A Guarantees on Bootstrapped Samples

In this section we prove that the samples generated in Algorithm 1, through the nearest neighbor
bootstrap, are close to samples generated from fC(z,y,2) = fxz(%|2)fy|2(y|2)fz(z). The

closeness is characterized in terms of total variational distance as in Theorem 1.

Suppose 2n

i.i.d samples from distribution f(z,y, z) are supplied to Algorithm 1. Consider a typical sample
(X,Y,Z) ~ f(z,y, z), which is modified to produce a typical sample in U, (refer to Algorithm 1)
denoted by (X,Y”, Z). Here, Y’ are the Y -coordinates of a sample (X', Y”, Z’) in Uz such that Z’
is the nearest neighbor of Z. Let us denote the marginal distribution of a typical sample in /5 by

ox,v,z(x,y, 2),1e (X,Y',Z) ~ ¢x v z(x,y, z). Now we are at a position to prove Theorem 1.

Proof of Theorem 1. Let fz/.(2") denote the conditional p.d.f of the variable Z’ (that is the nearest
neighbor of sample Z in Us), conditioned on Z = z. Therefore, the distribution of the new-sample is

given by,

bxv.2(@,9,2) = Fxiz(2) f2(2) / izl f2a(2)dz

“4)

We want to bound the total variational distance between ¢y y.z(x,y,2) and f¢% ,(z,y,2). We

have the following chain:

2% dry (¢, f€1) = /
x,y,z

_ / Fx12(12) fy12(0)2) f2(2)

S/m Ix1z(%|2) fy1z(yl2) fz(2 /’

=[xzl 2@z ( /
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: /‘T’Z’”Zl2|2<e fXM(ﬂZ)fZ(Z)fZ’\Z(Z/) </
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By Pinsker’s inequality, we have:
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By Taylor’s expansion with second-order residual, we have:
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Joe T ful)ay = - LG - 2)

f(yl2")

for some a = Az + (1 — \)z’ where 0 < A < 1.
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Under Assumption 1 and € < €; we have,
(2 = 2)"La(2)(z' — 2) < B2 — 2|l3. (8)

Then, (8), (7), (6) and (5) imply:

2 % dpy (9, fCI) < \/iE[Hz’ — 2oz —<e) + 2P (|2 — z]|2 > €) 9)

We now bound both terms separately. Let Z1, Zs..., Z,, be distributed i.i.d according to f(z). Then,
fz|:(+) is the pdf of the nearest neighbor of z among Z1, ..., Z,.

A.0.1 Bounding the first term

In this section we will use d in place of d, for notational simplicity. Let 4 be the volume of the unit
{5 ball in dimension d. Let S = {z : f(2) > 2 * cqe®}. This implies, that for z € S:

f(2) = ca€® > f(2)/2 (10)

Let 7' = argming, ,, ;|| Z; — z||2 be the random variable which is the nearest neighbor to a point
z among n i.i.d samples Z; drawn from the distribution whose pdf is f(z) that satisfies assumption 2.
Let r(z) = ||z — 2’||2. Let F(r) be the CDF of the random variable R. Since R is a non-negative
random variable,

Erlr()l <] = /

r<e

rdF(r) = [rF(r)]S — / Foyar< [ P(R>ndr (1)

r<e r<e
For any r < ¢, observe that
Pr(R > r) =Pr(di: 2 € B(z,7))

= (1-Pr(Z € B(z,7)))"
< exp(—nPr(Z € B(z,1))) (12)

We have the following chain to bound Pr(Z € B(z,7)). Leta = Az + (1 — A\)t.

Pr(Z € B(z,r)) = f(z)yar?] <

/ (F() — F(2))dt
teB(z,r)

t/ (VFG)T(t— =)+ (t — =) Hy(a)(t - =)t
teB(z,r)

IN

teB(z,r

max HHfUHbL/ It — =|2dt
(z.m) teB(z,r)
< caryar®? (13)

By putting together (11),(12) and(13), we have:
mmmmqhuﬁ(/ fmwwwwﬁw)+d&y
r<e

< l,es / e_?w‘lf(z)"ddT) + €l ,cge
r<e

67t
© < t<invyqf(z)ed d[%”’)’df(z)]l/d *

91/d
d(n’ydf(z))l/dr(l/d)) + E]lzesc
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Therefore, the first term in bounded by:

E(ll2" = 2ll2Lj2r—sj,<e] < Ez [Er[r(2)Lr<c]] (14)
21/d
<Ez Wf(l/d) +elzese (15)
3 21/
< mm/d) +ex G (2cq4¢%) (16)
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A.0.2 Bounding the second term
‘We now bound the second term as follows:

Pr(||z — 2'||2 > €) < Ez[Pr(R > ¢)]

< EZ |:]lz€5' exp <—W):| +PY(Z € SC)

< exp (—n7d0d6d+2/2) +G (20d62)

Substituting in (9), we have:

2% dry (g fCI) < \/503 >|<21/dl"(1/d) BeG (2¢4€?)

4" (nya)'/dd T 2o (Snyacae™?/2) +2G (2cae”)

Substitute d, in place of d to recover Theorem 1.

B Generalization Error Bounds on Classification

In this section, we will prove generalization error bounds for our classification problem in Algorithm 2.
Note the samples in I/} are not i.i.d, so standard risk bounds do not hold. We will leverage a spatial
near independence property to provide generalization bounds under non-i.i.d samples. In what

follows, we will prove the results for any bounded loss function L(g(u),¢) < |L|. Let S £ D, i..,

the set of training samples. For 1 < i < 3,let Z; = {z: (z,y, 2) € U;}. Let Z = Z; U Z,. Observe
that

Ry(gs) < Ry(gy) + QSIEIFQ)(RS(Q) — Ry(9)), (18)

and hence in the rest of the section we upper bound sup,c(Rs(g) — R4(g)). To this end, we define
conditional risk Rs(g|Z) as

1
Rs(9|2) £ - > E[L(g(u), 0)|Z).
(u,0)€eS
By triangle inequality,
sup(Rs(g) — Rq(g)) < sup(Rs(g) — Rs(g|2)) + sup(Rs(g|Z) — Rq(g))- (19)
geSG 9€eG 9geG
We first bound the second term in the right hand side of Equation (19) in the next lemma.

Lemma 1. With probability at least 1 — 9,

1% 2log(1/6)
zleug)(Rs(gIZ) — Ry(9)) < LIC\/:Jr 1L —

where V is the VC dimension of the classification model.
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Proof. For a sample u = (z,y, z), observe that Z — z — u forms a Markov chain. Hence,
E[L(g(u), 0)|Z] = E[L(g(u), £)|Z].
Let
WZ) = E[L(g(u),€)|Z] (20)
Hence,
1
Rs(9l2) = Rylg) = 3" h(Z) — Ey[n(2)].

z€EZ

The above term is the average of n independent random variables ~(Z) and hence we can apply
standard tools from learning theory [4] to obtain

Vi [210g(1/6)
ilelg(Rs(g\Z) — Ry(9)) < ILIC\/:Jr |L] —

where V}, is the VC dimension of the class of models of h. The lemma follows from the fact that VC
dimension of h is smaller than the VC dimension of the underlying classification model. O

We next bound the first term in the RHS of Equation (19). Proof is given in Appendix B.1.

Lemma 2. Let € > 0. If the Hessian of the density f(z)and the Lipscitz constant of the same is
bounded, then with probability at least 1 — 76,

og(n 1/3 og(n 0. €
sup(Rs(g) — Ral9]2)) < |T) <ﬁ+ 1og1> <(1 Suly 4y Lo (n/0) + 001/ ))

9€9 J n n

+[L|G(e). Q1

Lemmas 1 and 2, together with Equations (18) and (19) yield the following theorem.

Theorem 3. Let ¢ > 0. If the Hessian and the Lipscitz constant of f(z) is bounded, then with
probability at least 1 — 86,

ogin 1/3 ogln O. €
Ry(§) < Ry(g?)+cl Ll ((Wﬂ/log;) ((lﬂnﬂs)) +\/4d1 B0/ + 0l )) +G(E))7

(22)

where c is a universal constant and § is the minimizer in Step 6 of Algorithm 2.

B.1 Proof of Lemma 2

We need few definitions to prove Lemma 2. For a point z, let B,,(z) be a ball around it such that

2

log &
Pr Z € Bn z)) = b 2
P (ZeB,(2) =%

Q-

Intuitively, with high probability the nearest neighbor of each sample z lies in B,,(z). We formalize
it in the next lemma.

Lemma 3. With probability > 1 — ¢, the nearest neighbor of each sample z € Z5 in Zs lie in B(z).

Proof. The probability that none of Z3 appears in B(z) is 1 — (1 — a,)™ < §/n. The lemma follows
by the union bound. O

We now bound the probability that the the nearest neighbor balls B, () intersect for two samples.

Lemma 4. Let € > 0. If the Hessian of the density ( f(2)) is bounded by c and the Lipschitz constant
is bounded by , then for any given z; such that f(z1) > € and a sample z5 ~ f,

Pr (B,(21) N Bu(22) # 0) < B 2 4%, (1 + 0,,(1/€)).

22~ f
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Proof. Let r,,(z) denote the radius of B, (z). Let B(z,r) denote the ball of radius r around z and
V(z,r) be its volume. We can rewrite 3,, as

= Pr(By,(21) N Bu(22) # 0)
= Pr(B(21) N Bp(22) # 0,3r,(21) > rn(22)) + Pr(Bp(z1) N Bp(22) # 0,3r,(21) < ra(22)).
We first bound the first term. Note that

/ f(2dZ = ay,
ZIEBH(Z)

Hence, by Taylor’s series expansion and the bound on Hessian yields,
an = / f(Z)de' =V (z,m,(2)) (f(z) + O(r2(2)c)) .
Z,eBn(z)

Similarly,
Pr(2 € V(z,4r,(2))) = V(z,4rn(2)) (f(2) + O(9r2(2)c))
= 4%, (1 + 0,(1/€)),
where the last equality follows from the fact that V (2, 47,(2))/V (z,7,(2)) = 4% in d dimensions.
Then the first term can be bounded as

Pr(Bn(Zl) N Bn(ZQ) 7é Q)a 3T71(21) Z rn(ZQ))

Pr(ze € B(z1,7mn(21) + rn(22)), 3rn(z1) > rn(22))
(22 € B(#1,4rn(21)),3rn(21) > rn(22))

(22 € B(z1,4r,(21)))

an(1+ o0,(1/€)).

To bound the second term, observe that if B,,(z1) N By, (22) # 0 and 3r,,(21) < 7, (22). There exists
a point 2’ on the line joining z; and 29 at distance 3r,,(z) from z; such that

Pr(z” € B(2',3rn(21))) < an.
As before bound on the Hessian yields,

an > V(2,3 (20)(f(2)) — O9r2 (21)c)).

Pr
Pr
4d

ININ DA

Hence,
<37 f(2) + O(r2(2)c)) + O(9r2 (z1)c).
> f(z) — 3rp(2z1)v and ,,(21) — 0. Hence, a contradiction. Thus

")
Pr(Bp(z1) N Bp(z2) # 0,3r,(21) < rn(22)) = 0.

f()

However, f(z) > e and f(z

O

Consider the graph on indices [n], such that two indices are connected if and only if B, (z;) N
B (zj) # 0, f(z1) > €, f(22) > €. Let A(Z}") be the maximum degree of the resulting graph. We
first show that the maximum degree of this graph is small.

Lemma 5. With probability > 1 — 6,
A(Z7') < 4nf.

Proof. Forindex 1, by Lemma 4 that probability of j points intersect is at most

J

> (7)eaa- s,

i=0
Hence, the degree of vertex 1 is dominated by a binomial distribution with parameters n and /3,,. The
lemma follows from the union bound and the Chernoff bound. O

Let & > 2A(Z7) and Sy, S1,S2...Sk be k independent sets of the above graph such that

max;>1 |S:| < 2n/k. Note that such independent sets exists by Lemma 10. We set the exact
value of k later. Let Sy contains all indices such that f(z;) < e.
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Lemma 6. With probability > 1 — §,

1
|So| < nG(e) + 4/nlog 5

Proof. Observe that | Sp| is the sum of n independent random variables and changing any of them
changes Sy by at most 1. The lemma follows by McDiarmid’s inequality. O

We can upper bound the LHS in Equation (21) as

sup(Rs(0) = Rolo12)) £ Y- Sl sup o 37 (Lo, ) = HZ) + 2L

Let N(Z;) denote the number of elements of Z3 that are in B(Z;) and Let A; be always true if
Z; € Z; and otherwise A; be the event such that nearest neighbor of samples in N (Z;) > 0. We first
show the following inequality.

Lemma 7. With probability > 1 — 6, for all sets S.

sup §t| 3, (Blofu). ) = hZ0) = sup St 3 L (Hla(), ) = 20

9€g geg
Proof. Let X; = (L(g(ui), 4;) — h(Zi)) and Observe that LHS can be written as

sup — X; =sup — Xila, +sup —~ (X; — X;1a4,).
9€G |5t| Z 9€G |5t| Z 9€6 |5t| Zezst

If the conditions of Lemma 3 hold, the nearest sample of Z;’s lie within B,,(Z;). Hence, with
probability > 1 — §, the second term is 0. Hence the lemma. O

Let 7 be defined as follows.
r(Zi, Ni) 2 E[1a, (L(g(us), £i) — h(Z:)) IN(Z;) = Ni.

Observe that

D La, (Llg(u), ) = W(Z)) IN(Z1), ... N(Zn)

1€ESy

= > Ela, (L(g(ui), ;) — h(Z:)) IN(Z1), ... N(Z)]
1€ES

= Z E[La, (L(g(wi), €;) — h(Z;)) |N(Z;)]
i€ESt

= r(Zi, \y). (23)

i€St

Hence, we can split the term as

Sup ISt| Z La, (L(g(ui), €;) — h(Z;))

geg
< sup 1a, (L(g(us Z;y,N(Z;))) + sup la, (r(Z;, N(Z h(Z;
sup g 22 L (BAa(00, ) = 2 N(Z) + 500 75y 31 ) = h(Z)
(24)

Given {Z;, N(Z;)}, the first term in the RHS of the Equation (24) is a function of |S;| independent
random variables as 14, * L(g(u;), £;) are mutually independent given {Z;, N(Z;)}. Thus we can
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use standard tools from VC dimension theory and state that with probability > 1 — §, the first term in
the RHS of Equation (24) can be upper bounded as

log(1/4)

v
sup o 3 L, (Llg(). ) = 7(Z0 N(Z0) < LI 1 + |21y |25

9€9 i€St |S |
conditioned on {Z;, N(Z;)}

To bound the second term in the RHS of Equation (24), observe that unlike the first term, the N (Z;)s
are dependent on each other. However note that N (Z1), ... N(Z|g,|) are distributed according to
multinomial distribution with parameters n and «,,. However, if we replace them by independent
Poisson distributed N (Z;)s we expect the value not to change. We formalize it by total variation
distance. By Lemma 9, the total variation distance between a multinomial distribution and product of
Poisson distributions is

O(|St]on),

and hence any bound holds in the second distribution holds in the first one with an additional penalty
of

O (|Stlan|L]) -
Under the new independent sampling distribution, again the samples are independent and we can use
standard tools from VC dimension and hence, with probability > 1 — §, the term is upper bounded by

Vv iy log(l/é).
[EA |St]

Hence, summing over all the bounds, we get

k 1
sup(Rs(g) — Ra(912)) < |[LIO | =2+ =5 T Ts onl
sup(Rs(0) = Ralsl2)) < |21O | S+ 3058 ({58 oy + i
log 1
<|Ljo mq+¢w<%%'+mf>+am®ﬂ&H- =3
n n
log 1
<|Ljo \/E<\/E+Cf>+an \/?5
n k n

conditioned on Z;, N(Z;) Choose k = na?/ 34 8n [, and note that the conditioning can be removed
as the term on the r.h.s are constants.This yields the result. The error probability follows by the union
bound.

Theorem 4. Assume the conditions for Theorem 3. Suppose the loss is L(g(u),£) = 1402
(s.t |[L| < 1). Further suppose the class of classifying function is such that R,(g;) < ro + 7.

ILIC

Here, 1o = 0.5(1 — drv (q(z,y, 2|1), q(x,y, 2|0))) is the risk of the Bayes optimal classifier when
P(¢ = 1) = P(¢{ = 0). This is the best loss that any classifier can achieve for this classification
problem [4]. Under this setting, w.p at least 1 — 86 we have:

1

L) - M < Ry(es) < L (- arv (£ £9) +

b(n)

5t m

Proof. Assume the bounds of Theorem 3 holds which happens w.p at least 1 — 8J. From Theorem 3
we have that

Ry(9s) < Rq(gq) + n- (25)
Also, note that from Theorem 1 we have the following:

dTV(Q(‘ra Y, Z|1)7Q(Iayﬂ Z|0)) = dTV(¢a f)
<drv (¢, f1) + drv (£, f)

< b(n) +drv (F1, f) (26)
Under our assumption we have Rq(g;) < rg + 1. Combining this with (25) and (26) we get the r.h.s.

For, the 1.hs note that Rq(g;) > rg as the bayes optimal classifier has the lowest risk. We can now
use (26) to prove the Lh.s. O
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C Tools from probability and graph theory

Lemma 8 (McDiarmid’s inequality [20]). Let X1, X5, ... X,, be m independent random variables
and f be a function from 3} — R such that changing any one of the X;s changes the function f at
most by c;, then

Pr(f — E[f] > ©) < exp (Z}iz) |

Lemma 9 (Special case of Theorem 1 in [25]). Let f,, be the multinomial distribution with

parameters n and p1, pa, ... Pk, 1 — Zle Di, and f, be the product of Poisson distributions with
mean np; for i < 1 < k, then

k
dTV(fmv fs) S 8.8 Zpi~
i=1
Lemma 10. For a graph with maximum degree /\, there exists a set of independent sets Sy, Sa, ... Sk
such that k > 2 and

| < .
nax |Si| < 2n/k

Proof. We show that the following algorithm yields a coloring (and hence independent sets) with the
required property.

Let 1,2,...k be k colors, where k > 2A. We arbitrarily order the nodes, and sequentially color
nodes with a currently least used color from among the ones not used by its neighbors. Consider the
point in time when 7 nodes have been colored, and we evaluate the options for the (i + 1)** node.
The number of possible choices of color for that node is ¢ > k& — A. Out these c colors, the average
number of nodes belonging to each color at this point is at-most 7/c. Therefore by pigeonholing, the
minimum is less than the average; thus the number of nodes belonging to chosen color is no larger
thani/c <i/(k — A).

Hence at the end when all n nodes are colored, each color has been used no more than (n — 1)/(k —
A)+1<2n/k. O

19



