > 0 and for any n > 0, it holds that

160"/ max {E(eh)}YHpr(lei] > Un)}/4

pr(|B =B >n) < —n ; +
16 *
-5 E sup Z£1521{|51\<Un}(5 B ) ’
M | pern:|B=B*lI<n, IVaBI1<5IVaB* I 51
where &1, . .., &, are independent Rademacher random variables independent of {&;}7,, pro-
vided that
" (10)
A= ———.
4 VeB

Proof First, notice that by convexity and the basic inequality we have that

n

Z )2+ AIVehlh < 1Z(Oi = B2+ MIVaB*|a (41)

=1

l\.')\r—t
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for any B € A := {sB+ (1 —5)8* : s €[0,1]}. Then

IVeslh < IVaal + PP < 0B | yocsy, (42)
for all 8 € A. This implies
ISoa= )l < 1ol + Vol "
< —— +2|Vehih,

A
for all 5 € A.
Next, let 5 € A and suppose that |3 — 5*|2 < n?, and ||Vgp|1 > 5| VeB*||1. Then

IVa(B =Bl > IVaBlli = IVaB™llr > 4|VaB*|:.

Hence, setting
s AVerlh
IVa(B =Bl

clearly s € [0, 1], and we let
B =58+ (1-35)B" € A.

Then
18" = B> < 18- 8117 < o,
and
IVa(B =Bl = sl[Va(B—5%)lh
= 4Vep
Therefore, from (43),
. . 5T ! % .
4IV68 = IVa(® ~ ) < P 4 opvg,
which implies
. 5T ! %
2vesih < S
Hence, if we take
i
A= ———
4VaB*h
we obtain )
% < e (8- pBY).

As a result, the events
O = sup IVaBll1 > 5[VaB*h
BeA:||B—B*|I<n
and

Q= sup e (B-p") > 7722}

{BGA: 1B=8*1<n,[IVa(B=B*)11<4(IVaB*
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satisfy that Q1 C Q5. And so,
pr(€21) < pr(). (44)
Next, suppose that ||3 — 8*|| > 1. Then there exists 3 € A such that || — 8*|| = 1 and
so (42) implies that

2
5 S (B8 + AIVesl — MVasih.

Hence, given our choice of A, we obtain that
N T
Z S € (ﬁ - /8*)7

for some 8 € A, provided that ||3 — 8*|| > 7.
The above implies that

pr([B—=6*>n) < pr({|8— B > n}nQ5) + pr(h)
< pr({lI8 - Bl > n} N ) + pr(e) ;
< pr{ sup e (B-5%) = Z} + pr(£2)
BEA:||B—B*|I<n, Ve Bl <5(IVaB*( s
< opr sup UCEIERS
BEA:||B=B*|I<n, [[Va Bl <5IVaB*lh
8
< SE sup el (B-5%)
n BEA:||B=B*I<n, VGBI <5(IVaB*

= Ala
(45)
where the second inequality follows from (44), and third from the discussion above, the
fourth from the definition of €5, and the last inequality from Markov’s inequality. Next,
notice that

8 . .
4= oF [BEA: 15—8+ 1< 1V Bl <5IV a8 2; i<t i = 60|
8 n
rl PP, S ; 0 (5~ B;)]
.

< ;E {BEA: ||5—5*||§7778HquGﬁ||1§5IIVG,3*Hl ;(5i1{5i|SUn} — Efeil e, <v,3]) (Bi — Bf)} +

8 . *

T Ben: |51 <n IV sl <5IV e s ;E[&l{'ai'g]"}](ﬂi —AH

8 n

P | pen: 1-s-l<n IV el <51V s ; iled>0ny (B = 1) |-
=: A+ A3+ Ay,

Next, we proceed to bound Ay, A3z and Ay. To bound As, notice that since E(g;) = 0 then
8 g .
Az = sup Z —Eleilyie, ;0,118 — B7)-

n2
T BeA:(|6-5*1<n, IVaBIL<5IVaB*I1 =1
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Hence,
8n1/2
Ay < == max [Blsil v,
8nl/2 s
< e (BEDE e 0.]) (46)
8nl/? ) 1/2
= TR

where the first and second inequalities follow from Cauchy—Schwarz inequality.
To bound Ay4, we observe that

Ay < IE( sup [ g1y ¢>Un}} 16 —WH)
T \gea: |8-p<n, IVaBlh<5IVas i L
3 n ) 1/2
< E([Z&‘i 1{|ai|>Un}] >
K o 1/2
8 n
. (E[Zggl{laibw}]) 47)
! = 1/2
8n1/2
< ,max B [8?1{si|>Un}
< 8nt/2 maxi=1, o {E(})}/*{pr(le;| > Un)}'/*
—_— T] .
Let us now proceed to bound As. Let €}, ..., ¢, independent copies of 1, ...,&,. Then
for independent Rademacher random variables &1, ..., &,, it holds that
8 n
Ay < SE sup eil{le,1<vny — €ilyer<v,3)(Bi = BY)
n? <B€A: 18—8+11<n, IV Bl <5Vl 2; o= e lsUn} '
8 n
= S E sup &ileilye,<uy — €ilyen<un] (Bi — B)
1’ <56A: 186" <m IV aBlh <5V ab* I ; = CEE '
8 n
< SE sup Sileil e <vay)(Bi = B7) | +
2 (%A:nﬁ—ﬁ*uwvcﬂ||1<5||vcﬁ*||1i§;: = Z
8 n
—E sup —&ileil e <uay ) (Bi — BY)
n? (BEA: 18—B*11<n, IV Bl <5V e8Il z; PHlelstn} '
16 i ( )
- = sup &icil{je;|<v,} (Bi = B7
| Ben: 188+ I<n, IVGAIL <5V 6B I : Z
16 Z”: ( )
< —=E sup Sigilye,1<vay (Bi — B7) | -
M | sern Ip-prl<n, IVGBIL<SIVas I '
(48)
The claim then follows.
|
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Appendix E. Assumptions for K-NN graph for Theorem 4

We start by explicitly defining the construction of the K-NN graph. Specifically, (i,j) € E
if and only if z; is among the K-nearest neighbors (with respect to the metric dist(-) of z;,
or vice versa.

We now state the assumptions from Madrid Padilla et al. (2020b) needed for Theorem
4. Throughout (X, dist) is a metric space with Borel sets B(X').

Assumption 2 The covariates {z;}}_, are independent draws from a density p, with respect
to the measurable space (X,B(X), 1), with support X. Furthermore, the density p satisfies
0 < Pmin < p() < Pmax for all x € X, where pyin and Pmax are constants.

Assumption 3 The base measure satisfies
ear? < pl{ge & : dist(g,z) <r}] < cor?

for all x € X, and all 0 < r < rg, where c1, ca and ro are all positive constants, and
d € N\{0} is the intrinsic dimension of X .

Assumption 4 There exists a homeomorphism (a continuous bijection with a continuous
inverse) h : X — [0,1]? such that

Lindist(z, 2") < ||h(z) — h(2")]| € Lmaxdist(z,z’), Vo,2’ € X,
for some positive constants Ly, and Lyax.
For a set S C [0,1]%, we let
Bi(S) == {q€[0,1]7: |l|g—¢| <t for some ¢ € S}.
With this notation, we state our next assumption.

Assumption 5 [Piecewise Lipschitz]. The parameter §* satisfies that B = fo(x;) for
i=1,...,n for some function fo, where the following holds for the function fo.

1. fo is bounded.

2. Let 0]0,1]% be the boundary of [0,1]%, and let € = [0,1]\B(9]0,1]%). We assume
that there exists a set S such that:

(a) The set S has Lebesgue measure zero.

(b) For some constants Cs,ty > 0, we have that

p B U o.M} < Cst

for all 0 <t < ty.

(¢) There exists a positive constant Lo such that if z and 2z’ belong to the same
connected component of Q:\B¢(S) then

[foo h™H(z) = foo hH(Z)| < Lollz — 2|l
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Notation: ~We denote as F(Lg) the set of functions f : [0,1]2 — R that satisfy
Assumption 5 with Ly and such that

sup |f(z)| < Lo,
z€[0,1]¢

and Cs < L.

Appendix F. Assumptions for K-NN graph for Theorem 9

We assume that the covariates {z;}}_; satisfy Assumpt1ons 2-4. In addition, we assume
that Assumption 5 holds replacing g* with both v* and 6*.

Appendix G. Proof of Theorem 4

Proof of (15): First, let G’ be a chain graph corresponding to a DFS ordering in G.
Based of Theorem 15, we first need to bound

Bl = E]E [ sup 251511{|61|<Un}(/8 B*)] . (49)

2
n BER™ - [|B=B*[1<n, VBl <5 VBl =1

To bound this, we recall Lemma 1 in Padilla et al. (2018) which implies that ||V 5|1 <
2||Vap| for all 5 € R™. Hence,

16 *
By < - E sup 251521{|az|<Un}(/8 B; )
n BER™ - [|[B—B*|<n, [V Bl1 <10 Ve B*|h 554
16 *
= SE(E sup Z€z811{|51\<Un (Bi = Bi) |e
n? BER™ :[|B=B*[[<n, IV o Bl <10V e B* [ 5=
16U, ~ & ‘
= sup ZfiUilﬂeﬂgUn}(ﬁi_ﬂi) el |-
n? BER™: [|B—B* <0, [V BI1<10[ VB[l 3=~
(50)
Then
E{ sup Zfz 1{|a,|<Un (Bi — B7) 5}
BER™ =B I<n. IV e Bl <101V aB*lla j=1
&g *
<E sup Z& - 1{|51\<Un (Bi — B7) 5]
LAER™ - [|B=B(|<n, |V er (B=F) 1 <11 Vah*Ih =1
n
<E sup §i71{| J|<UR}Bi 5]
LBER™ : [|B]I<n, IIVG/BhSllIVcB*Il; Up 1715
- n
<E sup Zfzﬂz’ 5}
LBER™ :[|B]|<n, IV o Bl <11V B* [l =1
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where the last inequality follows from Theorem 4.12 in Ledoux and Talagrand (1991). As
a result, letting & ind N(0,1) for i = 1,...,n, we obtain that
]

= & *
IE[ sup Z£i71{|ei|§Un}(ﬁi - B7)

BER™ : |B=B*[<n, IV o Bl <10V e B* [l =1

n
< E( sup Z&@)
BERn - B <n, IV e Bl <11V B |1

o\ 1/2 no.
< (%) E( sup zgzﬂi)
BER™ :||8]|<n, Ve Bl <11V aB* I 5

11|V |lint/2\ /2

IN

where the second inequality follows fromt a well known fact bounding Rademacher Width
by Gaussian Width; e.g see Page 132 in Wainwright (2019), and the last by Lemma B.1
from Guntuboyina et al. (2020). This implies that

16U, 11 |l nt/?
B, < o [77< VaB*|lin

. . )1/2 + nllog(em))'2|

Therefore, given a € (0,1), we let
4
n = = (167301 (log m) /O(11) 2|V 8 [} PUZH (O + 16C1U{log(en)} 2]

and \ as in (40). Hence,

B 16C1U, (11]|V g B*||1) Y/ ?n /4 N 16C, Uy {log(en)}!/?
1

- 13/ U
_ aP 16C1 Uy (11]| Ve B*||1) Y/ 20t/ L@ 51
T 1/3,,2/3 32 1 4 (51)
{162/3n1/5 (1og m) Vo (11) 3|V [} *UR* (€0)2/3 |
< -,
-2
Furthermore, by Theorem 15, we must bound
16n'/2 max {E(eD)H {pr(lei] > Un)}
By = el . (52)

Ui

However, given our definition of 7, we obtain that

160172 max {B(eD)}V/ {pr(jei] > U)}/1

By <
162/3n1/6(logn)1/6(11)1/3||V5B* 1/3 ,3/3 C1)%/3 4+ 16C U, {log(en)}1/2
1

<

Bl A

where the last inequality follows from (14). The conclusion of the Theorem follows from
Theorem 15.
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Proof of rate (17): As before, we first bound B as defined in (49). Towards that
end, let Vg the pseudo inverse of V¢, and II the orthogonal projection onto the span of
(1,...,1)T € R™. Then notice that

16U, " el
B < g sup Zwa

U SeR™ : ||6]1<n, [Vl <6IIVaB*Ih = Un

16U,

< —"E sup E'VEVGs | +

7 SeR™ : (|8]|<n, IVl <6/ VaB* 1

16U,

3 sup i)

n SER™ 1 [|6]|<n, [Vad[1<6(|VaB*|1

where & = §igilye,|<v,}/Un for i = 1,...,n. Next, we observe that by Holder’s inequality
and Cauchy—Schwarz inequality, it holds that,

n * 1 n ~
By < w (” v-i— 5”00) 4 6g sup EARsr)
N n SR : [3]<n, [V ol <6 Vp
96UnHvG'5*H1 ( + T~ 16Un < ) ( 1 “ - >
= —— V oo) + sup ;i — &
= 1(vE) &l R an n/Z
96U [ V6" 1 5 16U, 1 i
< —_— = - - .
< o <|| (V¢ 5||oo) + ” E pYE ;a
n * - 16U,
< U ||V2c:5 h g (H ()T Hoo) | 16U

cUn||IVaB*|h 16U,
< T\/ logn - m?XH(vG)JH + 1

where the third and last inequalities follow from basic properties of Sub-Gaussian random
variables, and where ¢ > 0 is a constant. Next, by Propositions 4 and 6 from Hiitter and
Rigollet (2016), we obtain that

C(logn)'/? if d =2,
max||(VE) | < én = { (53)
J Cv
for some constant C' > 0. Therefore,
B, < CUnVIOgnHQVG/B Hl(bn + 16Un (54)
n n
Hence, for a given a € (0,1), we let
2 * 1/2 4
0= 5 (UnVIognl[Va™16n) /" + = - 16Un (55)
and A as in (40).
Therefore,
B <0, 0_0
4 4 2
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Moreover, from (52), we have that

16042 max {B(eh)}/H{pr(le] > Un)

By, =
n

n'? max (B} pr(led > Ua)} (56)
Un

IN

<

SRS S

)

where the last inequality follows from (16) and the fact that max (e}) = O(1).
Therefore, o
5 N 3a
pr((l3 — 8° > ) < .

This proves (17).
Case |Vgf*||1 > 1. Suppose now that ||[VgB8*||1 > 1. Then instead of setting n as in
(55), we let

= 060, Ve o) + AT gy,
and A as in (40), or
P _1[2 2, 4 i
NE Vs T 3 e FUnen) T 160

Hence, from (54)
2 2
B; < 7(1 + e ¢

1/2§7
4 4V 4

+ %<
1

e

Furthermore, as in (56),

16n"/2 max {E(e})}/*{pr(lei] > Un)}H/*

By =
n
L max (B A pr(e] > Up)}
1/2
M2 Un
M max {E(e Y pr(lei] > Ua) )/t
< ¢ 1=1,....,n
- 4 U,
a
< R
- 4

where the last inequality follows from (16) and the fact that max E(e}) = O(1). As a

i=1,...,n
before, we arrive at
3a

pe(l3 = 8 > m) < -

Proof of (20): First, by Madrid Padilla et al. (2020a), there exists N satisfying N =<
(n/K)"?® and functions I : R* — R™ and I : R* — RN satisfying the properties below.
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¢ [Lemma 8 in Madrid Padilla et al. (2020b)]. Let & be the event such that
le™ {8 = 1(B)}] < 2lellllVaBll, VB.eeR™, (57)
and there exists a d-dimensional lattice G’ with N¢ nodes such that
Ve I(B)h < [IVeBlh, VB €R™ (58)
Then pr(&;) — 1.

e [Lemmas 7, 8 and 10 in Madrid Padilla et al. (2020b)]. Le e be any vector of
mean zero independent subg-Gaussian(o?), then there exists € a vector of mean zero
independent sub-Gaussian(o?) random variables and a constant C' > 0(not depending
on e) such that the event & given as

& - {eT{I(ﬁ)I(ﬁ*)}SCKl/Q{HH@lIzHﬁB*H+||(VGI)+é!oo(HVG5*H1+HVG5|!1)},

V3, e € R? }
(59)
satisfies pr(&2) — 1.

e Theorem 2 in Madrid Padilla et al. (2020b)]. It holds that for some constant
C5 > 0 the event

&y = {chﬁ*Hl < Cgpoly(logn)nl_l/d}
satisfies pr(£3) — 1, where poly(-) is a polynomial function.

Let &4 = &1 N Ey N E3 Notice that as in Theorem 15, with the choice

7]2

A=
4VaB*

we have that

16n"/2 max {E(el)}{pr(les| > Ua)}'/*

pr([|8 — B > nl&s) < " +
16U, L Gigil{je,|<u,, .
E sup P e R
n BER™ : || B—p*[|<n, [VaBI1<5]|VaB*lt =1 n
= Ty +Ts.
(60)

Next we bound 77 and T5. To bound T5, we define

_ GEilye<ua)
u,

€;
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and notice that E(e;|€4) = E(e;) = 0, and e; is sub-Gaussian(1) for i = 1,...,n. It follows
that if £ holds, then

e"(B-p) = e {B—I1(B)} + e {I(B)—I(8")} — e {B" - 1(5")}
< 2|VeBi|i + CKY? [Ilﬂéllz\lﬁ =Bl + I(Ver) el (IVaB 1 + ||V05H1)} +

2IVaBll-
Therefore,

7, < 2t 1aCapoly(logmyn! /4 4 CV2|B(TE]) + 6Capoly(log ! E(I(Ve) el
= 1?7[2]n <12C'2poly(log n)n'~Ye 4 CK'/? [nE nll/gie + 6Cypoly(logn)n' "/ dmgx\l(vé)vjllb
< 1?7[2]” 12Copoly(log n)n* V4 4+ CK'V? |y + GCzpoly(lOgn)nlUdﬂl?XH(vg),jH”
< 1(;75” 12C;poly(log n)n* V4 4+ CK'V? |y + 602P01Y(10g”)”11/d¢n”

where the second and third inequalities follow from Sub-Gaussian maximal inequality, and
the last from (53). Then for a given a € (0, 1), we set

n = 232 (16 x 12Cypoly(log n)n'~1/4U,)1/2 + %(IGCKl/QUn)—i—
2(16 X 6CCQUnK1/2poly(log n) nl_l/dgén)l/Q
and so
a
T < 2 (61)
2
Furthermore,
L1602 mas (B} (pr(je] > U,)}*
7 o< @ i=1,....,n
b= 6 16CK/2U, (62)
< —.
-6
The claim then follows. |

Appendix H. Auxiliary lemmas for proof of Theorem 9

Lemma 16 Let vf =E(y?) fori=1,...,n. Then

S ohiemls S -l 20 Y167 - 6

(i,))eE (i,5)€E (i,4)€E
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Proof Notice that

Yoohi=al = > Hob 6% — {v) +(6)%)

(i,j)eE (i,j)eE
< D =il > 16 — 6513651+ 165)
(i,J)EE (3,7)€EE
< D i = v+ 20007 Y 167 — 6]
(i,J)€EE (i,J)€EE
and the claim follows. |

Lemma 17 For any U, > 0 we have that
2 By2)| > 2|lv*)|L216%|U, Noo(1+TU2)) < | >0,
pr( lyi = E(i)| > 2[o7 5710 [ooUn + l[v"lloe(1+Uy) ) < pr(les| > Un)
fori=1....n

Proof Simply observe that

vE—EG]) = {0+ (o) el —E[O; + (o) e}
= 20207 e; + vl — v}

and hence
1/2
W2 —E@2) < 200|216 |soles] + 0% lsolesl® + (10" ]los

and so the claim follows.

Appendix I. Proof of Theorem 9

Proof First notice that

~Jlo -l = {j 07— i - 6]
n;(%— Z{ o)}
i%(%—ﬁ)"’ 8”9*” Z

i=1

and so each conclusion of the theorem follows applying Theorem 4, Lemma 16, and Lemma
17. Specifically, it is clear that the generative model and 6* satisfy the conditions of Theorem
4. As for the estimation of v*, letting r; = y? — E(y?), for i = 1,...,n, we need to verify
the tail conditions , e.g. (14), for {r;}I' ;.

IN
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Proof of (24). Notice that by Lemma 17,

nl/4 max {pr(|r;| > Uj,) A n!/t max {pr(|r;| > 2 |57 116* oo Un + [0 |lsU2 + [[0%]|oc) } /4
i=1,....,n < i=1,...,n
U} {log(en)}1/? B Un{log(en)}'/2
nt/4 max {pr(le;| > Un)}1/4
< ol — 0.
- Un{log(en)}1/2

Therefore, by Lemma 16 and Theorem 4,

n “ ¢ n2/3 n
=1

and
Lm0 2 _ 19 (Un)*3(logm) /3 (| Vav* || + [10"]loo | Va0 [1)**  (Up)? logn
fZ(%'_%) — Upr n2/3 + n )
and so the claim (24) follows.

The proof of (26) and (27) follow similarly. |
Appendix J. Lower bounds
J.1 Proof of Lemma 13
Proof

We notice that
inf sup E (;1o(y) —v*|?)
veF 2 ind

0* v*€O, v} E(% %), y¢=9;‘+\/ﬁq, €; ~ N(0,1)
> 7312; sup | E (7 Xima@ily) — (¢2/2 = (6))%))%)
@ 9* (jg’ \/Sgc)v yi:H;,kJ'_v%—(9?)257‘-757‘-1ng(071)
= inf sup E (50 (5(y) ~ (6)°))
0€0, 0re(S55, %), =071/ 2 —(67)2e;, ¢ %N (0,1)

> f sup _ E (5 i (0iy)® = (67)%)?)

e U0 R oreo, ore(5.80), yimr /S —(0:)%e, &N(0.D)
> f sup E(}LZ:L 1(Ti(y) = 67)*

e UOCE R 0reo, 0re(5.80), yimr /D —(07)%e, &N(0.D)

min (5500) + 6}
Jj=1l,..n

2 . ~ *
>¢ b sup BT -0

2 0eF, 0 )€l 505 ] prco, 9;*6(%,‘/\/%), yi=07+1/ 5 —(07)2ei, & "SN(0,1)
> < inf sup E (3 i (Tily) — 67))?)

C
32
VEF . .
0-€0, 07e(%,38), yi=07+1/ S —(07)%i, i N(0,1)
(63)
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Next, let dyax be the maximum degree of any node in G and consider distinct aq, ..., anm, €
/4] x ... x [n'/9], for m € N with m < n'~V4 and diax - m < n'~Y¢, such that for all
J,7" € {1,...,m} it holds that a; and aj are not connected by an edge in the d-dimensional

grid graph associated with [n!/9] x ... x [n'/9] . Then for n € {~1,1}" let 6,, € R™ be given
as

o [m(3-1) | V3] e ;
(6, = \/g[ 7} + if i=a,, je{l,...,m},
% : Ogﬂ otherwise.
Notice that by construction (6,); € (%, \/\/%C) for all ¢ and n € {—1,1}". Moreover,
dmax - C m(\/g - 1) 1-1/d
Vel < : < /q,
|| G 77”1 > \/g 1 s cn
In addition, if n,n" € {—1,1}" such that ||n —7'||; = 2, then

¢ (V3-1)

V8 2

Also, denoting by P, and P,/ the distributions N (6, diag(% —(0,)?)) and N (6,y, diag( % -
(6,7)?)), respectively, we obtain that

16y — O ll =

_ 2
TV(P,, Py) < 1/3Dxi(Py, Py) < 5[(% o 7 s

1/2
4—[3/4+3/4]?
log( 4—[1/4+3v3/4]2 )}

< é\/[0.63+ ((‘/‘"gT’l))2 + log(1.63)]
< 0.6

where the first inequality follows from Pinsker’s inequality, and the second by the usual
formula for KL distance between multivariate normal distributions. Therefore, by Assouad’s
lemma, Lemma 2 in Yu (1997), we obtain that

inf sup E (Xis, (Tily) — 65)?)

vEF in
! 0*€0, 0:6(%7\/\/3%0)7 y1:9j+51’ € NdN(O7§_(0:)2) (64)
>m . (1-0.6)
> nl—l/d.
Hence, from (63) and (64), we arrive at
. 1, ) 1
inf sup —E(5h0-v1) 2
0% 07 €0, vIe(Z 32, y=0r+4/viei, € EN(0,1)
|
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J.2 Proof of Lemma 14

Proof Let Z be a rectangular partition of [0, 1]% such that |Z| = n and each rectangle I € 7
has sides of lenght in [cmfl/ d, cznfl/ d] for some positive constants cq,cy > 0. Notice that

d d
D <vol(l) <2
n

- (65)

for all I € Z. Also, for each rectangle I € 7 let I° and OI; be its interior and boundary,
respectively. Let also be {I;}]", C Z such that

rni; =10

for I # I’ and such that m < n'~1/9. Moreover, the rectangles {I;}1", can be chosen such
that their union is a rectangle.
Then for fixed a > b > 0, define for every n € {—1,1}™ the function g, : [0,1]¢ — R,

a+mnb if xelf
gn(@) :{ ’ !

a otherwise.

We claim that ¢, € F(Lp). Towards that end notice that g is piecewise constant with
boundary S = Uj",0I;. Moreover, for t € (0,1), since U} I; is rectangle, we obtain that

m 1 d—1
vol(By(S)) < 203[d <1/d> t] + cadt? < eqt
n

=1

for some positive constants cg,cq4 > 0 that can depend on d. Hence, for a and b small
enough, it holds that g, € F(Lo) for all n € {—1,1}". Moreover, for any 7,7 such that
ln —n'||1 = 2, we have that

(:‘{lélb2

lon =gyl = [ atPde = aPvolry) = 4

i
for j € {1,...,m} such that n; # n;. Moreover, let I be the distribution associated with
(x,y) = (x1,...,Tn,Y1,--.,Yn) and p, its corresponding density when fy = 0 and gy = gy,
The objects P,y and p, are defined accordingly. Then, since z; ind Uniform[0, 1]¢,

1
PP = 5 [ ey - prlealde xy
[0,1]7d xR™ )
1
= 3 lpn (y|) —pnr(y\x)\dy] dxy...dzy,
[0,1]4 0,1]¢ L/R™
= . [TV(P,(-|z), Py (-|2))] dz1 . .. day,
[0 1]d [0,1)4

IN

01]d [0,1]¢ 1. dx,

infeo,174 9n(q)

1/2
_ 2
N a—b /[Ol]d /[Ol]d [( 977 IZ) 9n (xz)) ) ]dml...dxn
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where the inequality follows from Theorem 1.1 in Devroye et al. (2018). Hence,

6b / / .
T™V(P,,Py) < ——-— i:x € Li}|dey. .. day,
P, By ) 2(606; b) Jioe [071}d‘{ i

= —E({i: x; €1;
Q(G—b) (|{Z Zi € ]}|)
6b
= ———nvol(J;
2(a — b)nVO (Z;)
6bcd
2(a —b)
1
S 3
where the first inequality follows from (65), and where the last inequality follows by choosing

b = a/2 and cp small enough in the construction of Z.
Therefore, by Assouad’s lemma, see Lemma 2 in Yu (1997), we obtain that

. - 2
inf sup o E(lg-al3) 2 om(£)-(1-4)
F0,90€F (Lo), vi=fo(z:i)++/g0(®1)ei, € ~N(0,1) (66)
> pi/d
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