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Exploiting geometric structure in mixture proportion estimation with
generalised Blanchard-Lee-Scott estimators
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Abstract

Mixture proportion estimation is a building block in many weakly supervised classification tasks
(missing labels, label noise, anomaly detection). Estimators with finite sample guarantees help
analyse algorithms for such tasks, but so far only exist for Euclidean and Hilbert space data. We
generalise the framework of Blanchard, Lee and Scott to allow extensions to other data types, and
exemplify its use by deducing novel estimators for metric space data, and for randomly compressed
Euclidean data — both of which make use of favourable geometry to tighten guarantees. Finally we
demonstrate a theoretical link with the state of the art estimator specialised for Hilbert space data.
Keywords: Mixture proportion estimation, metric spaces, covering dimension, random projec-
tions, Gaussian width.

1. Introduction and background

The problem of mixture proportion estimation (MPE) is as follows: Suppose that there are three
Borel probability measures F', G and H supported on a topological space X" and some x € [0, 1]
with

F=(1-k)-G+k-H.

The learner is given access to i.i.d. samples from H and F’ only:
iid. iid.
X3, X0 H, Xt X

and the goal is to estimate .

This problem was studied by Blanchard, Lee and Scott in their seminal work on semi-supervised
novelty detection Blanchard et al. (2010), and more recently by Blanchard et al. (2016) for classi-
fication with label noise. As noted there, the problem is ill-defined without assumptions — indeed,
if for some x € [0, 1] there exists a distribution G such that F' = (1 — k) - G + « - H then for any
k € (0, k) there exists another distribution G such that F' = (1-Fk)- G + & - H. Since the learner
is only in possession of data from F' and H (and not 3) they are unable to distinguish between
and k. The authors then introduce a minimal assumption (irreducibility condition) that allows them
to devise a consistent estimator. However they also prove that the convergence of gy s to x may be
arbitrarily slow (Blanchard et al., 2010, Corollary 10) without stronger assumptions.

Irreducibility condition 1 We say that (G, H) satisfies the irreducibility condition if for any vy €
[0, 1] and distribution I with G =~y - H + (1 — ~y) - I we must have vy = 0.

© 2019 H.W.J. Reeve & A. Kaban.



GEOMETRIC STRUCTURE IN MIXTURE PROPORTION ESTIMATION

The construction of Aprgs is as follows. Take a sequence of subsets of X (Sy) ren With respective
VC dimensions (V) zen- The Blanchard-Lee-Scott estimator ApLs for x is defined by

N . . . . Fn1(5)+6VC(Vk767n1)
kpLs = min ¢ inf ¢ inf -
F] 595 | (o) — eve(Vis 0,m0)
Jr

1

where

eve(q,d,n) = \/Sq log(2en/q) + 8log(4/0)

n

is a quantity constructed to be a high probability (1 — &) uniform upper bound on the deviation
between the probability of a set of VC dimension ¢ and its empirical measure under an i.i.d. sample
(see (Mohri et al., 2012, Chapter 3)).

The first condition that allows a rate of convergence of 4y s to « is due to Scott (2015).

Irreducibility condition 2 We say that (G, H) satisfies Scott’s irreducibility condition if supp(H) ¢
supp(G).

In particular, there must be some open ball B C R? with H(B) > 0 and G(B) = 0. Let B; denote
the set of all open Euclidean balls in R?. In the presence of condition 2 it suffices to consider the
following simplified variant of the Blanchard-Lee-Scott estimator due to Scott (2015),

N Fo,(B) + eve(d+ 1,6,n1)
Rscott = min < inf -
BeBg (Hng(B) —Evc(d+ 1,(5, TZO)>+

Theorem 1 (Scott (2015)) Suppose that (G, H) satisfies Scott’s irreducibility condition (2), with
v = supgep, {H(B) : G(B) = 0}. Then, with probability at least 1 — 6, we have

. 8 .
K< Rseon < K+ ~eve (d+ 1,6, min{ng,n1}).

The work of Scott (2015) concerned convergence rates, treating d as constant. This is of course
impractical for large d. A more practical estimator with the same convergence rate, specialised for
reproducing kernel Hilbert space, was proposed in Ramaswamy et al. (2016) under quite different
condition — we shall discuss this in a later section. Other approaches to MPE type problems assume
the availability of some additional information or data, these are outside our scope here.

From a theoretical perspective, we observe that the BLS estimator lends itself to extensions
to other probability spaces / data types in principle — including types that would incur too much
distortion to embed into a Hilbert space, for instance metric space data that has applications in
computer vision (Gottlieb and Kontorovich, 2014). We shall generalise the framework in Section 2,
and instantiate it in Sections 2 and 3, where we develop dimension-free uniform deviation bounds
exploiting favourable geometry. The final section will establish a connection with the approach in
Ramaswamy et al. (2016).
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2. Generalised Blanchard-Lee-Scott estimators

This section gives a construction to convert any uniform deviation bound into an BLS-type mixture
proportion estimator with a quantified estimation error, in a generic abstract setting. Let X’ be
a topological space. Let G, H, F' be Borel probability measures on X, and x € [0, 1] such that
F=(1-k)-G+k-H.

Given a Borel probability measure () on X', we let Q™ denote the corresponding product measure
on X™. Equivalently, Q™ denotes the probability measure over random samples {X i}z‘e[n} where

X are sampled i.i.d. from Q). Let Qn denote the corresponding empirical measure defined for Borel
sets S C X, thatis Qn(S) = 5 Yo,cp, 1 {X" € S}.

Definition 1 (Uniform deviation) Given a set 2 of real-valued Borel functions on X, we define
foreach § € (0,1) andn € N,

6 <t {e>0:0" g f - fonl}> ] <or2}

Theorem 2 (Generalised Blanchard-Lee-Scott estimators) Let (§);) . be a sequence of dis-
joint classes of Borel functions, along with a sequence (d4) qen C 0,1). Suppose that €, :
N x N — (0,00) is a function such that for every q,n € N we have €,,i(€q, 04, 1) < €(q,n).
Fix p € [0,1],v € (0,1] and q. € N. Suppose we have two i.i.d. samples {X{}icjn,) ~ H™ and
{X1}icma) ~ F™ and let Q. C [0, 00)¥ N U, en g be a random (possibly data dependent) subset
of [0,00)* N Uyen g Suppose that with probability at least 1 — 6. there exists w, € Q. N €Yy, that
satisfies [ w,.dG < pand [ w.dH > v. We define the following estimator:

dE,, + (g,
RgprLs = min ¢ inf inf Jw —m + €x(q,m1) 1
o (f OL}deno - 6*(%’00))
+

Then, with probability at least 1 — 0, — Y 04 we have

qeN

. 8
k < koprs < K+ % + (1 + 5) o max {€(gx, n0), €x(gx,n1)} .

To use this theorem, one needs to choose the space X, specify the (sequence of) function class(es)
(Qg) e together with a convergent sequence of failure probabilities (dq) ¢y that allow uniform
deviation bounds €, (g, n) and then choose €. In contexts where functions are represented through
a sample, we may specify a nonzero value for d,.

Before giving the proof, let us illustrate the working of Theorem 2 by deducing from it a version
of Theorem 1 that shows that it exhibits graceful degradation with the violation of its condition. To
this end, consider the following relaxation of Scott’s irreducibility condition (2):

Irreducibility condition 3 We say that (G, H) satisfies the relaxed irreducibility condition with
constants . € [0,1],v € (0,1], if there exists an open ball B € B, such that G(B) < u and
H(B)>w.
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Corollary 3 (to Theorem 2) Suppose that (G, H) satisfies the relaxed irreducibility condition (3),
with constants i, v. Then, with probability at least 1 — 6§, we have

N 8 .
K < KScot < K+ % + (1 + %) : > . Evc(d+ 1,5,m1n{n0,n1}) .

Proof [Proof of Corollary 3] We let 21 = €2, be By, the set of indicator functions for open balls
in R%. This set has VC dimension d 4+ 1 (Dudley, 1979). For ¢ > 1 we let Q; = 0and 0, =
0. Hence, we may take €, (¢,n) = eyc (d + 1,d,n). By standard results in VC theory we have
emi(Q1,01,1n) < €.(1,n) for all w € Q, (Mohri et al., 2012, Chapter 3). Let §, = 0. Under
these conditions Ascort = AgeLs. Moreover, the relaxed irreducibility condition (3) entails that the
assumptions of Theorem 2 apply. This completes the proof. |

2.1. Proof of Theorem 2

To prove Theorem 2 we require the following lemma.

Lemma 4 Suppose that we have functions f,g,h : W — [0,00) such that for some k € [0, 1]
we have f(w) = (1 — k) - g(w) + & - h(w). Suppose further that there exits error functions
ef.€en @ W — (0,00) along with approximation functions f h:W — [0, 1] such that for all
w € W we have

fw) = f@)] < @) Jhw) = h(w)] < enw).

In addition we define,

K (f, ﬁ) = min{ inf fw) + es(w)

- 1
| (hw) —enw)) |

Then letting e(w) = max {ef(w), ex(w)},

< (1) < ing {20 e [1, S0 S]]

Proof We begin by showing that x < & (f, B) Take w € W. If h(w) > e, (w) then

fw)+estw) _ fw) begw) | gw) o el
(hw) —eafw)) | ) —enfu) ~ ) PO ) 2
On the other hand, if 2(w) < €, (w) then
fw) +ep(w) oo >

(hw) = enw))
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Hence, given that x < 1 we have

TN fw) +ef(w)
K(f,h) = min< inf -
< ) weWw (h(w) _ 6h(w))+

To prove the second inequality we first fix w € W. Suppose first that h(w) < 4 - ¢(w). Then
we have

he1 <) W) { | f(w)} 8e(w)

since f(w), h(w) > 0. Now suppose h(w) > 4 - e(w). Then since |h(w) — h(w)| < en(w) < e(w)
we must have

Thus, we have

< A —I—max{l,iZEZj;} . 8;((;0))

Taking the infimum over all w € W completes the proof of the lemma. |

We shall now prove Theorem 2 by deploying Lemma 4.
Proof [Proof of Theorem 2] By Definition 1 we see that for each ¢ € N with probability at least
1 — 4, the following holds uniformly for all w € €2,

‘/Wdﬁno - /WdH' < €uni (quéqano) < 5*(%”0) (D

‘/Wdﬁ‘nl - /WdF‘ < €uni (Qqaéqanl) < 6*(%”1)'

Let’s assume that (1) holds uniformly over all w € Q, C (J geN 4, and w, € Q, N, satisfies
f wsdG < p and f wxdH > v. By the union bound this holds with probability at least 1 — d, —
>_qen 0. We can then apply Lemma 4 with W = Q,, f(w) = JwdF, g(w) = [wdG, h(w) =
[wdH and f(w) = [wdF,,, h(w) = [wdH,,. In addition for w € Q,, ex(w) = €(g, n0),
ef(w) = €x(g,n1). Note that €, €; are well defined since the classes {€24},  are pair-wise

disjoint. It follows that the conditions of Lemma 4 are satisfied with ZgpLs = &( f , B) Hence, it
follows from Lemma 4 that

. ) ) J wdF JwdF\ 8max{e.(q,no),ex(g,m1)}
< < . .
o < Ropis < Iof {weslzrifmq { Twdr T\ b Todm [wdH
2
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Moreover w, € 2, N, satisfies [ w,dG < pand [w.dH > v. It follows that

[ widF J wedG i
= 1—k)- <1+~
[ w.dH kit (1-k) Jw.dH ~ + v
Plugging this into eq. (2), with g, selected for ¢ and w, for w, we have w.p. 1 — §, — quN 04 that:
R wydF fw*dF 8 max{e,(qx,n0), €x(qs, 1)}
< < 1 .
RS NGBS S T T max{ " [wedH [w.dH

) ( :“) :
< ~ 1 (. - —_ * *y s Cx k9 .
—ﬁ+u+ +y 1/ max {€.(q«, n0), €x(qx,n1) }
|

The next sections instantiate Theorem 2 in more interesting scenarios, where we obtain new
estimators that exploit favourable geometry. To this end we introduce the following definition.

Irreducibility condition 4 We say that (G, H) satisfies the relaxed irreducibility condition with
margin, if there exist u € [0,1],v, A € (0,1], and xp € X, 19 > 0 such that G (B (zg,70 + \)) < p
and H (B (x0,70)) > v. If so, we say the ordered pair (xo,79) € X % (0, 00) witnesses the relaxed
irreducibility condition with margin.

We point out that the newly introduced parameter )\, a latent margin, is crucial for our purposes,
while p is inessential and can be simply put to 0 throughout if one is only interested in consistent
estimators. In addition, p will facilitate the link to Ramaswamy et al. (2016) in Section 5.

3. Example: MPE on a metric space with finite covering dimension

Consider a metric space (X, p) with finite diameter diam(X’) < oo with finite covering dimension
i.e. there exists constants dimgoy (X'), Cix > 0 such that for all e > 0 we have,

M, (X,€) < Cy - e dimeor() 3)

where M, (X, €) = min {m € N: I} jepm) such that X C U, By (25, e)}

Note that the assumption of finite covering dimension (3) is strictly weaker than the doubling
assumption which has received a lot of interest in statistical learning (Gottlieb and Kontorovich
(2014)). Examples of metric spaces which are doubling (and hence satisfy eq. (3)) include data
whose natural metric is the edit distance, or the earth-mover distance. In this section we obtain
the first MPE for general metric data. As we shall see, it exhibits the same convergence rate as
Scott’s estimator did for Euclidean data, but with the covering dimension dimcqy (X') in place of
the Euclidean dimension d. In particular, this means that if F' is known to be supported on a subset
X C R? with low covering dimension dimgoy (X)) < d, such as a low-dimensional manifold in a
high-dimensional feature space, then the bound takes advantage of this low geometric complexity.

The uniform deviation bound required for applying our Theorem 2 will be obtained by Rademacher
analysis of carefully designed function class, as follows. For each g € X, rg > 0 define
B, (xo,1m0) = {2 € X : p(z,20) < 7o} to be the open ball and g, : X — R as the signed
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distance to the surface of the metric ball g, r, () = p(z, zo) — 0.
Further, let ®; : R — [0, 1] be the following 1-Lipschitz function:

1 if 2z <0
Di(z) =c1—2 if0<2<1
0 ifz>1.

Now, for each ¢ € N we define
Q= {P1(q" gaoiro) : w0 € X, 70 € [0, diam(X)]} .

to form our sequence of function classes. These functions are g-Lipschitz in g, so we are able to
bound the Rademacher complexity of each class §2,:

Lemma 5 Foreachq €N, 6 € (0,1), n € N, we have

1 dime,, (X 1 log(2/6
€uni (Qg,8,m) < 43 - (2C xdiam( X)) T 3777 -q~\/ e () 1 +\/ oe2/0)

The proof uses Talagrand’s contraction lemma, and Dudley inequality (see Appendix B).
Remarkably, this deviation bound has a convergence rate of order n~'/2 — we note that for learn-
ing on metric spaces, previous work only considered the larger class of all g-Lipschitz functions, for
which such rate was only obtained in the large sample regime through fat shattering based analysis
(Gottlieb and Kontorovich (2014)), which is not applicable here as we need both upper and lower
bounds on the uniform deviation in the estimator.
We now construct our estimator 4y as follows. For each § € (0, 1) and ¢,n € N we define

1 imeoy (X 1 log(4
ex(q,8,n) = 43 - (2CXdiam(X))dimcovl(X)+1 q- \/dlm()"" + \/q—i—zg(/&)’
n n

so that, by Lemma 5 and a union bound we have €;y; (Qq, 52791 n) <ex(q,0,n) forall ¢ € N.
We define iy by

N . . . f(I)l (q‘gmo,ro)an1 + €ex (%5,711)
Rx = min , inf -
z0€{X{};€n,1-r0€[0,diam(X)],q€N (f D1 (¢ Gag.ro) AHny — €x (g, 9, no))
+

Combining Lemma 5 with Theorem 2 gives the following bound.

Theorem 6 Suppose that we have a bounded metric space (X, p) with finite covering dimension

(3). Suppose further that (G, H) satisfy the relaxed irreducibility with margin condition (4), with
constants i € [0,1],v, A € (0, 1] and witnessed by (xq, o). Suppose thatny > log(2/0)/F (B(xzo, \/3)).
Then, with probability at least 1 — 9, we have

HS/%GBLSgH—FH-F(l‘FH)'
14 1%

R | oo

~ex ([3/A],9, min{ng,n1}).
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Proof [Proof of Theorem 6] For each ¢ € N we define §; = ¢ - 279! and we defined ¢, : N> —
(0,00) by €.(q,n) = ex(gq,0,n). Lemma 5 implies that for every w € €, eui (g, 64,1) <
€+(q,n). To complete the proof we must show that it suffices to consider functions parameterised

by points within the sample {X{} . To see this, let 0, = §/2, and let Q2 C quN , be the

JE€n]
set

0, = {‘131 <q . gX{,ro) tx0 € X, 1o € [0,diam(X)],q € N,j € [nl]}

Now take z¢g € X, rg > 0 such that G (B (xo,70 + \)) < pand H (B (x0,70)) > v and ny >
log(2/0)/F (B(xzo,\/3)). If u = 1 the theorem is trivial, so we may assume that ;1 < 1, which in
turn implies that ro + A < diam(X’) since G (B (o, 70 + X)) < p. It follows that with probability
at least 1 — /2 = 1 — 4., that for some j € [n;] we have X{ € B(zp,A/3). This in turn

implies that G (B (X{, (ro+A/3) + A/S)) < pand H (B (Xf,ro + )\/3)) > v. Hence, wy, =
Dy ([3/)\] 'gX{,ro+A/3) satisfies [w.dG < pand [ w,dH > v. Thus, we may deduce the result
from Theorem 2. u

4. Example: MPE with random projections

For this section, we consider the special case of X' C R<, where X need not be bounded. We develop
a compressive approach to MPE, whereby the data is only assumed to be available in randomly
projected form. Random projections (RP) are a powerful tool for overcoming the computational
challenges of high dimensional data, with a natural ability to exploit fortuitous geometry. In the
same spirit as the covering dimension replaced the ambient dimension d in the previous section,
here the squared Gaussian width Liaw et al. (2017) of an appropriate bounded subset of X will play
this role. Moreover, the estimator in this section can work without prior knowledge of this quantity.
For a set T' the Gaussian width is defined as:

w(T) =Eguno,1,) Egg{@,@}] :

We also let rad (T') = sup,er {||z|/2} denote the radius of T".
Recall that a random variable Z is said to be sub-Gaussian if it has finite Orlicz norm:

12|, = inf {K >0:E [exp (|Z]?/K?)] <2}.

The Orlicz norm of a random vector W € R% s [[W1]y, = sup {H(VV, w|y, u€ Sd_l}, and for

random matrices M € R¥*9 it is defined as [ M]], = max;cp {HMﬂ |w2}, where M. denotes

the ith row of M. A random matrix M € R¥*9 is said to be isotropic if every row M;. of M satisfies
E [M M;] = Iyand || M]]], < K.
Conditional on the RP matrix M € R**?, we have two i.i.d. compressive samples :

M(X(), -+, M(Xp) " H o M~ M(X1), - M(X) "™ FoM,
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With these preliminaries in place, we first give Lemma 8, which shows that the relaxed irre-
ducibility with margin condition (4) in the original space ensures the relaxed irreducibility condi-
tion (3) in the compressed space. We then construct the compressive MPE in Theorem 9 by an
appropriate specialisation of Theorem 2.

Definition 2 (Projection onto a ball) Given x € RY, r > 0 we define P, : R? — B(z,7) to be
the map from points z € RY to the closest point within B(z,7), i.e.

P (2) :x—l—min{r 1} (2 —x).

Iz — (]2’
We extend the definition to sets A C R by By (A) = {Po.(2) : 2 € A}.

We will also need the following result of Liaw et al. Liaw et al. (2017).

Theorem 7 (Liaw et al. (2017)) There exists a universal constant Cpiq,, > 1 such that the follow-
ing holds. Given any random projection matrix M, which is both isotropic and sub-Gaussian with
[[M]]y, < K, along witha set T' C R and some & > 0, with probability at least 1 — § we have

zgg{)anuQ V- 2]z } < Cria - K2 (w(T) + /10g(1/0) - rad (T)) .

Lemma 8 Suppose that (G, H) satisfies the relaxed irreducibility with margin condition (4), with
constants i, v, \, witnessed by (zo,ro) € X x (0,00). Suppose that k € [d] satisfies

2
k> (f\ ’ CLiaw . K2 : (w (mxo,v'o-‘r}\ (SMPP(F))) + 10g(2/5) ' (TO + /\)>> ’ @

where Cliay is a universal constant. Suppose that M : R — RF is a random projection which
is both isotropic and sub-Gaussian with ||M||,, < K. Then, with probability at least 1 — §,
(G oM Y HoM *1) satisfies the relaxed irreducibility condition (3), with constants i, v.

Proof [Proof of Lemma 8] Firstly, since (G, H) satisfies the relaxed irreducibility with margin con-
dition (4), with constants y, v, A, witnessed by (xg, 7o) € X' x(0,00), we have G (B (xg, 70 + A)) <
wand H (Bg (zo,7r0)) > V.

LetT = {= =y — 20 : y € Bagrosr (Upp(F))} 50 that w(T) = w (Byyrp 41 (supp(F))) and
rad (T') < 79 + A. Hence, by Liaw’s theorem (Theorem 7) with probability at least 1 — ¢ over M
we have

TS LTSRS RN S PR ARR)

Zeq3:co,r0+)\ (supp(F)

< Cuion K* (w(T) + Viog1/8) - 1ad (1)) < V-5, ®)

whenever k satisfies eq. (4).
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Let us suppose that eq. (5) holds and take z1 = M(zg) and 11 = Vk - (ro + 3). Now
suppose z € M~ (Bg(z1,71)) Nsupp(G), so M (2) € Bi(x1,71). Now, take 2’ = Py o4 (2) €
PBao.ro (SUpp(F')) and we have:

A
VE- |2 = 3oll2 < M2 = Maolls + V- 5
A

< HMZ—M-%'O||2+\/%§ <\/%.(740_~_A)’

where the second inequality uses the fact that 2’ — 2y = ¢ - (2 — x¢) for some ¢ € [0, 1] and the
third inequality uses the definition of 7. It follows that 2’ = P, ro1a (2) € Ba(zo, 70 + A), so
z € By(xg,m0 + ). Hence, we have

G (MY (B(z1,m))) < G (B(zo,70 + A) < p.

To show the condition on the H measure, take z € B(zg,79) N supp(H) C Py o+ (supp(F)),
then we have

A A
HMZ—M.%OHQS\/%'HZ—CU[)”Q"F\/%'5 <Vk- (7’0—1—2) =r.
Thus, H (M~ (B (x1,7m1))) > H (Ba(wo,70)) > v. Thus, provided (5) holds, G o M~ satisfies
the relaxed irreducibility condition (3) with respect to H o M ~!, with constants i, v. Since (5) holds
with probability at least 1 — ¢ this completes the proof. |

We are now ready to construct our compressive MPE. Consider an ensemble M = (M) keld)

consisting of random projection matrices M, : R¢ — R¥. We assume that for some K > 0 each
random matrix My, is both isotropic and sub-Gaussian with [[My][,, < K. We define a random
ensemble estimator by

3 -1 k-1
frpE (M) = min < min < inf FO (Mk)_l (B) +eve(k+1,6-2 ,n1) a4
keld] | BEBr | (H o (My)™ " (B) —evc(k+1,6-27%1 ng)) 4

Theorem 9 Suppose that (G, H) satisfies the relaxed irreducibility with margin condition (4),
with constants ji,v, A € [0,1]. We let M = (My);c(y where My, : RY — RF is isotropic and
sub-Gaussian with ||Mk||w2 < K, where K > 1. Then, with probability at least 1 — §, we have

W 64

RSI%RPE(M)SR—FE—F(l-F*)‘7'CLiaW-K2‘--
v v/ v-A

log(2e min{ng, n; })

(W (B rr (upp(F))) +2y/108(4/0) - (ro + A +1) ) - \/

min{ng, n;}
Proof [Proof of Theorem 9] For each k € [d] we let

Observe that the sets {2, depend upon the random projections Mj, but not the data. Let k™ be as
in eq. (4), then by Lemma 8 with probability at least 1 — /2, G o (]\Jk*f1 satisfies the relaxed

10
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irreducibility condition (3) with respect to H o (Mj,, )", with constants 4, v. Thus, with probability
at least 1 — 0/2 there exists w, € ), such that f wdG < p and f wxdH > v. Let us assume that
such an w, € (2, exists.
For each k € [d] we let 0, = § - 2%~ and for k > d we let 0, = 0 and Q, = (). Thus, we have
. (k) = {evc (k+1,6-27%1n) fork € [d] ©)
0 for k > d.

For each k € [d], the set i has VC dimension k£ 4+ 1 Dudley (1979), so
€x (k,n) = eyC (k’ + 1,6 - 27]671,77,) > euni(le 5k,n)

For k > d, Q) = 0, s0 €, (k,n) > €ui(Q%, Ok, n) holds vacuously. Observe that with these choices
of (Qk)keN’ (5k)k€N and €4, RGRLS 1S equal to RRPE.

We let Q, = UkeN Q and 6, = 0. Thus, by Theorem 2, provided w, € (), exists, with
probability at least 1 — ), -y > 1 — /2 we have

8
k< hree < K+ E 4 (1 + B) - — - max {ex(K«, n0), €x (ks 1) }
v 14 14
8
Sﬁ‘}‘ﬁ'i‘ (1+E> '*‘6*(1{:*7”*);
v 14 14

where n, = min{ng, n1}. Thus, under the assumption that w, € Q, exists, w.p. 1 — /2, we have

(ki) = eve (ke +1,0-27% 7 n,) (7)
8 log(2en.) 2
< S| B Crian - K2 (w0 (Pag i (supp(F))) +24/10g(4/8) - (ro + A+ 1))

where the inequality follows from plugging in eq. (4) for k.. Moreover, the existence of w, € ),
with [w,dG < pand [w.dH > v holds with probability at least 1 — §/2. Thus, by the union
bound (7) holds w.p. 1 — J. Substituting back in to the bound on ~rpg above completes the proof. H

Finally, for a known value of k that satisfies eq. (4), the estimator simplifies to Scott’s estimator,
applied to the randomly projected data:

Corollary 10 Suppose that (G, H) satisfies the relaxed irreducibility with margin condition (4),
with constants [, v, \, witnessed by (xg,r9) € X x (0,00). Fix k so that eq. (4) holds, and let
M : R* — RF be a random projection which is both isotropic and sub-Gaussian with || M | lpy < K.
Let

oy o M7(B 1,6/2
Rrp(M) = min ¢ inf —m © (B) + eve(k+1,0/2,n1)
BeB;y, (Hno o M—l(B) — Evc(k +1, 5/2’ n0)>
+

Then, with probability at least 1 — 9, we have

7

8
HSI%RP(M)SH—FH-F(l‘F*)'*
14 1% 1%

~eyc (k4 1,6/2, min{ng,n1}).

11
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5. BLS-type methods under Ramaswamy’s Condition

We conclude by demonstrating a theoretical link between the BLS framework and the existing state
of the art approach of Ramaswamy et al. (2016) specialised to reproducing kernel Hilbert spaces.
Specifically, we derive a BLS-type estimator under the assumption of Ramaswamy et al. (2016),
achieving the same guarantees as the specialised method. We refer to our estimator as being of
BLS-type since, whilst it isn’t quite a generalised BLS estimator (Section 2), it is similar in spirit.

In this section we assume the existence of a kernel function k£ : X x X — R which is both
continuous and positive semi-definite. We let Hj denote the associated reproducing kernel Hilbert
space consisting of continuous real valued functions and let || - ||, denote the corresponding norm
(see (Mohri et al., 2012, Chapter 5)). In this setting we shall consider the following irreducibility
condition introduced by Ramaswamy et al. (2016).

Irreducibility condition 5 We say that (G, H) satisfies the relaxed Hilbert space irreducibility
condition with kernel k and constants o > 0,3 > 0 if there exists h € Hy, with ||h|, < 1 such
that

/th < inf {(e)} + 6 < /hdH— .

For each (i1,i2) € {0, 1}? we define a matrix K ;, € R™a*™% by

alb

K = <l<: (Xg;,xg;))

(Gariv) Elnig) X [niy)

In addition we define a matrix K € R(no+n1)x(no+n1) py

Koo Ko
K= .
[KIO Ku]

In addition, we let 1,, € R™ denote an n x 1 vector consisting entirely of 1s. Let us suppose that
for all z € X we have k(z,z) < B2 We define an estimator Ays for  as follows. Firstly, we

let £(6) = 2sup,cy { k:(:n,x)} + /log(10/8)/2, and let A (K) C R"™ ™ denote the set of
vectors § € R™0™ satisfying both §7 K6 < 1 and
_ . _1
ng 1150 [Koo Ko1]0 — min (K0) > £(5)/v/no + (logni)™ 2,
where min (K#) denotes the minimum element of the column vector K6. Finally, we define Apg by

. . . . nl_llgl[KIO K11]9—min (K@) +§((5)/,/n1
Rgs = min{ in —~ , Lo
0eA(K) | ng 11 [Koo Ko1]0 — min (K8) — £(9)/y/no

®)

Theorem 11 Suppose that we have a bounded, continuous and positive semi-definite kernel k and
(G, H) satisfies the relaxed Hilbert space irreducibility condition (5) with constants o > 0, 3 > 0.

2
Suppose further that ng > (M) and

[0}

ny > max {8log(5/6)/ min {(1 _ 1), log (%) } ,exp(16/a2)} .

12
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Then, with probability at least 1 — § we have

K E(6) - QI%fnlsﬁHs§n+f+<1+§>-W%. ©)

In the interest of space, the proof is deferred to Appendix A. Unlike Theorems 6 and 9, Theorem
11 is not a corollary to Theorem 2, owing to the data dependent minimum in the construction of Ays
(9). Two observations are worth noting. Firstly, by comparing the guarantees in (9) with those of the
original estimator of Ramaswamy et al. (2016), we see they are of the same order. Secondly, from
the form of the obtained estimator, eq. (8) we can see that the parameters « and 3 play similar roles
to those of v and p of the previous sections respectively. This suggests that the BLS framework
lends itself to further extensions beyond those obtainable by its original irreducibility condition.

A worthwhile avenue for future work is to extend and instantiate the framework to MPE for
structured data types such as graphs, trees, through semimetric spaces.
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Appendix A. Proof of Theorem 11

Proof [Proof of Theorem 11] Firstly, we let ¢ : X — H;, denote the canonical embedding given by
o(z1)(x2) = k(21,x2) for x1, 29 € X. We define a data dependent mapping w : R™0 "1 — 3, by

wr(@) = > > 9i~n0+j'¢<Xij>'

1€{0,1} j€[n,]

For all § € R"0"™ we have |[wk (0) (%, = VOT K. We also have
/wK(H)dFm = nfl . 151 [KIO KH]Q
/ wic(0)dHy, = ng ' - 12 [Koo Ko1]6.

The Rademacher complexity R, (Hj) of Hj = {h € Hy : ||h][2, < 1} of an average sample of
size n is bounded above by

) SUD,ex { k:(:v,x)}
Rn (Hy) < N0 :
See, for example, (Mohri et al., 2012, Theorem 5.5). Hence, it follows standard Rademacher theory
(Mohri et al., 2012, Theorem 3.1) with probability at least 1 — §/5 the following holds h € ’H}C,

’/hdﬁm - /hdF’ < QSUPIEX%MWC)} + \/log(i?/é) - f/(z% (10)

In particular, for all § € A (K),

Tll_l . 121 [Kl() KU]@ — /wK(Q)dF‘ S @

NG

Similarly, with probability of 1 — 6/5,

; £(9)
hdHp, — | hdH| < ——=. 11
’/ 0 / ‘ >~ \/n—o ( )
In particular, for all § € A (K) we have

nal . 150 [KOO K01]0 — /wK(H)dH‘ < f/(%

Suppose that we have a sample {(f(j, Z) } - generated i.i.d. with each Zi e {0,1} with
JE|In

E [ZJ} =k and

o i) if 20 =
P {XJyZJ] _ e irze =0
H(XY) ifZ/=1.

14
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By the multiplicative Chernoff bound, given the assumption that n; > 8log(5/0)/(1 — k), with
probability at least 1 — ¢ /5 we have # { jeln):2 = 0} > n1(1—k)/2. Moreover, conditioned
on this event then with probability at least 1 — §/5, for all § € A (K) we have

min <{wK 9) (5@)} ) - 2jetn 1 {Za’ = o} - wi () (XJ)
jetml) ~

e 1 {Zj - 0}

2

S/wx(9)dG+§(5)' A= mm

By the union bound this event holds with probability at least 1 —26/5. Now note that ' = (1 — ) -
G+k-H,s0 {X{},cin, and { X7} ;[,,,) share the same distribution. Thus, with probability at least
1 —2§/5 we have,

min (K6) < min ({wK 6 (') }je[n1]>

2

A (12)

< [ wic0)dG +¢0)-
Take h* € Hj, with |22, <1 and
/h*dG < inf {h*(@)} + 5 < /h*dH o
TE
Let h*(z) = h*(z) — infzex {h*(x)}. It follows that
Pxr [°(X) > inf {h*(X)}+ 5+ 5| = Bxur [1°(X) > 5+ 5]
X~ E = pex g| T XMR) =0T
=1-Px~.r [h*(X) < B+ g}

<1-(1—8) - Pyog [B7(X </3+C2y

:H—l—(l—fﬁ)'wag[h >5+g]
[ h*dG — infyex {R*(X)}
B+3

<k+({1—-k)-

<04-/<c+25
a+28

Since n; > log(5/9)/ log (ﬁa;fgﬂ), with probability at least 1 — §/5 we have

min ({h (X{) }je[n1}> < inf {n"(X)} + 8+ % (13)

By the union bound, (10), (11), (12), (13) hold simultaneously with probability at least 1 — §.
Henceforth, we assume that (10), (11), (12), (13) all hold.

15
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By (10), (11), (12), for any # € A (K ) we have

ny 17 [Kip Kuld — min (K6) + £(8)/ i1
ng 1% Koo Ko — min (K6) — £(8)/ /o

0

- J wik (0)dF — min (K0)
~ [wk(0)dH — min (K6)
J wk(#)dG — min (K6)
J wk(#)dH — min (K6)

zfs—u—nm(a)-mN—m.W.

21
fins > K — £(0) - ‘;gl”?

>k+(1—-k)-

Hence,

We now prove the upper bound. We start by following the method of the representer theorem (Mohri
et al., 2012, Theorem 5.4) and choose §* € R™0+™ and f* € span ({wg(f) : § € Rrotmi}yt
so that we can write h* = wg (6*) + f*. Since f* € span ({wk(0): 6 € ]R”OJ”“})L we have
h* (Xf) = wg (6%) <XZ]) fori € {0,1}, j € [n;]. Hence,

w1 o Kl = [0k, < [1edr+e0)/vm

iy L Koo Korlo® = [ edit,, > [ n*at - €6)/ v,
Note also that
< . *\ 3 *
0 < min (K6%) ;Ielgf\% {h*(x)}

— min <{h (X{) }je[mJ ~ inf {*(@)} < B+ %
Combining this with the definition of A* gives
J h*dF — min (K6*) [ h*dG — min (K6*)
[h*dH —min (K6*) " [h*dH — min (K0*)
[ h*dG — inf e {h*(x)} < 20

S e - Gra S

2
In addition, given that ng > (%(5)) we have
nallzo [KO(] Km]@* — min (KG*) - 5(5)/\/770
> /h*dH—2§(5)/\/rT—min (K6%)

> S —2¢(8)/ HOZ%-

a
2
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In particular, since n; > exp(16/a?) we have

ng 1%, Koo Korl6 — min (K0) > €(3)/v/ag + (logmi) %,

so0* € A(K™).
Moreover, piecing the above together we have

nl_llzl [Klo Kll]g* — min (Kg*) + 5(5)/\/771

ny 17 (Koo Ko1]0* — min (K6*) — £(6)//no

< J h*dF — min (K6*) + 2£(0)//n1

= [ h*dH — min (K6*) — 2£(5)//no
[ h*dF — min (K6*) N (1 N [ h*dF — min (K6*) ) . 2£(8)/+/min{ng,n1}

~ [ h*dH — min (K6*) [ h*dH — min (K6*) ) [ h*dH — min (K6*) — 2£(8)/\/no
[ h*dF — min (K6*) [ h*dF — min (K6*) 8€(6)

= [ h*dH — min (K6*) * <1 * [ h*dH — min (KG*)) " an/min{no, n1}

25 BY . 16-£(9)
st « +<1+ ) a\/min{no,m}'

Therefore, with probability at least 1 — § we have

Kk —£(0) - 2log </%Hs<n+f+<1+5>.a 16 - £(9)

a /min{ng,n1}
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Appendix B. Proof of Lemma 5

Proof [Proof of Lemma 5] We begin by bounding the e-covering number of 2, as follows
M (g, €) < (2Cxdiam(X)) - ((2g) /)~ PmeorFD (14)

By assumption for each ¢ > 0 we have M, (X,e) < Cxy-e dimmcoy (X) Moreover, for each € > 0
we have M| ([0,diam(&X)], | - [, €) < 2diam(X’)/e. Hence, by the triangle inequality we have

MHHoo <{g$077"0}moeX,re[O,diam(X)] ,6) < QCXdiam(X) . (Z/G)dimcov(X)Jrl

The bound (14) now follows since z — ®1(q - z) is g-Lipschitz. We now apply Dudley’s inequality
Dudley (1967) to bound the Rademacher complexity,

\1/2ﬁ . /01 \/loge (M||~Hoo (Qq76))d€
12@ : /O 1 \/1oge ((2CXdiam(X))m : (2q)/6) de

[ 1
=24 (QC’Xdiam(X))4dimcovl()()+1 e M . / A /loge(l/Q)dH
n 0

dimegy (X) + 1
—

Ry ()

IN

< 21.5 (2Cydiam( X)) T (F71 . g

The result now follows immediately from the Rademacher concentration bound (Mohri et al., 2012,
Theorem 3.1). |
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