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Abstract

We study bi-Hélder homeomorphisms between the unit spheres of finite-dimensional normed
spaces and use them to obtain better data structures for the high-dimensional Approximate Near
Neighbor search (ANN) in general normed spaces.

Our main structural result is a finite-dimensional quantitative version of the following theorem
of Daher (1993) and Kalton (unpublished). Every d-dimensional normed space X admits a small
perturbation Y such that there is a bi-Hélder homeomorphism with good parameters between
the unit spheres of Y and Z, where Z is a space that is close to £4. Furthermore, the bulk of
this article is devoted to obtaining an algorithm to compute the above homeomorphism in time
polynomial in d. Along the way, we show how to compute efficiently the norm of a given vector
in a space obtained by the complex interpolation between two normed spaces.

We demonstrate that, despite being much weaker than bi-Lipschitz embeddings, such homeo-
morphisms can be efficiently utilized for the ANN problem. Specifically, we give two new data
structures for ANN over a general d-dimensional normed space, which for the first time achieve
approximation d°()| thus improving upon the previous general bound O(\/&) that is directly
implied by John’s theorem.
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1 Introduction

Fix d € N. Below, the unit ball and unit sphere of a (complex') normed space X = (C%,|| - ||x)
are denoted By = {z € C?: |lz||x <1} and Sx = {x € C?: ||z||x = 1}, respectively. The main
geometric contribution of the present work is the following statement, as well as a (quite intricate)
derivation of its algorithmic counterpart. Beyond its intrinsic interest, we will demonstrate the
utility of this result by showing how it leads to major progress on the Approximate Nearest Neighbor
Search problem (ANN).

Theorem 1 (Existence of a Holder homeomorphism between spheres of perturbed spaces). Let
X = (C%4 |- |lx) be a normed space and fix , B,y € (0, %] Suppose that the inradius and outradius
of Bx arer >0 and R > 0, respectively, i.e., TBZS C Bx C RBES. Then there are normed spaces

Y = (C%| - |ly) and Z = (C4,|| - ||2), and a bijection @: Sy — Sz, with the following properties.

1. 7A2<>c+f3(1720c)BY C By C R2¢x+f5(172o¢)BY'

Y(1-2a) Y(1-2a)
2. r BzgnggR ng.
3. le(yr) — e(y2)llz < ﬁ“yl — 2|y for all y1,y2 € Sy.

4 lle™ ) — e @y S =l — 22l for all 21,2 € Sy

In the applications of Theorem 1 obtained in this paper, the parameters «, 3,y are chosen to
be small, in which case the first two assertions of Theorem 1 mean that Y and Z are relatively
small perturbations of X and ¢4, respectively. The last two assertions of Theorem 1 state that the
mapping ¢ is a homeomorphism between the unit spheres of these perturbed spaces with quite good
continuity properties. There is tension between the smallness of «, 3,y (thus, the extent to which
the initial geometries of X and ¢4 were deformed) and the quality of the continuity of ¢ and ¢~;

the parameters will eventually be set to appropriately balance these competing features.

Theorem 1 is a finite-dimensional quantitative refinement in the spirit of [Naol7] of the work of Da-
her [Dah93] which is itself an extension of a landmark contribution of Odell and Schlumprecht [OS94]
(in unpublished work, Kalton independently obtained the result of [Dah93]; see [BLO0O, page 216] or
the MathSciNet review of [Dah93]). Our proof of Theorem 1 is an adaptation of the proof of the
corresponding qualitative infinite-dimensional result that appears in [BL00O, Chapter 9], i.e., our
contribution towards Theorem 1 is mainly the idea that such a formulation should hold true via an
application of known insights (and that it is useful, as we shall soon see). However, this is only the
conceptual starting point of the present investigation, because Theorem 1 is merely an existential
statement which is insufficient for the ensuing algorithmic application. Making Theorem 1 algorith-
mic raises a number of challenges whose resolution is interesting in its own right; this constitutes
the bulk of the present work and an overview of what it entails appears later in Subsection 1.2.

The mapping ¢ of Theorem 1 has several drawbacks in comparison to more traditional bi-Lipschitz
embeddings that are used ubiquitously for algorithmic purposes. These drawbacks include the fact

Tt is convenient and most natural to carry out the ensuing geometric and analytic considerations for normed spaces
over the complex scalars C, but all of their applications that we obtain here hold also for normed spaces over the real
scalars R through a standard complexification procedure which is recalled in Section 2.4 below.



that one first deforms the initial space X of interest to obtain a new space Y, that ¢ is defined
only on the sphere of Y rather than on all of Y, and that ¢: Sy — Sz and ¢~ : S, — Sy are
Holder continuous rather than Lipschitz. In addition, ¢ takes values in a normed space Z which is a
perturbation of 4, so the image of the embedding does not have the “vanilla” Euclidean structure.
We will later see how to overcome all of these drawbacks, and demonstrate that to a certain extent
the “curse of dimensionality” is not present for the Approximate Nearest Neighbor Search problem
in arbitrary normed spaces.

1.1 Approximate near neighbors

Given ¢ > 1 and r > 0, the ¢-Approzimate Near Neighbor Search (c-ANN) problem is defined as
follows. Given an n-point dataset P C X lying in a metric space (X, dx), we want to preprocess P
to answer approzimate near neighbor queries quickly. Namely, given a query point ¢ € X such that
there is a data point p € P with dx(q,p) < r, the algorithm should return a data point p € X with
dx(q,p) < cr. We refer to ¢ as the approzimation and r as the distance scale; both parameters are
known during the preprocessing. The main quantities to optimize are: the time it takes to build the
data structure for a given set of points (preprocessing time); the space the data structure occupies,
and the time it takes to answer a query (query time). In addition to being an indispensable tool for
data analysis, ANN data structures have spawned two decades of influential theoretical developments
(see, e.g., the surveys [AI17, AIR18] and the thesis [Raz17] for an overview).

The best-studied metrics in the context of ANN are the ¢¢ (Hamming/Manhattan) and the ¢4
(Euclidean) distances on R%. Both ¢ and ¢4 are very common in applications and admit effi-
cient algorithms based on randomized space partitions; in particular, Locality-Sensitive Hashing
(LSH) [IM98, AI06] and its data-dependent counterparts [AINR14, AR15, ALRW17]. Hashing-based
algorithms for ANN over ¢ and £ have now been the subject of a long line of work, leading to a
comprehensive understanding of the respective time—space trade-offs.

Beyond #¢ and ¢4, our understanding of the ANN problem is much more limited. For example, if
a metric of interest is given by a norm on R? or C%, then the best known general approximation
bound for the ANN problem is ¢ < V/d if we require space to be polynomial in n and d and query
time to be sublinear in n and polynomial in d. This follows from John’s theorem [Joh48], which
states that any d-dimensional norm can be approximated by Eg within a factor of v/d, combined
with any ANN data structure for ¢4 which has constant approximation.

The recent work of the authors [ANNT 18] made the first progress on ANN for arbitrary normed spaces
beyond the use of John’s theorem. The approximation has been improved from v/d to log d, however
the data structure is only implementable in the cell-probe model of computation [Yao81, Mil99].
Recall that in the cell-probe model, data structures are only charged for the number of cells used
(space), and the number of cells probed during a query procedure; however, the time of the query
procedure may be unbounded. We now state the main result of [ANNT18] formally:

Theorem 2 ([ANNT18]). Let 0 < e < 1 and X = (C%, || - ||x) be a d-dimensional normed space.
There exists a randomized data structure for c-ANN over X with the following guarantees:

o The approrimation is ¢ < l%d;



o The query procedure probes nt - d°M) words in memory, where each word has O(logn) bits?;

o The space used by the data structure is n*+< . 40,

The work [ANNT18] was able to make the data structure of Theorem 2 time-efficient for two special
cases, ¢, and Schatten-p spaces®, however the pressing question of getting a time-efficient ANN data
structure for a general normed space with approximation 0(\/&) was left open. In this paper, we
answer this question by showing two new ANN data structures, which rely heavily on (an algorithmic
counterpart of) Theorem 1. The two data structures (to be presented below as Theorem 3 and
Theorem 4) use the Holder homeomorphism in two different ways: Theorem 3 proceeds by the
“embedding” approach, and Theorem 4 proceeds by the “spectral” approach.

Theorem 3. Suppose that X = (C%, || - ||x) is a d-dimensional normed space. Then there erists a
randomized data structure for c-ANN over X with the following guarantees:

2
3

o The approzimation is ¢ < exp (O((log d)3 (log log d)é))}

o The query procedure takes d°) - (logn)9M) time;
o The space used by the data structure is nfM . g0

o The preprocessing time s nPM) . qo),

Both the preprocessing and query procedures access the norm through an oracle, which, given a vector
x € C4, computes ||z x.

Theorem 3 is the first ANN data structure with approximation d°d) that works for an arbitrary
norm, but its virtue is not only its great generality: there are concrete norms of interest, such as
the operator norm on d-by-d matrices, or more generally Schatten-p spaces when p > 1, for which
it yields the first data structure of this type. The proof of Theorem 3 is achieved by substituting
our (yet to be stated) algorithmic version of Theorem 1 into an appropriate adaptation of the ANN
framework of [NR06, BG18] (see Section 1.3).

If one is allowed to drop the requirement that the preprocessing time is polynomial, then we have
the following result that yields both improved approximation, and space that is now near-linear
in n. This is achieved by substituting our algorithmic version of Theorem 1 into the framework
of [ANN*18], which relies on nonlinear spectral gaps. We will sketch later in the introduction
(Section 1.4) why this requires us to sacrifice the polynomial preprocessing time.

Theorem 4. Let 0 < e < 1 and X = (C%, || - ||x) be a d-dimensional normed space. Then there
exists a randomized data structure for c-ANN over X with the following guarantees:

e The approximation is ¢ < exp (O(\/logd max{ loglog d, %}))
oglogd

2We assume that all the coordinates of the dataset and query points as well as r can be stored in O(logn) bits.
3For the case of Schatten-p spaces, the space and time of the data structure of [ANN+ 18] had dependence dew)
which is undesirable for p > 1.



o The query procedure takes nc - d°) time;

o The space used by the data structure is n*+e . 40,

e The preprocessing time is nM) . @O

Both the preprocessing and query procedures access the norm through an oracle, which, given a vector
x € C4, computes ||z x.

The new bounds on the approximation ¢ cannot possibly be obtained by designing a (linear) low-
distortion bi-Lipschitz embedding of X into ¢1, f2, or any fixed (universal) d°M_dimensional normed
space, even if the embedding is randomized; see [ANN117] for a formalization and proof of this
statement.

1.2 Algorithmic version of Theorem 1

For algorithmic applications, we would like to compute the mapping ¢ from Theorem 1 efficiently at
any given input point in C?. The main ingredient in the construction of F' is the notion of complex
interpolation between normed spaces, which was introduced in [Cal64]. For two d-dimensional
normed spaces U and V', complex interpolation provides a one-parameter family of d-dimensional
normed spaces [U, Vg indexed by 0 € [0, 1], such that [U,V]o = U, [U,V]; =V and [U, V]y depends,
in a certain sense, smoothly on 0. In particular, we need to compute the norm of a vector in [U, V]g
given suitable oracles for the norm computation in U and V. This is a non-trivial task since the
norm in [U, Vg is defined as the minimum of a certain functional on an infinite-dimensional space
of holomorphic functions. We show how to properly “discretize” this optimization problem using
harmonic and complex analysis, and ultimately solve it using convex programming (more specifically,
the “robust” ellipsoid method [LSV17]). We expect that the resulting algorithmic version of complex
interpolation will have further applications.

More specifically, for x € C? the interpolated norm |z]|[7,v], is defined as follows. First, we consider
the space F of functions F': & — C%, where & = {z € C | 0 < Rez < 1} is a strip on the complex
plane, such that:

e F'is bounded and continuous;

e F is holomorphic on the interior of &.
The norm ||F||# in the space F is defined as follows:

Pl = max{ sup [F(:)lo, sup [F()v -
ez=0 ez=1
Finally, for z € C?, we define:
e, = jof Fls. 1)
F(0)=x



A priori, it is not clear how to solve (1), since the space F is infinite-dimensional. However, we are
able to show that one can search for an approximately optimal F' € F of the following form:

F(z) = e . Z vke%,
|k|<M

for a fixed ¢ > 0, M and L, and variables are vy € C?. This turns (1) into a finite-dimensional
convex program, which we might hope to solve. However, in order for the optimization procedure to
be efficient, one needs to upper bound M and the magnitudes of vi. This can be done by taking an
approximately optimal (in terms of (1)) function F', smoothing it by convolving with an appropriate
Gaussian, and finally considering its Fourier expansion, whose convergence we can control using
the classical Fejér’s theorem [Kat04]. To bound the magnitudes of vy, we need a statement similar
to the Paley—Wiener theorem [Kat04]. Finally, to address the issue that the norm in ¥ is defined
as a supremum over the infinite set (the boundary of the strip &), we show how to discretize and
truncate the boundary so that the maximum over the discretization is not too far from the true
supremum. This is again possible due to the bounds on the magnitudes of ¢, v, and M we are able
to show.

1.3 The embedding approach: proof of Theorem 3

The first application Theorem 1 to ANN for general normed spaces (Theorem 3) follows the
“embedding” approach. Suppose we want to design an efficient data structure for ANN over a
metric space (Wp, dyw,), and we have an efficient data structure for ANN over another metric space
(W1, dw,). Then, if we have an embedding Wy — W at our disposal, a data structure for (Wo, dw,)
could be obtained by applying the embedding and employing the known data structure for (Wi, dy, ).
The approximation guarantee one obtains depend on how well the embedding preserves the geometry
of Wo.

The key to Theorem 3 is to use Theorem 1 as an embedding of Y into Z. Recall that Y = (C%, || - ||y)
and Z = (C%,|| - || z) are small perturbations of the spaces X = (C%,|| - || x) and 2, respectively. At
a high level, an ANN data structure for ¢4 gives a data structure for Z, a data structure for Z gives
a data structure for Y via the embedding, and a data structure for Y gives a data structure for X.
The initial step in this chain (giving efficient ANN data structures for £2) is accomplished by any of
the efficient data structures known for £2, specifically, we use the data structure of [IM98, KORO00].

One caveat to the plan set forth above is that Theorem 1 gives an embedding only for the unit
sphere of Y. It can be extended to the whole space, but the resulting map distorts large distances
prohibitively. This challenge already comes up in [NR0O6, BG18] in the context of designing ANN
data structures for £, spaces, where instead of Theorem 1, the Mazur map [Maz29] was used. We
may resolve the issue of large distances in the same way as [NR06, BG18]: in particular, [BG18§]
gives a clean reduction from the general ANN problem to a special case, when all the points lie in a
small ball. Our final approximation guarantee in Theorem 3 is the result of balancing the parameters
«, 3 and 7y in Theorem 1.



1.4 The spectral approach: proof of Theorem 4

We now sketch the proof of Theorem 4. For this we use the framework based on nonlinear spectral
gaps developed in [ANNT18]. In a sentence, the outline of the proof is in the spirit of what has been
done in [ANNT18] for the Schatten-p norm, while using Theorem 1 instead of the estimates on the
noncommutative Mazur map from [Ric15].

The proof of Theorem 4 consists of a few steps. The data structure for a normed space X relies on a
randomized space partition of X, which by duality is equivalent to the existence of sparse cuts in
graphs embedded into X. The latter follows from a nonlinear Rayleigh quotient inequality, which
refines the nonlinear spectral gap inequality used to prove Theorem 2. Finally, we show how to
obtain the desired nonlinear Rayleigh inequality using the map from Theorem 1.

Let us now explain why in Theorem 4 we do not obtain efficient preprocessing. The main obstacle is
the exponential in d size of graphs embedded in X, in which we would like to find sparse cuts. Another
issue is that the argument for the existence of sparse cuts proceeds using a fixed-point argument
similar to the Brouwer’s fixed point theorem, and it is unclear how to make it algorithmically
efficient.

Now let us describe the proof of Theorem 4 in a greater detail.

1.4.1 Sparse cuts in embedded graphs

We first recall the outline of the proof of Theorem 2. The starting point is a space partitioning
statement, which readily follows from the work [Naol7]. Recall that for a k-regular graph G = (V| E)
the conductance of a cut (S, S) is defined as:

E(S,S)
k- min{|S|,|S|}

Lemma 1.1 ([Naol7]). Let 0 < ¢ < 1. Suppose that X = (C%, || - || x) is a d-dimensional normed
space. Let G = (V, E) be a regular undirected graph with n vertices. Suppose that f: V — X is an
arbitrary map such that for every edge {u,v} € E one has ||f(u) — f(v)||x < 1. Then,

o Either there exists a ball* of radius R < loa%d, which contains 2(n) images of the vertices V.
under f;

o Or there exists a cut in G with conductance at most €.
Equipped with Lemma 1.1, the proof of Theorem 2 proceeds in two steps:

e First, we use a version of the minimax theorem to convert Lemma 1.1 to the following
randomized partitioning procedure, which can be seen as a version of data-dependent hashing
(in spirit of [AINR14, AR15, ALRW17)).

Lemma 1.2 ([ANNT18]). Let 0 < € < 1. Suppose that X = (C%, || - ||x) is a d-dimensional
normed space. Let P C X be a dataset of n points. Then:

“In the metric induced by the norm || - || x.



— FEither there exists a ball of radius R < lofgd, which contains Q(n) points from P;

— Or there exists a distribution D over “reasonable” sets (see below for a clarification of
what “reasonable” means here) A C X such that:

# Pravp|[Q(n) < [ANP[ < (1-9Q(1) 0] =1;

* For every x1,x2 € X with 0 < ||z1 — x2||x < 1, one has:

Prawg [’Aﬂ {:1:1,:132}‘ = 1} < €.

e Then, we apply Lemma 1.2 recursively to build a desired O (log%d>—ANN data structure, which
concludes the proof of Theorem 2. This step is by now standard and is similar to what was

done in [Ind01, AR15, ALRW17].

Let us now explain why Theorem 2 requires the cell-probe model. In the resulting data structure,
a query point is tested against a sequence of cuts guaranteed by Lemma 1.1. Thus, it is crucial
to be able to check efficiently, which side of the cut a given vertex of the graph G belongs to.
However, the main issue is that Lemma 1.1 gives us no control on the promised sparse cut in G. In
particular, a cut does not have to be induced by a geometrically nice subset of the ambient space
C?. This is a serious problem, since in the proof of Lemma 1.2 we invoke Lemma 1.1 for graphs of
size exponential in d, so we cannot afford to store the resulting sparse cuts explicitly. Nevertheless,
there is a way to store cuts from the support of @ in space poly(d) (this is exactly what we mean
by “reasonable” in the statement of Lemma 1.2), but the argument for this is quite delicate: we
need to perform the minimax argument in a careful way using the (nested) Multiplicative Weights
Update algorithm [AHK12]|. This yields Theorem 2, but the query procedure is grossly inefficient in
terms of time, since in order to test a point against a cut, one has to spend time exponential in d to
re-compute the cut from its succinct description.

Thus, in order to prove Theorem 4, we need a version of Lemma 1.1 which gives a sparse cut that
we are able to not only store efficiently, but also to test against in time poly(d). We accomplish this
by showing the following lemma.

Lemma 1.3. Suppose that X = (C%,|| - ||x) is a d-dimensional normed space. There exists a map
®: C? — C%, which one can compute efficiently for a given input point, such that the following holds.
Suppose that 0 < € < 1 and let G = (V, E) be a reqular undirected graph with n vertices. Suppose
that f: V — X is an arbitrary map such that for every edge {u,v} € E one has || f(u) — f(v)||x < 1.
Then,

e cither there exists a ball of radius R = exp (65 (vIog d)), which contains Q(n) images of the
vertices V under f;

e Or there exists a vector w = w(G, f) € C¢, an inder i = i(G,f) € [d], and a threshold
7 = 7(G, f) € R such that at least one of the cuts {v € V | Re®(f(v) — w); < 7} or
{v eV |Im®(f(v) —w); <7} in G has conductance at most €.

Now we can store a cut by simply storing w, ¢, 7 and whether we test real or imaginary part, and,
moreover, one can test, on which side of the cut a given point lies, since the map @ is efficiently



computable (and depends only on the norm). To prove Lemma 1.3, we use Theorem 1 crucially.
Namely, the map ® in Lemma 1.3 is a radial extension of the map ¢ from Theorem 1.

Let us remark that for R < \/&/ g, the analog of Lemma 1.3 holds with cuts induced by the sets
{v eV |Re(Tf(v)); <7}and {v €V | Im(Tf(v)); <7}, where T: C¢ — C? is a fixed linear
map. This is an easy corollary of Cheeger’s inequality and John’s theorem. The cuts guaranteed by
Lemma 1.3 are more complicated (yet we can work with them efficiently), but this complication

allows us to get a much better bound of R = exp (65(\/10g d))

1.4.2 Nonlinear Rayleigh quotient inequalities and Lemma 1.3

Let A = (a;;) be a non-negative symmetric nxn matrix with 37", a;; = 1. Denote p (i) = >%_; a;j.
For a metric space (X,dx), ¢ > 0 and & = (z1,z2,...,x,) € X", where not all x;’s are the same,
we define the nonlinear Rayleigh quotient R(z, A, d%) as follows:

v g " d iy Lyj 4
R(vav dg() = 712:17]_1-613 . X(x xj) AYA
dij=1 p(4)p(j) - dx (i, x5)

Let G be a regular undirected graph with n vertices, and denote by A its normalized adjacency
matrix. On the one hand, Cheeger’s inequality [Che69] states that if for some = € (C?)", one has

R, Al %) < 15 (2)
then there exists a cut in G with conductance at most €. Moreover, up to the dependence on ¢,
the condition (2) for some x is necessary to have a sparse cut. One the other hand, suppose that
X = (C% |- |) is a normed space, and f: V — X is a map such that for every edge (u,v) € F one
has ||f(u) — f(v)||x < 1. If there is no ball of radius D, which contains Q(n) images of the vertices
V under f, then the definition of nonlinear Rayleigh quotient directly implies that:

1
R, 4,1+ 150) S 5

where @, = f(v). Thus, in order to prove Lemma 1.1 or Lemma 1.3, we need statements that relate
nonlinear Rayleigh quotients with respect to the Euclidean geometry and the geometry given by X,
a normed space of interest.

In light of the above discussion, Lemma 1.1 readily follows from the following inequality proved
in [Naol7]:

Theorem 5 ([Naol7], reformulation).

. . 1
inf, R(y.A. - [f) £ Qogd)-_inf R, 4] -[3)5 (3)

ye(Chn )

The standard proof of Cheeger’s inequality shows that if R(y, A, || - H?d) is small, then there exists
2

a sparse cut induced by a coordinate cut of y. More formally, there exist i € [d] and 7 € C such



that one of the cuts {v € V | Re(y,); < 7} or {v € V | Im(y,); < 7} is sparse. However, Theorem 5
gives no control over y; in particular, a priori it does not have to be related to x at all. This is
exactly the reason why in Lemma 1.1 we cannot guarantee that the desired sparse cut is induced by
a geometrically nice subset of C%.

In this work, we prove a refinement of Theorem 5, which implies Lemma 1.3 similarly to the above
argument.

Theorem 6. For every ® = (x1,%2,...,2,) € (CH™ such that not all x;’s are equal, there exists
w = w(x, A) € C? such that:

log log d)

Q
R(®u (), A |- I2) S logd- Ria 4, |- 13"V B,

where:
D, (x1,22,...,20) = (P(z1 — W), P(x2 — w), ..., P(x, — w)),

and ® is a radial extension of the map ¢ from Theorem 1.

The proof of Theorem 6 is a combination of two ingredients. The first is an argument of Matousek
from [Mat96]. In [Mat96], a nonlinear Rayleigh quotient inequality for ¢, norms was proved, but we
show that the argument in fact is much more versatile. In particular, coupled with Theorem 1, it
implies Theorem 6. The vector w = w(x, A) € C? in Theorem 6 is such that:

> p(0) (s — w) = 0. (@

And here comes the second ingredient. In the argument from [Mat96], the counterpart of (4) easily
follows from the intermediate value theorem, since || - H?p is additive over the coordinates. However,
finding w such that (4) holds is more delicate. For this we use tools from algebraic topology (related
to the Brouwer’s fixed point theorem).

1.5 Related work

Most efficient ANN data structures in high-dimensional spaces beyond ¢; and ¢ have proceeded via
the embedding approach. The typical target spaces are ¢1 and /s, since these admit very efficient
ANN algorithms [IM98, KORO00, AI06, AINR14, AR15, ALRW17]. Another common target space is
¢ which can be handled with O(loglog d)-approximation using the algorithm in [Ind01]. A growing
body of work has added to the list of “tractable” spaces by designing low-distortion embeddings.
These include the /)-direct sums [Ind02, Ind04, AIK09, And09], the Ulam metric [AIK09], the
Earth-Mover’s distance (EMD) [Cha02, IT03], the edit distance [ORO07], the Frechét distance [Ind02],
and symmetric normed spaces [ANNT17].

Another class of metric spaces studied assume low intrinsic dimension, and efficient ANN algorithms
in this setting are known for any metric space [Cla99, KR02, KL04, BKLO6]. The dimensionality of
these spaces is assumed to be d = o(log n), so efficient algorithms may depend exponentially on d. In
this paper, we deal with the high-dimensional regime (when w(logn) < d < no(l)), the dependence
on d must be polynomial.



1.6 Organization of the paper

We present the necessary background to our results in Section 2. We formulate the Hélder homeomor-
phism from Theorem 1 in Section 3. In Section 4, we define the approximate Hélder homeomorphism
used in the applications to ANN. We assume two algorithms in Section 4 which we give in Section 5.
After that, the next three sections (Sections 6, 7, and 8) give the applications of the approximate
Holder homeomorphism from Section 4 to ANN. Specifically, Section 6 and Section 7 give the proof
of Theorem 4, and Section 8 gives the proof of Theorem 3.

Readers eager for the applications of Theorem 1 to ANN may find a summary of the properties of
the approximate Holder homeomorphism in Section 4.3 and proceed to Section 7 and Section 8 for
the ANN algorithms.

1.7 Acknowledgments
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2 Preliminaries

Given two quantities a,b > 0, the notation ¢ < b and b 2 a means a < Cb for some universal
constant C' > 0. In this work we use some tools from complex analysis. Denote & = {z € C |0 <
Rez < 1} C C the unit open strip on the complex plane, let 06 = {z € C | Rez € {0,1}} be its
boundary, and, finally, let & = & U & be the corresponding closed strip. Given a normed space
X defined over a (real or complex) vector space V, the subset Bx C V is the unit ball of X i.e.,
Bx ={x € V : ||z|x < 1}. For a measure space (2, u) and a Banach space X we denote L,(£2, p, X)
the Banach space of measurable functions f: 2 — X such that

[ 1715 dn < +oc;

we define the norm to be:

11 oy = [ 11

Sometimes, we omit € in the notation if it is clear from the context (or unimportant).

2.1 Computational model for general normed spaces
Throughout this work, we deal with computational aspects of ANN defined over general normed

spaces, in particular X = (R, || - ||x). We work with the standard computational models for convex
sets over R?. In particular, we may assume the following about X:

e There exists an oracle which, given x € R, computes ||z x;

e The unit ball of X satisfies By C By C dBx for d = poly(d).

10



The second assumption is essentially without loss of generality. Indeed, if one assumes By is contained
within the unit Euclidean ball and contains a small Euclidean ball of radius = exp(—poly(d)), then,
by the reductions of [GLS12], we may design a separation oracle for Bx, and as noted in Section 1.1
of [KLS97], this means we can transform By to be in a position such that the second assumptions
holds.

2.2 The Poisson kernel for the strip &

For w € & and z € 06, the Poisson kernel P(w, z) for & is defined as follows:

1. sin Ty — 3 =7
b et e W=t and z = i, 5
(w,2) = 1, sin mu w=u-+ivand z =147 ©
2 coshm(t—v)+cosmu’ B N ‘

For every w € &, and every z € 95, one has P(w, z) > 0. In addition, for every w € &,
/P(w,z) dz =1,
06
which allows us to denote p,, the measure on 06 with the density P(w,-). We refer the reader

to [Wid61] for further properties of the kernel P(,-).
For 01,05 € (0,1), we let

def 1 1 1 1
A(:,02) = \/<91+1—91) (92+1—92>’ (6)

Claim 2.1. For any z € 06 and 01,02 € (0, 1),

P(01,2)
P(09, 2)

< A(01,07)%

Proof. First, consider the case z = iT when 7 € R. Then by the first case of (5),

P(0y,i1) sin(701) cosh(m7) — cos(702)
P(02,i7)  cosh(wT) — cos(701) sin(702)
<o, <1 N 1 > ~cosh(m7) — cos(m02)
02 1—0y/ cosh(nr)— cos(mwB1)

1 1 1
<0 — 1=
~ 1<92+1—92> ( +e%>’

where in the first line, we use the fact that sin(70) ~ 6 when 0 ~ 0 and sin(76) ~ 1 — 0 when 0 ~ 1,
and in the second line, we use the fact that cosh(77) > 1, and the fact that 1 — cos(70) > &. By
the second case of (5), when z =1+ i7 for 7 € R,

P(01,1+41) sin(707) cosh(m) + cosh(mw02)
P(02,1+47)  cosh(nT) 4 cos(m01) sin(702)
1 1 1
<(1-0 — N1+
< 1) 92+1—92> <+(1—91)2)’
where we now use the fact that 1 4 cos(w0) = (1_16)2. O

11



2.3 Harmonic and holomorphic functions on &

Lemma 2.2 ([Wid61]). Let f: & — R be a continuous function which is harmonic (as a function
of two real variables) in &. Moreover, suppose that the integral

LGS
06

if finite for 7 = 0,1 and some w € &. Then for every w € &, one has:

fw) = [ 1) duao)
06

Corollary 2.3. Let f: & — C? be a continuous function which is holomorphic in &. Moreover,
suppose that

S5 dra(z) < o
06
for some w € &. Then for every w € &, one has:

fw) = [ ) du2).
06

Proof. This follows from Lemma 2.2 and the fact that the real and the imaginary part of a holomorphic
function are harmonic. O

2.4 Complexification

Let X = (R% | - |lx) be a normed space over the vector space R?. The complexification of X,
denoted by X, is a normed space over C% defined as follows. Elements of X© are formal sums
u + v for u,v € X. Given u + iv,w + iy € XC, addition of (u 4 iv) + (w + 4y) is given by
(u+iv) + (w+iy) = (u+w) +i(v+y). Given u+iv € XC and a = p+iq € C, scalar multiplication
a(u + v) is given by, a(u + iv) = (pu — qu) + i(pv + qu). Finally, the norm on X is defined as:

21
1
Jut ivlye == [ Jucosp — vsinglk de. (7)
0
The space XC = (C?, || - || yc) defined above is indeed a complex normed space and, moreover, X

embeds into X© isometrically via the map v — u + 4 - 0. In addition, consider the d-dimensional
space (£§)¢ = (C4,]| - H(gg)c) given by the complexification of the space /4 = (R%, || - ||2). We note
that:

) 1 2 ) 1 or d )
Jut vl =~ [ lucosy —vsingldo = = [T (uicos g — vising)dp = ully + ol
i=1

which implies that (¢4)C is isometric to ¢3¢ = (R, || - ||2), where we consider splitting the real
and imaginary parts of each coordinate, and interpreting these as real numbers. We note that by
a simple calculation, if Wy = (R, || - [|w,) and Wy = (R%, | - |lw,) are real normed spaces with

Bw, € By, €d- By,, then BWOC - Bchc Ccd- BWOC.
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2.5 Complex interpolation between normed spaces

Let Wo = (C%, | - |lw,) and Wy = (C, || - ||w,) be two d-dimensional complex normed spaces. We
will now define a family of spaces [Wo, Wile = (C%, || - [y, w4)o) for 0 < 8 < 1 that, in a sense we
will make precise later, interpolate between Wy and Wj. This definition appeared for the first time
in [Cal64], see also the book [BL76]. Let us first define an auxiliary (infinite-dimensional) normed
space F as the space of bounded continuous functions f: & — C%, which are holomorphic in &.
The norm on & is defined as follows:

||f|!5f=maX{ Supollf(Z)HWm sup Hf(Z)Ilwl}‘

Re(z)= Re(z)=1
Now we can define the interpolation norm || - {|(y;,w,), On C? as follows:
el e = g 117l ®
fO)==
The fact that ||z|[w,,w,), is @ norm is straightforward to check modulo the property “| |y, ;) = 0

implies © = 0”. The latter is a consequence of the Hadamard three-lines theorem [SS03].
Fact 2.4. For every 0 € [0, 1], [WU, Wl]e = [Wl, WO]I—G-

Fact 2.5 (Reiteration theorem). For every 0 < 01 < 02 <1 and 0 < 03 < 1, one has:

[[WO, Wile,, [Wo, W1]92} o = [(Wo, W1l (1-05)0,+050, -

3

Below is arguably the most useful statement about complex interpolation.

Fact 2.6 ([Cal64, BL76]). Let Wo = (C, || - |lwy) and Wi = (C || - |lw,) be d-dimensional complex
normed spaces, and let Uy = (C¥, |- |loy) and Uy = (Cd/, |- lluy) be a couple of d’-dimensional ones.
Suppose that T: C* — C¥ be a linear map. Then, for every 0 < 0 < 1, one has:

1-6 0
||TH[W(),W1]9*>[U0,U1}9 < HTHWO—)UO : HT||W1*>U1'

Corollary 2.7. Let Wy = (C% || - |lw,) and W1 = (C%, || - |lw,) be complex normed spaces such that
for some dy,ds > 1 and every x € C%, the following holds:

1
g llw < llzllwy < da - flziw, (9)
Then, for every 0 < 0 < 1 and every x € C%, one has:
1 0 1 1-6
g Izlovowe < llzliwo < dz-llzlmowage  and =g - llzllwy < llzlipw wije < o™ [lzlws-
1 1
Proof. This follows from Fact 2.6 applied to the identity map. O

Fact 2.8 ([Cal64, BL76]). Let Wy = (C4, || - |lw,) and W1 = (C%, || - |lw,) be complex normed spaces,
and let Wo* = (C4, || - |lwy+) and Wi* = (C4, | - ||w,*) be the dual spaces, respectively. For any
0 € [0,1], the dual space to [Wo, Wile, given by [Wo, W15 = (C4, || - [wo,wny) s isometric to the
space [Wo*, W1*]e.

13



2.6 Uniform convexity

Let W = (C%, || - |lw) be a complex normed space. We give necessary definitions related to the notion
of uniform convexity. For a thorough overview, see [BCL94].

Definition 2.9. For 2 < p < oo, the space W has modulus of convexity of power type p iff there
exists K > 1 such that for every x,y € W:

1/p
Hpr +L‘|y”p 1/ < ||$+y||€v+ ”x_yH};V
W ke NI = 2 ‘

Definition 2.10. The infimum of such K is called the p-convexity constant of W and is denoted by
K,(W).

Claim 2.11. One always has Koo(W) = 1, and for a Hilbert space, one has: Ko(¢4) = 1.

Claim 2.12. One has K,(Wy &2 W1) < max{K,(W), K,(W1)} for every p > 2.

Proof. The claim follows from Wy @2 W; being isomorphic to Wy @, Wi and the fact that K,(Wy @,
Wh) < max{K, (W), K,(Wh)}. O

Lemma 2.13 ([Naol2]). One has Kp(La(u, W)) < K,(W) for every p > 2.

The following lemma shows how the p-convexity constant interacts with complex interpolation.

Lemma 2.14 ([Naol7]). For every 2 < p1,p2 < 0o and every 0 < 0 < 1, one has:

K_ »po ([W07 Wl]e) < Kpl (WO)I_Gsz (Wl)e'

O0p1+(1-0)pa

2.7 The space H%(0)

Now we define another space related to F. This definition appears in [Cal64], see also [BLOO]. First,
for 0 < 0 < 1, let us consider the normed space G(8) of continuous functions f: & — C¢, which are
holomorphic in &, and

JIF P dna(2) < o
06

The norm || f||¢(e) is defined as follows:
2 2
1B = [ WOl duee+ [ 17, duo) (10)
Re(z)=0 Re(z)=1

Clearly, ¥ C G(0). One may naturally view ¢(0) as a (not closed) subspace of La({z | Re(z) =
0}, po, Wo) @2 La({z | Re(z) = 1}, no, W1). Now we can define the space F(0) as the closure of
G(0) (in particular, G(0) is dense in F2(0)). An element of F3(0) can be identified with a function
f: & — C? defined almost everywhere on S and defined everywhere on & such that:

14



e f restricted on {z | Re(z) = 0} belongs to La({z | Re(z) = 0}, po, Wo);
o f restricted on {z | Re(z) = 1} belongs to La({z | Re(z) = 1}, ng, W1);

e f is holomorphic in &;

In this representation, the norm is defined similar to (10):
2 2 2
110 = [ M@l due+ [ 17, duotz)
Re(z)=0 Re(z)=1

Fact 2.15. For every f € $2(0) and w € S, one has:

fw) = (2) ditu (2)-

f
06

Proof. This identity is true for G(0) by Corollary 2.3. Hence it holds for #,(0), since every element
of #5(0) is a limit of a sequence of elements of G(0), which converges pointwise in & and in Ls in
06. O

The following gives an alternative definition of an interpolated norm, which should be compared
with the original definition (8).

Fact 2.16 ([BLO00]). For every x € C%, one has:

Il =, Jnf 1l o) (1)

@)=z
Claim 2.17. For every p > 2, one has:
Kp(52(0)) S max{K,(Wo), Kp(W1)}.

Proof. One has:
Kp(2(8)) < Kp(La({z | Re(2) = 0, o, Wo) @2 Lo({z | Re(z) = 1}, 1o, W)
< max{ Ky (La({z | Re(z) = 0}, wo, W) ), Kp (La({z | Re(2) = 1}, o, W) ) }
< max{ Ky (Wo), (W)},

where the first step is due to F2(0) being a subspace of La({z | Re(z) = 0}, no, Wo) @2 La({z | Re(z) =
1}, ne, W1), the second step is due to Claim 2.12, and the third step is due to Lemma 2.13. O

Lemma 2.18. For 0 < 01,02 < 1, the spaces F2(01) and F2(02) are isomorphic via the identity
map. More specifically, for every f € F5(01) one has:

1 fll#500) < A(O1,02) - [ fll 7501

and, similarly, for every f € F5(02), one has:

[ fll#500) < A(O1,02) - [ £l 7 0,)-

Proof. This easily follows from the definition of F3(0) and Claim 2.1. O

15



3 Holder homeomorphisms: an existential argument

In this section we show the proof of Theorem 1 making the exposition of the result from [Dah93]
in [BLOO] quantitative. We make the construction of the map algorithmic in Section 4 and Section 5.
Let X = (C% | - |lx) be a normed space of interest. For a real normed space, one can consider its
complexification, which contains the real version isometrically.

Let us first assume that Kp(X) < oo for some 2 < p < co. We start with taking a closer look at
Fact 2.16. Suppose that we interpolate between X and Eg and moreover for some 0 < r < R one has:

TBgd g BX g RBed
2 2
Let #5(0) be defined with respect to X and /4.

Fact 3.1 ([BLOO]). For every x € C¢, in the optimization problem

inf ||F
FE{%(G):H Hffz(e)

F0)=x

the minimum is attained on an element of F2(0). Moreover, the minimizer is unique, and we denote
it by Fy, € F2(0).

Below statement shows that minimizers I, have very special structure.

Fact 3.2 ([BL00]). Fiz 2z € C? and 0 < 0 < 1 and consider F§, € F(0). Then,

e For z € C such that Rez =0, ||F§,(2)||x = H:I:H[ng]e almost everywhere;

e For z € C such that Rez =1, Hng(z)Hgg = HxH[ng almost everywhere;
o For every 0 <6 <1, ||F€fgc(9)”p(,eg}g = ll=llix e, -

Below lemma is the core of the overall argument.

Lemma 3.3 (a quantitative version of a statement from [BL00]). For every 0 < 0 < 1 and every
xr1,T2 € S[X,Eg]e’ one has:

[SE

HFS*M - I,

< . _ 1/p
o S 0l = a2l

.
Proof. By Claim 2.17, one has:
Kp(F2(0)) S max{K,(X), Kp(65)} S Kp(X),

where the second step follows from Kp(ﬁg) < 1. Second, suppose that for z1, x4 € S[ X,ed]p> OD€ has
||.T1 — $2|’[X7£g}9 =¢ > 0. Then,

|Fae, + Faes

= Z2—c¢, 12
5(6) 21 + 22l 1x ga, € (12)
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where the first step follows from Fact 2.16, and the second step follows from z; and zs being unit
and the triangle inequality. Now by the definition of K,(72(0)) (Definition 2.9) and the fact that
the minimizers are unit, we have:

* *
HFezl - Fezvz

p
e e 125 o) + 12552, 0
0x1 0z F2(6) Kp(ffg(e))P X 9

= 2P, (13)
Combining (12) and (13), we get:

p
* *
HFGacl - FG:EQ

%w><Kugxmw-@p—@—fv><pﬂ”~Ku9x®V-a

Finally, we get:

|Fou = Foa S Kol 52(0)) €7 S Kp(X) -/ = Ky (X) - s —

1/p
22l X e,
as desired. ]
Fix 0 < 01,02 < 1. Define the map Uy, g, : S[X,Eglel — S[ng]% as follows:

T = Fﬁ*lx(SQ)

The map is well-defined, since by Fact 3.2, for every = with H:UH[X,Egley one has |’F51,x(92)H[X,eg}92 =1.
One also has: Ue_llez = Uy, 0, , since, again by Fact 3.2, for every = € C?, one has:

FGQF* (02) = Fou
In particular, Up, g, is a bijection between the unit spheres of [X, (4]o, and [X, (4]o,
Lemma 3.4 (a quantitative version of the statement from [BLO00]). For x1,xz9 € S[Xlglel’ one has:

1
1Us 160 (1) = Utoa (@2)x 130, S A(O1.02) - Kp(X) -l = all [y -

Proof. One has:

10610, (1) = Usy0, (22) 1 915, = 16,2, (02) = Fo, 2, (02) I x4,

< ||F61w1 Fglxz ’\5’2(92)
< A(el’ 92) HFe*lx‘l - Fe*lxz “.72(91)
1
< A(B1,82) - Kp(X) - a1 — w2 (i

where the first step is by the definition of Ug,g,, the second step is due to Fact 2.16, the third step is
due to Lemma 2.18, and the last step is due to Lemma 3.3. O

The below theorem summarizes the above discussion.
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Theorem 7. Let X = (C,|| - ||x) be a complex normed space such that K,(X) < oo for some
2 < p< oo and for some 0 <r < R, one has: ngg C Bx C Rng. Fiz 0 < B,y < 1/2. Then there

exist two spaces Y = (C4, || - |ly) and Z = (C,|| - ||z) and a bijection ¢: Sy — Sz such that:
e One has: ™PBy C By C RBBy;
LY 2% .
e One has: r Beg CBzCR Bzg,

Kp(X 1
o for every yi,y2 € Sy, one has: [p(y1) — o(y2)llz S ZEE - llyn — wally/";

< Kp(X) |

_ _ 1
o for every z1,2z9 € Sz, one has: ||p 1(21) —p 1(22)||y S U5 llz1 — Z2||Z/p.

Proof. We set Y and Z to be [X, (4] and [X, £4],_y, respectively. Finally, set ¢ to be Up 1_y. Then,
the first two inequalities follow from Corollary 2.7. The third inequality follows from Lemma 3.4

combined with the estimate A(B,y) < ﬁ The fourth inequality is shown similar to the third

taking into account that =1 = Uj_, p. ]

Now let us turn to the case when X is not necessarily p-convex.

Theorem 8 (Theorem 1, restated). Let X = (C%, || - ||x) be a complex normed space such that for
some 0 < r < R, one has: rBeg C Bx C RBeg. Fiz 0 < o, B,y < 1/2. Then there exist two spaces

Y = (C%4 |- |ly) and Z = (C4, || - ||z) and a bijection ¢: Sy — Sz such that:

o One has: r2+B1-20 B € By C Ra+B1-20p, .

e One has: ry(l_Q“)BZg C Bz C RV(I_Q"‘)B@;

o for every y1,y2 € Sy, one has: ||p(y1) — (y2)llz < ﬁ Ny — y2ll$;

o for every z1,z3 € Sz, one has: || (z1) — o Hz)|ly S ﬁ e = 22||%-
Proof. Denote A = [X,¢%]2o. By Lemma 2.14, one has K1/4(A) < 1. Let us now apply Theorem 7 to
A, which yields two spaces Y = [A, £d]s and Z = [A, 4],. By Fact 2.5, one has: ¥ = [X, Eg]mﬂs(l,h)

and Z = [X, Kg]QM(l_y)(l_za), which together with Corollary 2.7 yields the first two items. The
third and fourth items follow from Theorem 7 applied to A. O

4 Approximate Holder homeomorphisms

In this section, we give an approximate version of the exact map given in Section 3. Recall that
we have a complex normed space X = (C%,| - |x) and the Hilbert space H = (¢4)C satisfying
Bx C By Cd- Bx for d = poly(d). For a parameters «, § € (0,1) (which we set later), we define
the complex normed spaces

A=[X,Hly Y=I[AHg and Z=[A H]_p.
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We will consider an approximate homeomorphism ®: Y — Z in order to make the embedding of
Theorem 8 in Section 3 algorithmic, and extend it to the whole space (rather than just between
unit spheres). In particular, the relaxed conditions will allow us to give a polynomial time (in d)
algorithm which can compute this embedding.

In order to see (one of the reasons) we need an approximate guarantee, consider the task of computing
the norm of a vector in Y = [A, H]g. By definition, ||z||y is the result of an optimization over a
subset of F (i.e., a subset over holomorphic functions defined on &). In order to optimize over this
subset algorithmically, we will optimize over a particular discretization of F to obtain a (1 + ¢)-
approximation to ||z||y for a parameter € > 0 which we will chose to be small enough. We leave
the specific details of the algorithm computing the interpolations to Section 5, but we now show
how an approximation algorithm for computing interpolations will yield an approximate Holder
homeomorphism.

The argument proceeds by first designing a map between thin shells (done in Subsection 4.1),
and the extending this map to the whole space (done in Subsection 4.2). In Subsection 4.3, we
summarize the discussion of this section and state the necessary properties of the approximate
Holder homeomorphism used in subsequent sections.

4.1 Maps between thin shells

This argument is the constructive version of Theorem 8 in Section 3. We will write the map with
respect to a very small parameter € > 0 which will dictate the approximation guarantee. We note
that since Koo(X) < 1 and Ky(H) = 1, so by Lemma 2.14, the space A = (C%, || - ||4) is uniformly
convex normed space with p-convexity constant K = K,(A) < 1 for p = é > 1. We also note
that B4 € By C dBy. For a parameter 3 € (0,1), we will build a map ¢ = ¢.: Y — Z where
Y =[A Hlgand Z = [A,H];_p where 0 < e S %?2»'

We first specify a map ¢.: Sh(Y,e) — Sh (Z, O(Elz//z)), where for a normed space X over C¢, the
set Sh(X, ¢) specifies a thin shell around the unit sphere of X:

Sh(X,e) ={zeC?:1—c<|z|x <1+4¢}.

Looking ahead, the algorithm for computing ¢. in Section 5 will run in time polynomial with d and
%. For our desired application to ANN, we encourage the reader to think of the setting of parameters

as B~ @ and p ~ lolgoi Cgi g- Therefore, while we specify the required restrictions on the parameter

settings, we think of these restrictions as easy to attain due to the flexibility in setting € to be the
inverse of a sufficiently high degree polynomial in d.

The map . is defined as the concatenation of three maps:

po: Sh(Y.2) 15 Fo(B) L F(1 — B) 250 (2,0(58%)) ).

(see Subsection 2.7 for the formal definition of F(f3)) where:

1. The map F.: Sh(Y,e) — F2(P) is promised to output for each x € Sh(Y,¢), a function
f: 6 — C? e Fy(P) satisfying:
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o [[f(B) —zlly <e, and
o max {supcg || f(it)|| 4, supier [|f(1 +it)[[m} <1+
2. The map I: F(p) — F2(1 — B) is the identity map which interprets f € Fo(1 — ).
3. The map E: F»(1 — B) — Z is the evaluation map, which on input f: & — C% € F(1 — B),
outputs f(1—p) € 2.5

Specifically, the map F.: Sh(Y,e) — F(p) is defined as the output of the algorithm from Section 5,
and our arguments in will only use the properties of F_ listed above. The goal of this subsection is
to prove the following lemma.

Lemma 4.1. The map ¢.: Sh(Y,e) — Sh (Z 2%025/3 ) satisfies the following two inequalities for
every z,y € Sh(Y,e):
le(x) = ee(y)lz (lz = ylly +5)"/7 (14)

E
1000¢1/3 /7
$5 (1@ - atts + M,)

Before proving Lemma 4.1 (which we give in Subsection 4.1.1), we give the following claim, which
bounds the p-convexity constants for F(f3) and F(1 — ).

—_

lz —ylly —2¢ < (15)

Claim 4.2. The spaces F2(3) and F2o(1 — B) are uniformly convex, with p-convexity constants

Ky(F2(B)), Kp(F2(1 — B)) < 20.

Proof. Let W be the normed space over C% x C? given by:

(@, 9)llw = (l]% + [lyll2) "7

Note that F5(f) is isometric to a subspace of La(pg, W). The isometric embedding proceeds as
follows: for any f: & — C% € F(B), we let g: 06 — C? x C? € Lo(ug, W) given by

[ (f2),0) Re(:)=0
9(2)‘{ (0,/()) Re(z)=1 -

Thus, we may use Corollary 6.4 in [MN13] to conclude

10p \~Vp 10p \~Vp
Kol 9a(B)) < Ko Lalip W) < (25 ) B0 < (52) <20,

where the third inequality follows from the fact that K,(W) <1 if K,(A) <1 and K,(H) <1, and
the last inequality follows from the fact p > 1. Similarly, F5(1 — ) is isometric to a subspace of
Lo(pi—p, W), giving the same bound on the p-convexity constant. O

We will think of . becoming closer to the Hélder homeomorphism from Theorem 8 mapping
unit spheres as ¢ — 0. In fact, we may consider the case when € = 0; while the definition of
Fo: S(Y) — F2(B) can no longer be the output of the algorithm of Section 5, we let Fy denote the
value of the ezact optimization over F. Using Fy to specify the map ¢g: S(Y) — S(Z) recovers the
map from Theorem 8.

SWe will show that 1 — 20[50;/3 <fA=PB)llz<1+e.
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4.1.1 Proof of Lemma 4.1

We first focus on showing (14). The proof will follow from combining a sequence of claims, which we
will combine to obtain the string of inequalities in (18). After that, we turn our attention to (15).

The following two claims follow from the definition of the complex interpolations Y = [A, H|g and
Z =[A, H],_p, as well as the fact that complex interpolation may be defined as an optimization in
F or H(P) (see Subsection 2.5 and Subsection 2.7, specifically, Fact 2.16).

Claim 4.3. Let z,y € C.

o If fo, fy € Fa(B) satisfy fo(B) =z and fy(B) =y, then ||z —yly < lfa = fyllzp)-
o If fo, fy € Fo(1—=B) satisfy fo(1—PB) =z and f,(1 =) =y, then ||z —yllz < ||fo = fyllza-p)-

Proof. The claim follows from the definitions of complex interpolation, as well as Fact 2.16. We
have that f, — f, € F2(B) satisfies (f» — fy)(B) = * — y, therefore, ||z — y|ly < ||fz — fyllo@). The
same observation occurs for Z and F2(1 — ). O

Claim 4.4. For any f in F2(1—B) and (B, | fllsa-p) S §llflme) and [ flloe) < 51 Fllsna-p)-
Proof. This follows from Lemma 2.18 and the fact that A(f,1 —B) < % O

Claim 4.5. Fore < 41 ,letx,y € Sh(Y,e) and fy, fy € Sh(F,e) where || fz(B)—z|y, || fy(B)—ylly <
e. Then, ||fz — fqu2 ) S 607p- ([[z —ylly + 5¢).

Proof. By Claim 4.2 and the definition of the p-convexity constant K,(F2(B)),

| fz — fy”%z(ﬁ) < Hzfxugé(ﬁ) + ”2fyHg”2(f5)
20P b 2
(43 12f2 5, ) + 124,15
< A0 1B + £ (B

126218, ) + 12751
< 0 DR (1, (@)l + Ly (B — 1£(B) — £y(B) ) (16)

- ”f:]c + fy”?;a(ﬁ)

where the third inequality follows from the fact that || fz(B) + fy(B)lly + [|f=(B) — fu(B)lly =
Il fz(B)Ily + IIfy(B)lly by applying the triangle inequality twice. We write:

) v (£ (Bl + Lfy(B)lIv)”
: .
We note that I' < 37, since fz, fy € Sh(F,¢) and [ f2(B) — (v, [Ify(B) — ylly < €0 fo,fy €

Sh(F2(B),e). Additionally, f2(B), fy(B) € Sh(Y,2¢) since z,y € Sh(Y,¢) and ||fz(B) — z|ly < e and
Il fy(B) — ylly < e by the definition of F;; hence,

T =22 (1 fulBie) + 1 ol ey

2P (1 — 2¢)P
2w-1(2(1 + )P

Y > >(1-3e)’ 21— 3ep (17)
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by Bernoulli’s inequality since 3¢ < 1, and y > 0 since 3ep < 1. Thus, combining (16) with the
bound I' < 37 and (17) we have

e = Full5, s ( ( 1£2(B) — £,(B)ly >p>
v 7ereb) <T|1- 1— g Y
o0 S YU RG)y + 15,8y
1£2(B) — £, (B)ly
<3F[(1-(1-3 1—»p- ,
S ( (1= 3ep) ( P 1By + IIfy(B)Ily>>
where again we used Bernoulli’s inequality. Thus, we have:

e = Fyll5ey ., 1.£=(B) = £, (B)lly
T (p' [7:(B)lly + 15, (Bl *3”)

By the triangle inequality, || f(B) — fy(B)|ly < ||z — y|ly + 2¢. Therefore,

1fe = £l ) ( |z —ylly )
——= L | p- + 5ep | < 60Pp (||z — yl|ly + 5e),
200 5By + 14,y (Il = ylly + 5¢)
since || fz(B)lly + | fy(B)|ly =2 —4e > 1 since € < %. O

Proof of (14) in Lemma 4.1. Combining Claims 4.3, 4.4, and 4.5, we have that for any z,y €
Sh(Y, e),

(4.3) (4 4) 1
le@) = e@liz < 1fe = llma-p) S 51z = Lllop)
(4.5) 1
< g~<60p~p>1/p<||a:—y||y+5e>1/p g (= —ylly +5)7.  (18)

O]

We now turn our attention to (15) from Lemma 4.1. We follow a similar approach as above, and
apply Claims 4.3 and 4.4 to say:

(4.4) 1
lz —ylly < Ifa(B) — fy(B )Hy+2€ < fo Fllzapy +26 S g‘”fm_fyHS‘g(l—B)‘*'an (19)

where in the first inequality, we used the triangle inequality and fact that || fz(p) — z|y < e and
|| fy(B) —ylly <e. It remains to deduce an analogous statement to Claim 4.5 for the spaces F2(1—3)
and Z. In order to do so, we first show the following claim, which shows that the map ¢ has

co-domain in Sh(Z, 20{3026/13/3)

Claim 4.6. Let x € Sh(Y,¢) and f, = F:(x). Then,

200e1/3
1- TP <fz(T=B)llz<1+e.
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Proof. In order to show the upper bound, note that

1fz(1 = B)llz < max {Sup fz ()] 45 sup || fo (1 + it)HH} Sl+e,
teR teR

where the last inequality follows from the properties of F.. For the lower bound, let A* and H*
denote the dual spaces of A and H, respectively, and let Y* = [A*, H*|g and Z* = [A*, H*];_g,
where we denote F# and F(B)* as the analogous spaces to F and F(pB) for the interpolation Y*,
respectively. We note that Y* is the dual space to Y and Z* the dual space to Z.

Recall that z = f;(f) € Sh(Y, 2¢) by the properties of F, so let z* € S(Y™*) be the corresponding dual
certificate, where |(z, 2*)| > 1 — 2¢. Let g: & — C? € 77 satisfy g(B) = z* and ||g||y# = 1 (which
exists since z* € S(Y*)). We note that for any ¢ € R, we have ||g(it)|| 4= < 1 and ||g(1 + it)|| g- < 1,
and [|g(1 = B)l|z- < [lgllg# = 1.

Consider the function h: & — C given by h(z) = (f.(z),9(2)), and note that h is continuous and
holomorphic on &. Since ||g(j +it)|| < 1 for j € {0,1} and ¢t € R with || - || = || - || a» when j = 0 and
- =1+ [l when j =1,

. [fa(@t)a  §=0
h("“t)K{ |0 +it)llg j=1"

so by definition of the space F(f),

S [ G P it < el < 1+ (20)

7=0,1

Since [|g(1 = B)l[z- < 1, we have:

[fo(1=B)llz = [{fo(1 = B),9(1 = B))] = [2(1 = B)].

We have that |h(B)| = |(z,9(B))| = 1 — 2¢ by definition, and |h(z)| < 1+ ¢ for z € 6. Thus,
consider the sets

L={teR:|h@it)—h(B)|>6} and R={teR:|h(l+it)—h(B) >3,

for 6 = 10[3025/13/5 Let a = % € C, and for any ¢t € R and j € {0, 1}, consider the quantity

7(j,t) = Re(a) - Re(h(j +it)) + Im(a) - Im(h(j + it)),

which measures the magnitude of the projection of h(j + it) onto the direction of h(f3), interpreted
as vectors in R2. Then, since h is continuous and holomorphic on &, and (20) holds, we may apply
Corollary 2.3 to conclude

Z/ h(j +it)P(B,j +it)dt = h(P),

7=0,1

and therefore, the projections satisfy

[ 7 OP. + it)dt = h(B).

7=0,1
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Additionally, since |h(j +it)] < 14+ and 1 —2e < |h(B)| < 1+ ¢, by Lemma 4.8, if t € L, then
7(t,0) < 1—8%/4 and if t € R, then 7(t,1) < 1 — 82/4. Thus, if we let:

oc:/LP(B,it)dtJr/RP(B,1+it)dt
we have
1 -2 <a(l—08%/4)+ (1 —a)(1+¢),

and thus o < 12‘3. Finally, we have:

h(1—pB) — <3 / h(j +it) — h(B)[P(1 — B, j + it)dt

7=0,1

5+/ Ih(it) — h(B)|P(1 = B, 1) dt+/ h(1+ it) — h(B)|P(1 — B, £)dt

¥ 5+( 262> (/PB,zt dt+/ (B, 1+us)dt>

where the first inequality follows from Corollary 2.3, and we used the fact that |h(it) — h(p)| < 3 and

|h(14it)—h(P)| < 3forallt € R. In other words, we have that |h(1—B)| > 1—2e— 15[5025/3/3 > 1-— 2%025/13/3,

which gives the desired lower bound. O

We now note that we may follow the same argument of Claim 4.5 with € <

20[3025/13/3 < ﬁ to conclude the following claim.

%, or equivalently,

Claim 4.7. For e < gb, let u,v € Sh(Z, 20605/3/3) and fu,f, € Sh (93(1— B), 2%05/13/3), with
e1/3
ful=B)=w and f,(1 — B) =v. Then, ||f, — vaF2(1 5) < 60Pp - (Hu — vz + logg/3 )

Combining (19) with Claim 4.7, we conclude:

471

D1 10001/3 ) /7
le —yly < B Ife = fyllma-p) +26 S %+ (HSO(?C) — oWz + 2,

[32/3

=

which gives (15) in Lemma 4.1.

4.1.2 An auxiliary lemma

Lemma 4.8. For 0 < ¢,6 < 1—10 with 8% > 10e, let z € C have 1 —¢ < |2| < 1+ ¢ and a = ﬁ
Suppose z' € C with |2'| < 1+ ¢ satisfies |z — 2| = 3, then,

Re(a) - Re(2) + Im(a) - Im(2') < 1 — §%/4.

24



1—5 14e

Figure 1: Figure corresponding to the proof of Lemma 4.8. The number z € C is shown with
1 —e < |z| £ 1+e¢. Then, the number 2’ € C lies at a distance at least § from z with |2'| < 1+e.

Proof. Consider the scalar 2’ € C with |2/| < 1+e¢, |z — 2’| = § which maximizes © = Re(a) Re(2’) +
Im(a)Im(2') e R, and let y = [2| —z € Rand b= 2" —x-a € C (see Figure 4.1.2). Note that by the
Pythagorean theorem, we have:

224+ b2 =122 and  y* 4 |b]* =82

Thus, simplifying the above two equalities, we have 22 + 862 — y? = (x + y)(z — y) + 8% = |#/|?, and
therefore,

I‘Q —52

2]

(1+¢)?—8° 4e — &2 52
- 1 <2 <2——
T: +(1+¢) to— te 5

_

2x + 2| <

4.2 Extension to the whole space

From Lemma 4.1, we obtain an approximate Holder homeomorphism ¢ mapping a thin shell of
a uniformly convex space to another thin shell of a uniformly convex space. We now show how
such a map may be extended to the whole space by an approximate radial extension. Similarly to
Subsection 4.1, we define the radial extension assuming a map £: C¢ — R*% which approximately
computes the norm of a vector in an interpolated space. We defer the details of how to compute ¢
to Section 5. The resulting extended map will have similar Holder guarantees, and in Corollary 4.10,
we apply the lemma below to ..

Lemma 4.9. Let Wy = (C%,|| - [|lw,) and W1 = (C%, || - |lw,) be complex normed spaces, C' > 0,
0<ex, e < %, and 0 < o« < 1. Suppose there exists a map @: Sh(Wy,e0) — Sh(Wh,e1) satisfying:
(@) — eW)llw, < C - (llz = yllwg + 5eo)™
Iz = yllwo — 260 < C - (lle(x) — () llw, + 5e1)”
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for all z,y € Sh(Wy,ep). Then, for any real r > «, ¢ can be extended to ®: Wy — Wi so that
1@(2)]lw, = (1+e0)" (1 £e1) |||y, and

|9(2) - ®(y)llwy < (27C +2- 3" max{1,7}) - (|l = yllw, +5RB20)™ (i + lyllie) » (21)

|z = yllw, — 260R < (4C + 12max{1, 1}) - (|8(2) — D(w)llw + 5B e0)* (Ilzlliy™ + Iyl ™)
(22)

with R = max{HxHWm H?JHWO}-

Proof. We define the map ® as an approximate radial extension of . In particular, consider some
vector x € C?, and let £(z): C¢ — R>° be a function satisfying

(1 —eo/2)l|zllw, < £(z) < (14 e0/2)%]lws,

and note that ﬁ € Sh(Wpy,ep). We let the function ®: Wy — W be:

”
B(z) = (@) - o <€(xx)> .

For z,y € C%, let a = % and b = ﬁ and let t = ﬁ%) < 1 without loss of generality. By the

triangle inequality, we have:

[ () = @(y)llw,
()"

~—

< llela) = e®)llw, +[le0) = "0 llw,

< llela) = e)llwy + (1 +e1)(1 = 1)
< C(lla—bllwy +520)" + (1 4 &1) max{1,r}(1 — 1), (23)

where the last inequality is by the assumption on ¢, and the fact that (1 —¢") < max{1,r}(1 — )
when ¢t < 1. In addition,

la = tbllw, > llallwy —tlbllwy =1 —eo = #(1 +e0) = (1 = #)(1 + €0) — 2e0, (24)

and therefore,
(24)
la = bllwy < lla = tbllwy + [t = bllw, < lla = tbllw, + (1 = )(1 +20) < 2[la — tbllw, + 220 (25)
Plugging in (24) and (25) into (23) and recalling that e; < & implies

d(z) — @ (25)
” (f”)g(x)fy)”wl < C(2lla— thllw, + Teo)* + 2max{L, r}(1 — ¢)

(24)

< O @2lla— thllw, + Teo)® + 2max{1, 7} (la — tbllw, + 2e0)

< (2% C+ 2max{L,r} (fla — tbllw, + 420) ) (la — th]w, +10)°
< (2“ C+2-37. max{l,r}) (lla — tbllw, + 4e0)™,
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where we use the fact that ||a — tb||lw, +4e0 < 1+ ¢e0+ (1 +£¢) + 4ep < 3 since t < 1 and gp < %,
as well as the fact that o < 1. Finally, since ¢(z) < max{(1 +e0/2)|z||wy, (1 + €0/2)|lyllwy }:

19(z) = D) lwy < (22C +2- 3% max{1,7}) ([|z = yllwy +420L(@)* - (1 + ) (I3 + lyllie)
which gives (21), since (1 + %) < 2. For the reverse inequality, we follow in a similar fashion:

2 — yllwg

< _ —_
@) < la = bllwg + (1 = )[bllw,

< C(llela) = o®)llw, +5e1)" + (1 = t)(1 + €0) + 2e0, (26)
In addition, we have:
lo(a) =t p(B)llw, = (1 —e1) —t"(14¢e1) = (1 —¢")(1 +e1) — 2en,

So,

le(a) = ®)llwy < llpla) = t"0(0)wy + [[t70(0) — @(B)lwy < llvla) = t"e)llw, + (1 —1")(1 +e1)
2|lp(a) — t"o(b)wy + 2e1. (27)

Combining (26) and (27),

<
<

1z = yllwo

(z) < C(2llp(a) = t"p(0)lw, + Te))™ + (1 = 1) (1 4 €0) + 220

< C (2)p(a) = t7p(0)lw, + Te1)™ + 2max{1L, 1} ([le(a) = t"o(b)w, +2e1) + 2e0
< (2%C+2- 3% max{1, 1}) (llp(a) = (B lws + 420)* + 220.

Finally, we have:

o yllw, < (40 +12max{L, 1}) (|2(2) — B(y)]lw, + 4e0t@))* (2l + Iyl ™) + 250t().

O]

4.3 Summary and necessary subroutines

We now combine Lemma 4.1 with Lemma 4.9 in order to obtain an approximate homeomorphism
which will later be used in the design and analysis of ANN algorithms. Recall that A = (C%, || - || 4)
is a uniformly convex normed space with p-convexity constant K,(A) < 1, and H = (C%,|| - ||g) is
the complex Hilbert space (¢9)C with B4y C By C d - B4, where d = poly(d). We define the normed
spaces given by the complex interpolation of A and H with parameter 3 € (0,1), so

Y = [A, H]ﬁ and Z = [A,H]l_ﬁ.

We summarize the discussion of an approximate homeomorphism ®.: Y — Z, built by combining
Lemma 4.1 with Lemma 4.9 in the following corollary. After that, we collect the necessary assumptions
made about existence of two maps which are needed in order to compute ®.. In Section 5, we will
show how to implement the necessary steps in an efficient manner.
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Corollary 4.10. For any R >0, 0< e <
the following conditions:

6i and r = %, there exists a map ®o: Y — Z satisfying

e For every x € C¢, we have (1 — &)™ H|z||} < ||Pe(z)|lz < (14 &) |5

o For every z,y € C* with ||z|y, |ylly < R and ||z —y|y > 53(%)1/100’

4 T— T—
|9c(@) = @e()llz S 5 - o =l (Il + )

additionally, if ||®-(z) — P (y)|lz = 5R"( )1/1007

£
B

1 1 1_1 11
o=l S (5 + 1) - I0e) — 21 (@57 + o)l 7).

Before presenting the proof, which sets appropriate parameters in order to apply Lemma 4.1 and
Lemma 4.9, let us take a moment to comment on the parameters R,e and r from the corollary
above. Recall that p will be high enough so the p-convexity constant K,(A) < 1, specifically, for

our applications, p =~ 1og)i§ 7- In addition, the parameter $ € (0,1) defining the interpolation
Y and Z will have 3 = @. We encourage the reader to think of 7 = 1 and R = d*, as these

will be the parameters used for our applications. At a high level, we think of R as a large enough
radius containing all the points of interest. Then, we set € > 0 to be the inverse of a large enough
polynomial in d, so that R(e/B)/1% and RP(e/B)"/1% are small enough numbers. These specific
parameter settings allow us to only consider pairs of points x,y € C% whose distance ||z — ||y and
|Po(x) — Pe(y)||z is large enough to overcome the additive error terms from Lemma 4.1.

Proof. Let the parameters €p,e1 > 0 and « € (0, 1] be given by:

e3p2 x 1
) = —— E1 = &€ = —,
7 2003 ! p
BQ 51/3 . .
so that ¢ < 00p° and €1 = W. These parameter settings allow us to invoke Lemma 4.9, and

we denote ¢z, : Sh(Y,e9) — Sh(Z, 1), as the map satisfying the inequalities from Lemma 4.1. Then,
we let ®.: Y — Z be the map defined as,

D.(x) = () oy (afc))

from Lemma 4.9. Since € > ¢y, we have ¥, satisfies:
(1 =) lzly < [[Pe(@)lz < (1+2) " ]l5-

In addition, whenever [|z[ly, [lyly < Rand |lz—yy = 5R(; )/100 then ||z —y|ly > 5Reo, and when
>

|Pc(z) — P(y)]|z = 5Rr( Y100 1D, () — B (y) || 2 5RP51. We obtain the desired inequalities the
properties of ®. given in Lemma 4.9. ]
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Finally, the following lemma asserts that the map ®.: Y — Z is close to the optimal homeomorphism
®y: Y — Z obtained by extending ¢g: S(Y) — S(Z) through Lemma 4.9 with perfect access to
norm. In particular, we let ®y: Y — Z be given by:

%o(a) = ol - o ()

First, note that by Theorem 8, we may extend that map ¢g: S(Y) — S(Z) to obtain the map
®y: Y — Z, which is a homeomorphism since pg: S(Y) — S(Z) is a homeomorphism. Since ¢
satisfies the conclusions of Lemma 4.1, then ®¢ satisfies the conclusions of Corollary 4.10. We record
this observation as a corollary, which is almost equivalent to Corollary 4.10, except the conditions
on the distances are unnecessary, since € = 0 in this case.

Corollary 4.11. There exists a map ®o: Y — Z satisfying the following conditions:

e For every x € C¢, we have ||z||} = ||®o(2)]z-

o For every z,y € C%, we have:

T

4 1/p =3 Ty
[@o(x) — ()HZNB lz =ylly™ (lzlly " +lylly ™),

o=l 5 (5+5) - 190(e) — 2o (I20(a)]

1
p

_1 1 1
el 7).

Lastly, we give the following lemma, which states ®.(z) — ®g(x) as € — 0. This last lemma justifies
the fact that the map ®.: Y — Z is indeed an approximate Holder homeomorphism, even though
®. may not be a bijection.

Lemma 4.12. For any R >0 and 0 < € < for any x € C* with ||z||y <

6p’

() — o >sz‘§<5 R(ﬁ)”m)’l’(\|xrr§’l’)-

Proof. Consider the map ®.: Y — Z given by:

, ) P(2) z#2
®.(2) _{ Oy(z) z==x

We note that ®. also satisfies the conclusions in Corollary 4.10, since we . given by ¢.L(z) = ¢o(z)

and . (2) = p:(2) for z # x satisfies Lemma 4.1. Consider y € C? with |z — y|ly = 5R(%)1/100 and
llylly < ||z|ly, then using the triangle inequality and applying Corollary 4.10 twice, we conclude:

1®o(z) = Pe(z)llz < [PL(2) = LWz + [ Pe(y) — P=(2) ]z

<5 (o B)/) (1ol + ™).
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Necessary subroutines for computing ¢. In order to define ®.: Y — Z, some assumptions
were made on the existence of two maps. We collect these assumptions as algorithmic tasks such
that given efficient algorithms for these tasks, we can compute ®. satisfying the properties of
Corollary 4.10 and Lemma 4.12.

e (Approximately computing norms) Given approximate oracle access to a normed space W =
(C4 || - [lw), as well as the Hilbert space H = (¢3)¢ with By C By C d - By, and parameters
e>0and 0 € (0,1), let W' = [W, H]o. For each x € C¢, output a value /() satisfying:

(I =a)llzlw < (z) < (1+e)llzflw

The proof of Lemma 4.9 assumed access to this kind of map ¢: C¢ - RZ? with W = A, 0 =B
and e =ex/2 .

e (Approximately optimal functions) Given approximate oracle access to a normed space W =
(C%, || - ||lw) and the Hilbert space H = (¢4)¢ with By, C By C d - By, and parameters £ > 0
and 0 € (0,1), let W’ = [W, H]g. For each z € Sh(W’, ), output a function f: & — C? € F(0)
satisfying:

1. [1£(0) — 2w < e, and
2. max{supseg ||/ (it)lw, sup;cg || f(1 +it)[|m} < 1+¢€, and

The description of the map ¢ in Subsection 4.1 assumed the existence of such a map F; with

W =A4,0=038.
For our applications to ANN over a general normed space X = (R?, ||-||x) in Section 6 and Section 8,
we will instantiate the map by letting A = [XC, H] and Y = [A, H]g and Z = [A, H];_p. Therefore,
while we have oracle access to computing norms || - || x, we will need to solve the algorithmic tasks

above for the cases W = A and W = XC. In Section 5, we give an algorithm for accomplishing the
two algorithmic tasks set forth above and analyze the complexity in terms of the dimension d, as
well as the error parameter €.

5 Computing approximate Holder homeomorphisms

5.1 High-level overview

The goal of this section is to give polynomial time algorithms for computing various aspects of
complex interpolation which completes the description of the approximate Hélder homeomorphism
from Section 4. The data structures for ANN over a real normed space X = (R? | - ||x) will
compute this map, so we will assume oracle access to computing || - | x. In particular, we will provide
algorithms for the two tasks specified towards the end of Subsection 4.3. We will consider a complex
normed space W = (C%, || - |w) and the Hilbert space H = (¢2)C, i.e., the complexification of £2,
and assume

Bw € By Cd- By, (28)
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(note that we may compute ||z||y since it is isometrically isomorphic to ¢3¢ by separating the real
and imaginary parts of each coordinate; see Subsection 2.4).

At a high level, our algorithm will express the algorithmic tasks from Subsection 4.3 as the
optimums of convex programs, which we then solve using various tools from convex optimization.
We first set up some notation. For a convex set K C R™, and a real number § > 0 we let
B(K,5) = {y € R™ : z € K and ||z — yl]]2 < &}, and we abuse notation slightly by letting
B(y,5) = B({y},0) for y € R™. Then, we let B(K,—-8) = {y € R™ : B(y,5) C K}. We will
frequently interpret convex sets K C C™ as convex sets of R?™, by separating the real and imaginary
parts of the vectors in C™.

Definition 5.1 (Membership Oracle (MEM(K)) [LSV17]). For a convex set K C R™, given a vector
y € R™ and a real number & > 0, with probability 1 — 0, either assert that y € B(K,d) or assert

The goal of this section is to solve the following algorithmic task, which we denote ApproxRep(z, 0,¢; W),
where we will assume access to MEM(Byy ), thus, we will measure the complexity of the algorithm for
ApproxRep(z, 0,¢; W) in the number of calls to MEM(Byy ), as well as the error parameter > 0 in

these calls. In Subsection 5.5, we show how the subsequent algorithms are used in our applications
to ANN.

Definition 5.2 (Algorithmic Task ApproxRep(z,0,e;W)). For a complex normed space W =
(CL I llw) satisfying
Bw C By € d- Bw,

we want to solve the following algorithmic task. Given access to MEM(By ), a parameter 6 € (0, 1),
a vector x € (Cd, and an approrimation parameter € > 0, output the representation of a function
f:6 = CleF (where F is defined with respect to the couple (W, H)®) such that:

o [|£(®) = xllw,mo < ellzllpw,my, and

o [[flls = max{supser || f(@t)[lw, supser [|f(1 + )| m} < (1 + 1) l|2(/jw,m,-

The representation of the function should also have the property that we may compute a (1 £ ¢€)-
multiplicative approzimation to ||f|l in poly(d/e) time, and for any 0" € (0,1) we may compute
f(8") € C4 in poly(d/e) time.

In the following section, we will assume that ¢ is a small enough parameter, which will later be set to
m. Before proceeding to present an algorithm for ApproxRep(z,0,e; W), we give the following

simple consequence of being able to solve ApproxRep(z,0,e; W), which solves the first algorithmic
task from Subsection 4.3.

Corollary 5.3. For any z € C%, 8 € (0,1) and € > 0, we may obtain a (1 % )>-multiplicative
approzimation to |||/, from a call to ApproxRep(w,0,;W).

Ssee Subsection 2.5 for a formal definition of F
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Proof. Given f € F as an output of ApproxRep(z,0,e; W), we note that

1l = 1 ONlw,mn1e = xlliw,me = 1F(8) = zllwime = (1 = &)llzlljw, e

where we first used the definition of interpolation, and then we utilized the triangle inequality, as well
as the fact that f(0) is close to . The upper bound follows by definition of ApproxRep(z,0,e; W).

Finally, we note that we may compute a (1 + ¢)-approximation to || f||# in poly(d/e) time. O
For simplicity, when working with a couple (W, H), where W = (C%,|| - ||w) is a complex normed
space and H = (£)C is a Hilbert space satisfying (28) we denote Wy = (C%,|| - ||¢) as the complex
normed space given by Wy = [W, H]g and || - [le = | - [/jw;#), -

5.2 Discretization of F

We will now give the discretization of F we optimize over. Specifically, we show a quantitative
version of Lemma 4.2.2 from [BL76]. We will write the discretization of &, where ¥ is defined with
respect to the complex normed spaces Wy = (C4, || - |lw,) and Wi = (C%, || - ||w, ). In our applications
of this discretization to computing ApproxRep(z, 0,c; W), we will set Wy = W and W; = H. Assume
that Wy and W7 are both close to the Hilbert space H = (Eg)(c, i.e., every x € C¢ satisfies

[eliwe < llzlla < dllzlw, — and  flzflwy < [lzlla < dlzfw, (29)

Recall from Subsection 2.5, the space F, defined with respect to Wy and W4, is a space over bounded
continuous functions f: & — C? which are holomorphic in &. We will consider a z € C? such that

12l o, W = 1-

Let us first introduce some notation. For f € & and 7 € R, we denote:

By (f,7) = max{||f(ir)llwy. IIf (L +i7)|lw,},  and (30)
Buo(f7) € uax, |1f (ut 7). (31)

In addition, for each f € F, we may view go: R — C¢ as go(7) = f(it) and g1(7) = f(1+i7). Given

these definitions, when the derivatives C(ligo and dgl exist, we denote:
dgo dgi
Dao(f, ) {H L, 1
The following lemma is a quantitative version of the classical Fejér’s theorem [Kat04].

Loo

Lemma 5.4. Let f: R — C to be a differentiable 2w L-periodic function. Consider its Fourier series:

f— Z anewiz,

nel

where

7L
1
ap = ol / flx)e T

—nL
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Then the Césaro partial sums

Ju(x) = Z <1 - ]\/—1—1) anemLI

In|<M

satisfy || far — flle., <€ for 0 <e < 0.1 with

£ llese - 11£11Z, - L2
M5 5 .

Proof. We can assume, by rescaling, that L = 1. Then, one has:

v = f* Fur,

b L (sin¥eN
M= sin 3

where

is the Fejér’s kernel. Thus, for every & > 0, one has:

™

L - s@y Rt

fu@) = @) = |5

<57 [lie=0-f@IFa

:% /!f(x—t)—f(x)lFM(t)dHQi / |f(z —t) — f(x)|Far(t) dt

[t|<d s<t|<m

flle
< 8l + e

s
where the first step follows from 5 [ Fp(t)dt = 1, the second step follows from Fi/(t) > 0, and

Y
—Tr

us
the fourth step follows from 5= [ Fa(t)dt = 1, and Fy(t) S 557 for § < |t| < 7. Substituting
—Tr

2M
(Ml V3
5~ (fpes) s we set

1/3
Il 112\ Y
M )

[fu(z) = f(2)] S (
which implies the desired bound. O

Claim 5.5. For every x € C¢ with lzllwo,wn]e = 1 and every e > 0, there exists f, € F such that:

o fx(0) ==z,

o for every 1 € R, By(fo,7) < 1+4¢€ and Boo(fz,7) S d;
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Proof. By definition of ||z, w,)e from (8), let f» € F be the function with f,(0) = x and || fz||7 <
lzllwo,wi)e +€ < 1+€. In addition, since || fz |5 = sup,egr By (fz, 7), we obtain that By (fz,7) < 1+e.
Finally, we note that f, is holomorphic on &, continuous on &, and bounded, so by the Hadamard

three-lines theorem, Boo(fx, ) < Supye(o,1) |f (u+iT)|| i < sup,eg max{|| fo(i7) || g, | fo(1+i7) || a} <
TER
d. O

Claim 5.6. For every x € C* with lzllwo,w1)e = 1 and every e > 0, there exists ff) € F such that:

o 1120) - 2llr. S e, and

o for every T € R, By (f¥",7) < 1+¢, Buo(f&,7) S d, and Do(f7,7) < “AED,

~ €
Proof. Let f, € F be from Claim 5.5 for the vector z € C* and e. For o > 0 let

Y E fuz+ig). (32)
gNN(0702)

We note the bounds on By ( ff),f) and Boo( f;§2),7) are immediate from Jensen’s inequality and

convexity of || - ||: C¢ — R>Y. In order to bound \\féz)(e) — x4, we have
2.3 32) .
790) - £0) 2 | (79() - (=) dnol2) Z ( E | falz+ig) - fx(2)> dyso(2)
06 86 \ g~N(0,02)

- E /8<f$<z+ig>—fx<z>> diio(2)
S

g~N(0,02)

- E F(2)(P(0, 2 — ig) — P(0,2)) dz,
g~N(0,02) JO&

where we used the definition of pg(z) from Subsection 2.2 in the last line. Therefore,
0 - 1Ol < (supBatfn)) B [ P05~ PO i)l
TER g~N(0,02) JO&S

<d E / IP(6,2) — P(8, 2 —ig)| d=. (33)
g~N(0,02) JO&S

Note that for 6 € (0,1), P(0,-) is symmetric around zero and unimodal, when g > 0, we have
P(0,2) > P(0,z —ig) when Im(z) < § and P(0,2) < P(0,z —ig) when Im(z) > 4. So we have that
when g > 0,

/(96 |P(0,2) — P(6,z —ig)|dz = / (P(6,2) — P(0,z —ig))dz — / (P(0,2) — P(0,z —ig))dz

2€06 2€06
Im(z)<§ Im(2)>%

= / P(0,z)dz — / P(0,z)dz — / P(6,z)dz + / P(0,z)dz

2€06 2€06 2€06 2€06

Im(z)<$ Im(z)<—% Im(z)>% Im(z)>—4%
—2 / P(0, 2)dz. (34)
z2€06
ITm(2)|<§
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The case when g < 0 is symmetric, thus, we may combine (33) and (34) to conclude

I£26) - @l S4B [ PO.2)SdA®0) B gl SdAE@0)0 <<
gNN(0702) gNN(0702)
2€06
| m(2)|< gt

when o < m, where we used the fact that P(0,2) < A(0,0) when z € 96 and 0 € (0,1).
Now let us upper bound Doo(fQEQ),T). Denote p,(t) the p.d.f. of N(0,0%). In addition, if we let
go,gl,g((f),gf): R — C% have 9j(1) = fz(j +i7) and gj(.Q)(T) = f¢£2)(j +i7) for j = 0,1, we have

2) )" /
9; = 9j * po (7). Thus, we have ——(7) = g; * pl, (1),

Claim 5.7. For every x € C* with lzllwo,w1)e = 1 and every e > 0, there exists ff’) € F such that:

d

d2A(0,0
pat ROl TAGY),

9

d.
O_N

= |lgj * ol S

’ o]

O]

o [1752(0) — 2]l S,

67'2

.2
T and Boo( £3),T) <d-e d,and

o for every T € R, Bg“(fa(g3),7) <(1+eg)- es( d

2
< d%-A(8,0) T

57'2
o for every T € R, one has: Do £3),7') e d Hel|t]-e d.

Proof. We may consider f;£2) € ¥ from Claim 5.6 and set
522
fO(z) = e fP(2).
All the desired properties are immediate to check. O

Claim 5.8. For every x € C* with lzllwo,wi)e = 1 and every e > 0, there exists f§4) € F such that:

o [1757(8) — 2]l S,

o for cvery T € R, By(f1Y,1) <1+ 0(e), Boo(fAV,7) S d, Doo(fi¥,7) S TACE g

~ €
@) o
o f27 is 2miL-periodic for

Proof. We take fég) from Claim 5.7, and set:

D) =3[9z + 2miLk).

keZ

All the desired properties are immediate to check. O
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Denote for n € Z the n-th Fourier coefficient:

L

1 .\ _int

an = 5—F / FW(ir)e=T dr e C
—nL
Claim 5.9. For every 0 < 0 < 1, one has:
1 L -

~ . _n(9+i‘r)

Il / FWO@+ir)e " L dr = ap.
—nL

Proof. First, let us show that the left-hand side, which we denote by A(0), does not change when
0 is varied in (0;1). Consider the following contour on the complex plane for k > 1: 0, —iw Lk to

z

01 + irLk to 0 + inLk to 0 — irLk to 0, — inLk. On the one hand, the integral of £\ (z)e~ T
over it equals to zero. On the other hand, it is equal to k- (A(01) — A(62)) plus a term that is
independent of k. Since k is arbitrary, we get A(01) = A(62). On the other hand, for 0 < 0 < 1, we

have A(0) = A(0) = A(1) = a,, since the function f§4)(z) converges uniformly to the corresponding
boundary value as the real part of z converges to zero or to one. O

Claim 5.10. One has:

o llan]le <min{l,e/2} | £] . < min{l, e/} - d.
e If we denote f;£5) eEF by

(5)(5) = bt el
[E)= 2 g met

Inl<M

then ||f7(2) — £9(2) e, < E for

d5- L2 A(0,0)?
M< 5 .
Proof. The bound [lanle. < [I££” e < d is trivial. To show that [lag|le. < e 2 - [ £ o, we
just use Claim 5.9 with 6 = 1:

L L
1 n iT 1 inT
oL / FOAime T dr = oL / O +ir)e™ T dr.
—mL —nL

f£5)(z) converges to f£4)(z) uniformly in /., for Rez = 0 by Lemma 5.4. But due to Claim 5.9, it is
also the case for Rez = 1. We get the required bound on M from the conclusions of Lemma 5.4 and
Claim 5.8. For 0 < Rez < 1, we simply use the Hadamard three-line theorem. O
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Lemma 5.11. For every x € C? with |2 [lwo,wn)e = 1 and every e > 0, there exists a function

fr € F with

lo

where Qp = {% : |s| < ML} and vg € C? for all ¢ € Qu satisfying:

L < M = poly(d/e);

o lloglir S min{L, 7} - M;
o [fally <1+ &5
L4 Hfz(e) - m”[Wo,Wﬂe < d%

Proof. We take ff)(z) from Claim 5.10 with € < poly(e, %) This implies that ||fg§5) — fé4)||g> < d%
- 22

and ||f£5)(e) — ||y, w1 S gz- Finally, setting f,(2) = e™ -fé5) (z), and a similar argument to that

of Claim 5.7, the required properties hold. O

5.3 Convex program for ApproxRep(zx,0,e; W)

In this subsection, we present a convex program for solving ApproxRep(z, 0, e; W) and argue that a
good enough solution to this program can be a valid response for ApproxRep(z,0,e; W).

_z
N[l e

x|l g < ||z]|o < d||z||g from (28), we have 1 < ||y|lo < d, and recall that d = poly(d). Thus, we may
assume that calls to ApproxRep(z, 0, c; W) always have x € C? satisfying

Given any vector z € C%, we may compute the vector y € C¢ with y = . We note that since

lz|lg =1 and 1< ||zllo < d. (35)

Given z € C? satisfying (35), we will define a convex program Rep(z, 0, ; W) which takes a parameter
e > 0 and has size poly(d/e) whose optimum will give a valid response for ApproxRep(z, 0, 10e; W).
Recall the parameter M = poly(d, %, A(6,0)), as well as the definition of the set Qy; C R from
Lemma 5.11, and let N < MT% for a large enough constant.” For j € {0, 1}, consider the subset:

]D)%)déf{j—kj\sf686:862,|8|<MN}-

Let the sequence of vectors V = (v, € C?: q € Qy) define a map fir € F given by:

22
fv(z) def 57 Z vg - €7, (36)
q€Qns

"see (6) for the definition of A(81,02), and note that A(0,0) = poly(d) for 8 € (m, 1-— m).
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The convex program Rep(z, 0,e; W) is given by:

minVG(Cd)|QM\ x
xeR>Y 0
st i VzeDO A e)lw <ate
i, VzeDY Ay <ate
iii. Vg € Qu, ||vg|| g max{ed, 1} < 2Md
iv.  lfv(0) —allg <&

Rep(z,0,e; W) = (37)

In the language of Grotschel, Lovasz and Schrijver [GLS12], we will argue that solving the weak
optimization problem of Rep(z, 0, ; W) satisfies the requirements of ApproxRep(z, 0, 8c; W). After
that, we address the problem of computing Rep(z, 0,e; W).

Lemma 5.12. Forz € C% ande > 0, and 0 € (0,1) with A(8,0) < poly(d), let (V, «) € (C4)IQuIxR
be a feasible solution to Rep(x,0,e; W), where the optimum of Rep(x,0,e; W) is at least x — 5e.
Then fy € F is a valid output of ApproxRep(z,0,8;W).

Before giving the proof of Lemma 5.12, we give some discussion as well as a sequence of claims from
which Lemma 5.12 will easily follow.

Consider the unit vector a = m,g and let f, € F be an optimal representative for a¢ at 0 in F. In

other words, f,(0) = a and ||f,|| = 1. Applying Lemma 5.11, there exists some f, € F such that:

. 22
o fu(2) =eM 3 cqy vee?, and for all ¢ € Qur, vy € C? with ||vg| g - max{e?, 1} < M.

o fally <1+ & and [ fa(6) — alln < .

Therefore, let the function f, € F be

7 def F
fa(2) = [lzllo fa(2) (38)
which satisfies,
: . e _€
1£2(0) =zl < llzfle - [1fa(0) — alla < llzlle - 5 < 5 (39)
In addition, we have:
: - €
1£2(0) — 2lle < dl|fo(0) — llm < 5 - llze (40)
|z|lo]|lvg|l - max{e?, 1} < Md for all ¢ € Quy, (41)
. - €
Il < Nl Ialls < (1+ 55 ) lslo (12)

We note that the above facts imply that if (V, ) € ((Cd)|~@M| x R, where V' = (vq : ¢ € Qu) and
the vectors v, define f, € F according to (36), and o = || fz||7, then (V, «) is a feasible solution for
Rep(z,0,e; ).

8algorithmically, we do not have access to this vector
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Claim 5.13. Suppose V = (v, : ¢ € Qur), « € R? defines a feasible solution for Rep(z,0,e; W), and
suppose z = j + i1 € 06 with |t| = M, then ||fv(2)|lg < %,

Proof. We simply follow the computations, using the third constraint of (37):

[ fv(z )HH<6 s (Z l[vg| 7 - qu>

q€Qum
2 1 1
<e 7 (|Qul - 2Md) < o
when 7 > M > /M log(d) log(M), since d = poly(d). O

Corollary 5.14. Let V = (vy: ¢ € Qu), x € R be a feasible solution for Rep(z,0,e;W). We have
that:

1fvlls ZmaX{ sup || fv (i7)llw, sup ||fv(1+i7)|H}-

T|<M 7|<

Proof. From the fourth constraint of (37), || fi/(0) — z|le < d||fv(0) — x|z < 2e. Therefore, we have
[fvllg = I1fv(©)lle = |lzlle —2¢ = 1 —2e > 1 for small enough £ < %. Since by Claim 5.13, any
7| > M satisfies || fv (i7)|lw < d||fv(iT)||g < & and || fv (1 +i7)|a < %, we must have

va!rf*—maX{ sup || fv(iT)|lw, sup va(1+i7)!H}~
T|I<M TI<
Il

Let us write fi: & — C%as fir = (g1(2),...,94(2)), where g, : & — C is given by the k-th coordinate
of fyr. Then, taking derivatives, all k € [d] satisfy

22 z 2
i) =S (e (g4 17 ).
q7€Qun
Thus, when (V, «) is feasible in Rep(z,0,¢; W), the third constraint of (37) implies that for each
z=j+ir € 06 with |7| < M and every k € [d],

k()] < e e ™M N |(vg)y - €7 (g + 2)

q€Qun
< e|Qu| - 2Md - (M +2) < M*d. (43)
Claim 5.15. For large enough N < M— = poly(d/e), we have that any (V, &) which is feasible for

Rep(z,0,e; W) satisfies

vl <maX{ sup | fv(2)llw, sup va(z)IH} +e

en(®) zeD{y)
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Proof. By deﬁmtlon of ]D)(]) any z € 06 with|Im(z)| < M and Re(z) = j, there exists some 2’ € ID)%)
with |z — 2’| < . This implies that every k € [d] satisfies |g(2) — gx(2')| < |z — 2/| - M*d = MTALd by
(43). Thus,

g2

d
1fv(2) = fr (Il < Z (< 3
for a large enough setting of N. Therefore, we have || fi-(2) — fv(2')[lz < §, and that ||fy(2) —
fv(Z")|lw < e, which completes the proof. O
Claim 5.16. We have that
|z||e < Rep(z,0,e; W)+ 3e.

Proof. Every vector (V, a) which is feasible in Rep(x,0,e; W) defines a function fiy € & by (36),
which by Claim 5.15, satisfies

I fvlle <maX{ sup |[fv(2)[lw, sup va(Z)!H} +e.

enlY zeD)
Therefore, for all (V, &) which are feasible for Rep(x,0,e; W), we have:

lzlle < [lfv(®)llo + Ifv(6) —zlle <[l fvlls +& < o+ 3e,

which implies ||z||o < Rep(z,0,e; W) + 3e. O

Proof of Lemma 5.12. First, consider the solution (V, «) whose values of (vy : ¢ € Qpr) define the
function f, according to (36), and & = || f4||#. Then, (V, ) lies in the feasible set of Rep(z, 0, e; W).
In particular, (39) shows that v, satisfies the last constraint of (37). In addition, since ||z|j¢ < d, the
third constraint of (37) is also satisfied. Therefore, we have that the optimal solution of Rep(x, 0, &; W)
satisfies:

~ €
Rep(z, 0, W) < | follo < (1+ 5 ) o

If, in addition, (V, «) has o < Rep(x, 0, e; W) + be, then by Claim 5.16 and ||z|j¢ >

(1-8e)lalle < o< (14 5 +¢) Il

which is a valid output of ApproxRep(z, 0, 8s; W). O

5.4 Computing ApproxRep(z,0,c; W) with MEM(Byy)

In this section, we show how to compute an approximate optimum of Rep(z, 0, ¢; X) described in (37).
In particular, we will compute some value (V, «) which satisfies the conditions of Lemma 5.12. In
other words, the solution (V, ) is feasible for Rep(x, 0, ; W), and the optimal value of Rep(x, 0, e; W)
is at least o« — be. If the algorithm runs in poly(d/e) time, by Lemma 5.12, this would give us the
required algorithm for ApproxRep(z, 0, 8¢; X).
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Let P C (C%)I@ul x R>0 be the set:

L v2eDY  Ifv)lw <ot s
ii. VzeDY ||fv(2)lm <o+ s

P = { ((vgmax{e?, 1} : ¢ € Qur), &) € (CHP R ii vy e Q||| max{ed, 1} < 344

iv. fv(6) — wl!g 5 ) ,
v. quQM Vg7 max{e®?, 1} + o

(44)

where R = poly(d/e) is a large enough parameter. In addition, we view the set P C (C%)/Qul x R as
a subset of (RQd)@M | X R by separating the real and imaginary parts of the vectors vg for ¢ € Qyy.

5.4.1 Properties of the set P

The following are a couple of useful facts showing that the convex set P is nice. In particular, we
will have that P is convex and inscribed within a FEuclidean ball of polynomial radius. Any solution
close to P (by an inverse polynomial amount), gives a feasible solution to Rep(z,0,e;W). The
approzimate representative to z, given by fy in (38) lies well within P (by an inverse polynomial

amount). Finally, there exists an explicit solution well within P (by an inverse polynomial amount).

For the remainder of the section, we let & = poly <5, é) be the parameter:

R
2e - |Qum| - d
Fact 5.17. The set P is convex and is contained in a Fuclidean ball of radius R.
Lemma 5.18. Let (U,x) € B(P,d) where U = (uq : ¢ € Qur), and let V = (vq : ¢ € Qpr) where
Vg = $ Then, (V,«) is a feasible solution to Rep(x,0,e; W).
Proof. Consider (U,«) € B(P,8) and let (U,&) € P with ||(U,&) — (U, &)z < 5. We denote

U= (dg:q€Qy)and V = (7, : g € Qy) where 7, = Therefore, we have

Uq
max{e?,1}"
> g —dgllF + | — &f” < 8%
7€Qum

We will check that assuming constraints (i-iv) in (44), we can satisfy constraints (i-iv) in (37) for
the point (V, ). All the subsequent checks proceed in the same fashion: we first use the triangle
inequality to argue about (U, &) and use (28) and the constraints (i-iv) in (44) of (U, &) to deduce
(V, «) is feasible for Rep(z,0,e; W).

iv. We simply follow the computations:

3e 2 -
1(8) = wllar < [15(0) = s + 17v(8) = Fp(®llar < 5+ S e®lju, = &l
q€Qpr
3e 2 e?® N 3e __
< %4‘66 /M Z mnuq—uqHH < %4‘@ Z g — gl
q€Qns ’ q€Qpr
35 2e
S g TelQuld < 5
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iii. For q € Qpy, we have:

[[0g || 7r max{e?, 1} < [0 || ir max{e?, 1} + [Jug — ugl|a <

ii. Forz=1+41ir¢€ ID)S\lf), we have:

€ _r2-1 ~
vl < Il + 1fv(z) = fp)lln < ot 5 +em > €llvg —vglla
q€Qnr

< oc+§+e!@M|6 <a+te.

i. In addition, for z =it € ID)S\I,), we similarly have,

@l < 1@l + Al () = flla < ot S+d e 3 15, ugll
q€Qum

ga—i—%—i—d]@M\ég x+e.

This completes the proof. O

Lemma 5.19. We have B((U, «),8) C P, where (U, ) is given by U = (vgmax{e?,1} : ¢ € Qu)
where the vectors v, € C¢ define f, in (38) according to (36), and o = ||fi||5. In other words,
(U, ) € B(P,—3).

Proof. Consider the point (V, &) where the vectors v, define the function fr € F from (38) and
o = || fzll5. Let U = (uq : ¢ € Qar) where uy = vy max{e?,1}. We claim that B((U, «),5) C P. In
particular, consider any (U, «) with U’ = (u, : ¢ € Qar) where [|(U', o) — (U, o)[l2 < 9, i.e.,

0 Mg = ugllF + o — «? < 8
q€Qunm

With arguments very similar to those in the proof of Lemma 5.18 above, we may check that
constraints (i-iv) of (44) have (U’, o) € P since v, satisfy (40) and (41)°. It remains to check that

constraint (v) is satisfied. Letting v, = ﬁ,

S el max{e, 1} + o < 3 (gl + ) — wgllan)? + (o + o — o)

q€Qus q€Q s
<2 ( > lugl? + 062) +2 ( D llug —ugllF + o — 0¢|2)
q€Qns q€Q s

q€Qns

<2 (|Qu|M?d? + d?) +28% < R.

- ( 2 Ilvgllfy max{e™e, 1} + “2) + 26

Therefore, we may conclude that (U’, &) € P, which implies that B((U, «),d) C P. O

5 9Note~that vq here corresponds to vg||z|le in (40) and (41), since in (40) and (41), v, are the vectors which define
fa, and fz = [|zle fa-
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Corollary 5.20. We have that min(y,«)ep(p—s) & < | Fell -

In addition, using the very similar arguments as in the proof of Lemma 5.18, one may deduce the
following lemma.

Lemma 5.21. Let (U, ) be the vector given by:

W — x - 6_62/M q g 0
a 0 otherwise

Then, B((U,«),6) C P.

5.4.2 Optimizing over P

In this subsection, we show how to optimize over the convex set P defined in (44) using the tools
from [LSV17].

Definition 5.22 (Optimization Oracle (OPT(K)) [LSV17]). For a convex set K C R™, given a unit
vector ¢ € R™ and a real number & > 0, with probability 1 — 8, the oracle either finds a vector y € R™
such that y € B(K, ) and cTx < Ty + 8 for all B(K, —90), or asserts B(K,—8) is empty.

The next lemma, combined with Lemma 5.12 shows that in order to solve ApproxRep(x,0,e; W), it
suffices to give an optimization oracle for P, OPT(P).

Lemma 5.23. Let (U, ) be the response to a call to OPT(P) with vector ¢ = (0,...,0,—1) and
o= %@m, and let V = (vg : ¢ € Qpr) be given by vy = W‘éql} Then, (V, «) is a feasible solution
for Rep(z,0,e; W) and the optimum of Rep(x,0,e; W) is at least o« — 5e.

Proof. Note from Lemma 5.19 that B(P, —90) is non-empty, so that OPT(P) always returns a vector
(U, o) € (R24)IQul x R such that (U, ) € B(P,8) and o > « — 8 for all (U, o) € B(P,—35). We
note that by Lemma 5.18, (V, q) is feasible for Rep(x, 0,e; W).

Additionally, let (U',«') where U’ = (v; max{e?, 1} : ¢ € Qpr) where the vectors v define fa
from (38) according to (36), and o = || f,||#. By Lemma 5.19, (U’, &) € B(P,—5§), which implies
a—8 < o = ||fullg, and by (42), || folls < (1 + 5)l|z[le - Finally, using Claim 5.16, and the fact
that Rep(z, 0,e; W) < 2d,

2
o« < Rep(z,0,e; W) + § + 4e + & < Rep(zx,0,e; W) + be,

which completes the proof. O

Given Lemma 5.23 and Lemma 5.12, in order to solve ApproxRep(z,0,8z; W) it suffices to give an
algorithm which solves OPT(K) with a unit vector ¢ and error 8 in time poly(g, 1). In order to
do this, we will utilize the reduction from [LSV17] which reduces the optimization problem to the
separation problem.
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Definition 5.24 (Separation Oracle (SEP(K)) [LSV17]). For a convezr set K C R™, given a vector
y € R™ and a real number & > 0, with probability 1 — 8, the oracle either asserts y € B(K,0), or
finds a unit vector ¢ € R™ such that Tz < Ty + 6 for all x € B(K, —5).

Theorem 9 (Theorem 15 from [LSV17]). Let K C R™ be a convez set satisfying B(0,r) C K C
B(0,1), and let k = % For any 6 € (0,1), with probability 1 — 3§, one can compute OPT(K) with a unit

vector ¢ and parameter & with O(mlog(™X)) calls to SEP(K) with error parameter &' = poly(m,§, 1)
and poly(m,log(5)) additional time.

Given Theorem 9, we give an algorithm which solves OPT(P) using calls to SEP(P).

Lemma 5.25. There exists an algorithm for OPT(P) with a unit vector ¢ and error parameter &
making poly (g, log (%)) calls to SEP(P) with error parameter ' = poly (g, 5) and poly (g, log (%))
additional time.

Proof. Recall that by Lemma 5.21, there exists a vector (Up,xg) € B(P,—6), which we may
compute algorithmically. This implies that the set P’ = {(U,«) — (Up, x0) : (U, ) € P}, has
B(0,8) € P’ C B(0,2R). This in turn, implies that the set Py = {55(U, ) : (U,x) € P’} has
B(0, %) C Py € B(0,1). Suppose (U, &) is the output of OPT(Fy) with a unit vector ¢ and error
parameter %. In addition, one may easily verify that 2R(l7 , &) + (Up, xp) is a valid output for
OPT(P) with unit vector ¢ and error parameter 8.

Given Theorem 9, and the fact that R = poly(d/e), it suffices to show that one may implement
SEP(Py) with SEP(P). Consider a call to SEP(Fy) with some point (U, &) and error parameter &' > 0.
Let (U, &) = 2R(U, &) + (Up, o). Then if (U, &) € B(P,2R¥'), then (U, «) € B(Py,8'). Tf ¢ is a unit

vector where ¢T - (U, &) < T+ (U, &) + 2RY for all (U, &) € B(P,—2R¢’), then, the vector ¢ is a
valid output of SEP(Fp). O

Thus, given Lemma 5.25, it suffices to design an algorithm for SEP(P) which runs in poly (g, 6)
time with error parameter 6.
Lemma 5.26. There exists an oracle for SEP(P) with error parameter & which makes poly (g) calls

to an oracle SEP(Byy) with error parameter &' = poly (g, %) and takes poly (g) additional time.

Proof. Consider some (U, «) € (R?®)/@ul x R with U = (u, : ¢ € Qas) which is an input to SEP(P)
with error parameter 8. Let V = (v, : ¢ € Qp) have v, = The algorithm proceeds as
follows:

Uq
max{e?,1}"

1. First, check whether constraint (v) in (44) is violated by computing || (U, &)||3 in poly (g) time
since H = ¢34, If ||(U, @)||3 < R?, then continue. Otherwise, we output the vector ¢ = %,

which is a valid output of SEP(P).

2. Second, we may think of Uy as the 2d x |Qps| matrix, whose columns are the vectors v, € R2d,
Thus, the constraints (ii-iv) may be written as ||Upry||g < A for some vy € RIQul which is
a column vector. If none of the constraints (ii-iv) are violated, then we continue. If some
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constraint is violated, i.e., |[Unry||zr > A, let b = Upsy, so that bﬁg”]‘fly > A, but any (U’, o) €

P
with ||[U},v|lg < A has bﬁﬁ#ﬂ < A. Thus, we consider the vector ¢ = (‘P;ﬁb eR¥:qc
P)

Q) x (0) € (R2)1Qul x R, so that ¢T- (U, &) = bﬁg” fL. Thus, ri- is a valid output for SEP(

3. Finally, we consider constraint (i), which may be written as ||[Upry|lw < A for some A € R

with A € (5,2R). lFor each constraint of type (i), we query the oracle SEP(By ) on the
vector y = M with error parameter & (which we specify later). If SEP(Byy) asserts
y € B(Bw, ), then ||[Upyllw < A. So if all oracle calls to SEP(Byy) assert y € B(Bw,d'),
then since constraints (ii-—v) are satisfied as well, we have (U, x) € P, so we may assert

(U, ®) € B(P,5).
Otherwise, suppose ||[Upry|lw > A. Then, we have

A
7 <1vlle < 3 ballluglle < il - M - d.

qeQ

In this case, SEP(Byy) outputs a unit vector b € R2? where b7y < bTy+6' for all j € B(By, —8').

UMY(l—éld)
A

So suppose (U, &) € P and in particular, |Uny|lw < A. Then, letting § = , we have

y € B(Bw,—b"). Therefore,
bTUwy < bTUMY + 8N+ 8'd||b]|2||Unryllg < bTUnry + 28'Ad.

Similarly to step 2 above, we consider the vector ¢ = (y4b: ¢ € Qar) x (0) € (R?)Qul x R
which satisfies bTUpry = ¢T(U, ) for all (U, &). Recall that since b is a unit vector in R*?, we

have ||c[l2 = |2 = 2c|l||%Q”11m > 4dd21\fl|QM|’ which in turn, implies that:

T T 8dAd® M |Q | T
(U, &) < (U, &) + o' < (U, &) + 8,
[lell2 llellz € l[ell2
de
hen §/ = ————————.
WHER S T SR M| Q|

O]

Finally, we will use a reduction from [LSV17], which asserts that one may implement SEP(Byy) with
MEM(Byy).

Theorem 10 (Theorem 14 from [LSV17]). Let K C R™ be a convex body satisfying B(0,r) C K C
B(0,1), and let xk = 1. For any & € (0,1), with probability 1 — 5, one can compute SEP( ) with
error parameter & with O (mlog (%)) calls to MEM(K) with error parameter 8’ = poly(d and
poly(m,log(5)) time.

e m)

Lemma 5.27. There exists an algorithm for SEP(Byy ) with parameter & which makes poly (g, log (%))
calls to MEM(Byy) with parameter &' = poly(9, §).

Proof. We simply use Theorem 14 from [LSV17], where we note that By C By C dBy, which
implies that B(0,1) € By C B(0,1). O
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5.5 Summary and instantiation for applications

From the discussion above, we may conclude the following theorem, whose proof simply follows
by combining the reductions given in Lemma 5.12, Lemma 5.23, Lemma 5.25, Lemma 5.26, and
Lemma 5.27.

Theorem 11. There exists an algorithm which solves ApproxRep(x, 0, e; W) with probability at least
1 — poly(e, 2) making poly(d, é) calls to MEM(W) and using poly(d, %) additional time.
In order to see how the above algorithm will be applied, recall from our discussion in Subsection 2.1,

that in designing algorithms for ANN over X, we will assume oracle access to the real normed space
X = R[] [x)-

Lemma 5.28. Let ¢ < 15 and assume access to computing || - || x, where X = (R%, || - || x) is a real
normed space with
Bx € B €d- By,

for d = poly(d). Given a vector x € C¢ with ||z||xc, one can compute a multiplicative (1 + 4¢)-
approximation to ||x|| xc in time poly(d/e).

Proof. Let x = u +iv € C?. We note that we may compute |z||z for H = (£9)C, so that the

vector y = i satisfies 1 < llyl|xc < d. Thus, we may assume without loss of generality that

1 < ||z]|xe < d. For a parameter P > 0 (which we set briefly to poly(d/e), consider the set:

k
]D)E;C)—{ongkg%P}.

Then, we note that by differentiation, we have that for all ¢ € [0,27], if we let ¢ € DEDC) be the

smallest element greater than ¢, when P = %,

lucosp +vsin@|x —e < |lucosp +vsiny||x < ||[ucos@ + vsin @l x + ¢.

The value £ xyc(z) = ]D)%C)\ ZJGD(C) |ucos @ + vsin @[|% may be computed in poly(2, R) time with
P P

|
access to || - || x, and we have:

1 27
(1 —2e)lxc(x) < ;/ || cos ¢ + vsin @] de < (1 + 2e)lyc(x) + &2
0

Therefore, we have (1 — 2¢)lxc(x) < ||z xc and ||| yc < (1 + 2e)lxc(x) + &]|z] xc, so [|z| xc <
(1 +4e)lxc(z). O

Given Lemma 5.28, we may now design a membership oracle for Byc.

Lemma 5.29. Assume oracle access to a real normed space X = (R?, || - || x) with
Bx C B, Cd- Bx.

Let Byc C R?? be the conver set given by the unit ball Byc C C. There exists an membership
oracle MEM(Bxc) running in time poly(d, 3).

46



Proof. Given a vector y € R??, first compute ||y||2, and if ||y|l2 > 1, assert that y ¢ B(Byc, —d)
since y ¢ By and Byc C By. We interpret the vector y € C% and compute £ xc(y) € RZ? satisfying

d
lollxe < txetw) < (14 5 ) lolxe: (45)
ol

Note that since ||y[l2 < 1, the computing £xc(y) takes poly(d, 3) time by Lemma 5.28. If £xc(y) < 1,
then by (45), |lyllxc < 1, i.e, y € Byc. This means we may safely assert that y € B(XC,3?).

On the other hand, if xc(y) > 1, then by (45), |ly||xc > o L. Therefore, ||y + ﬁ”xc =
2[lyll2

(LFﬁ)HZ/HXC > 1, which implies that B(y,d) ¢ Byc, i.e., we may safely assert y ¢ B(Byc,—0). [

Looking ahead to Section 7 and Section 8, as well as the discussion from Section 4, starting from
oracle access to the normed space X = (R?, || - ||x), we will consider the normed spaces

A=[XC H], and Y = [A, Hlp,

for some values of o, € (0,1) with é <o, B <1— é (which implies A(«, «) and A(B, ) are at
most poly(d)). During the course of the algorithms in Section 7 and Section 8, we will need to
compute ApproxRep(z, 3,¢; A), which is needed for computing norms ||z||y as well as approximate
representatives in F defined by the couple [A, H]g in the definition of Section 4.

From Theorem 11, we consider the setting with W = A, so it suffices to construct an oracle MEM(Bj4)
which runs in poly(d, 1) time. Note that we do not have oracle access to || - |4 (which would give
MEM(Bj4)). However, by Corollary 5.3, we may design MEM(B4) running in poly(d, %) time by solving
ApproxRep(z, &, 8; XC) again. Thus, we construct MEM(B,) by using Theorem 11, this time with
W = XC, to solve ApproxRep(z, &, §; X©) using poly(d, %) time and oracle calls to MEM(X ). Finally,
Lemma 5.29 shows how to solve MEM(X®) in poly(d, }) time from oracle access to || - |x. We thus
conclude the discussion below into the following corollary.

Corollary 5.30. Assume oracle access to a real normed space X = (R%,|| - ||x) with
Bx C By Cd- By,
where d = poly(d). Then, letting H = (£3)C,
A=[XH] and Y =I[A H],

there exists a poly(d/e) time algorithm which for each x € C¢, computes a (1 & €)-approzimation to
|z|ly with probability at least 1 — €.

6 Nonlinear Rayleigh quotient inequalities

6.1 High-level overview

In this section, we prove various nonlinear Rayleigh quotient inequalities using the approximate Holder
homeomorphism from Section 4. We refer the reader to the summary of the discussion of Section 4
in Subsection 4.3, where we collect the necessary properties of the approximate homeomorphism in
Corollary 4.10 and Lemma 4.12. We recall the definition of the nonlinear Rayleigh quotient.
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Definition 6.1 (Nonlinear Rayleigh quotient). For any G € A(m), any metric space (X,dx), and
any x = (z1,...,%m,) € X™, we denote:

Doty 2o gigdx (i, )
1 20t e(i)p(5)dx (i, x5)1

where p(i) = Y7L, gi; denotes the row sums.

R(z,G,d%) =

At a high level, the goal is to use the approximate Hélder homeomorphism to relate a nonlinear
Rayleigh quotient in one normed space, to a nonlinear Rayleigh quotient in another normed space.
In particular, we seek to derive a relationship between the nonlinear Rayleigh quotient of a matrix
G € A(m) and sequence of points € (C?)™ lying in a Banach space X = (C%, | -|x) and the
nonlinear Rayleigh quotient of the same matrix G with a transformed set of points y € (C%)™ in a
Hilbert space H = (C%, || - ||g). The key properties that we need is that 1) the underlying matrix G
remains the same, and 2) the transformation & — y depends very little on G and on x, i.e., the
transformation can be encoded with succinctly.

Considering the ezact homeomorphism ®q: C? — C? (from Corollary 4.10 with ¢ = 0), we note that
the arguments from from Lemma 6.3 and Lemma 6.5 applied to &g give the following lemma.

Lemma 6.2. Let X = (C%| - |lx) be a Banach space and H = (C%,| - |g) be a Hilbert space
satisfying:

Bx C By Cd- By.
For any G € A(m) and any & = (x1,...,2m) € (C)™, there exists a point z € C? such that letting
Y= 1, Ym) € (CH™ be y; = o(x; — 2) satisfies:

log logd

R(y7G7 H ’ ||%—I) 5 10g4d : R(w7G7 H : ”%() foe .

Note that the above lemma indeed satisfies the two key properties: both nonlinear Rayleigh quotients
use the same matrix G, and the map x — vy is specified by z since ®¢ is independent of G and
x. However, since we will use the nonlinear Rayleigh quotients algorithmically, the computational
efficiency of ®y and the representation of z becomes an issue. In particular, instead of the exact
map g, we have to settle for an approximation ®.: C?* — C% from Corollary 4.10 for some specified
e > 0, and instead of storing z (which may be an arbitrary complex vector), we need to round z to a
bounded number of bits of precision.

Let us briefly describe how these issues manifest themselves in the more complicated statement
of the nonlinear Rayleigh quotient inequality in Lemma 6.6. First, we will require that the points
x € (CH™ and z € C? be such that the approximate map ®. applied to points x; — z has the desired
Holder properties. We achieve this condition by requiring that ||x; — z||x is not too large, and that
the points x are not too close to each other. Second, we will want our inequality to be robust
to small changes in z, which will allow us to round z to polynomially many bits, as well as small
changes in GG. In order to do this, we will require that points in @ are “spread out” with respect to
the distribution induced on points by the row sums of G.

Even though our applications require setting € > 0, we encourage the reader to first consider the case
when € = 0. This case highlights the conceptual ideas in this section, and the particular parameter
settings for € > 0 are very loose, since our algorithm will allow us to set € = ﬁ.
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In Section 7, we show how these inequalities are used in order to construct efficient partitions of
points in an arbitrary normed space. We first show how to derive nonlinear Rayleigh quotient
relationships given an approximate Holder homeomorphism with a mild condition on the points.
This is done in Lemma 6.3 in Subsection 6.2, and the mild condition on the points requires the image
of points after the map be in a roughly centered position. We then show in Lemma 6.5 that a rough
centering may be achieved by translating the original points by some vector whose norm is not too
large. Finally, Lemma 6.6 in Subsection 6.3 shows how to combine the results from Subsection 6.2
and Section 4 in order to relate the nonlinear Rayleigh quotient of any norm to that of a Hilbert
space.

6.2 Relating nonlinear Rayleigh quotients with Holder homeomorphisms

Consider two Banach spaces Y = (C%, || - ||y) and Z = (C%||-|lz) and let R > 1 be a large parameter

and € > 0 be a small parameter, p > 1, r > 1 and C > 1. Suppose there exists a map &: Y — Z

satisfying the following conditions of Corollary 4.10 and Lemma 4.1210:

e For every z € C¢,

[z]ly < 2@ (2)]lz < 4]zl (46)
e For every z,y € C% with ||z||y, lyly < R and ||z —ylly > e

19(2) = ®(y)l|z < Cllz — ylly” (l2lly7” + Iyl 7). (47)

e Every x € C? satisfies

|=

|®(2) — Do(2)]|2 S |l 7, (48)

where ®y: Y — Z is a homeomorphism such that for every = € CY, ||®o(x)||z = ||=||}- and for
every z,y € C%,

|@0(x) = Do)z < Cllz =yl (=157 + Iwly 7). (49)

For the remainder of this section, we fix € > 0 to be a small enough parameter and refer to ®: ¥ — Z
as the map satisfying the properties from above.
Lemma 6.3. Let G € A(m) with row sums p(i) = 37" gij. Suppose x = (z1,...,7m) € (Cdym,
Y=y, Ym) € (CH™, and & € C? satisfy:

o ||lzilly < R foralli e [m], and ||z; — zj|ly =€ fori # j € [m],

® Y = @(Iz) fOT’ CL” /) S [m}; and 6 = anl p(l)y“

10Note that these are only the first two-conditions in Corollary 4.10, where we note that we will have & < %, so that
(1 =&)"llzly < [|(2)llz implies [lz]|3 < 2/[P(x)]|z-

49



o (1817 < § (1 p(@) i}

Then,
1
R(y, G, - 1%) < 256C% - R(x, G, || - ||#)7

Proof. We use the first property of ®, along with the definition of 6 to say:

>_e(@)lzillf < Zp Hysz—2Zp yi— > p()y; +8
i=1 i=1 j=1 7
m m
<4 > e@e()llyi — ysll% + 41811
i=17=1

This, along with the upper bound on ||§||% and the definition of R(y, G, || - [|%), implies:

m

> el \8229 My = vill%

=1 i=17=1

<— gillyi — vil1Z-
Ry, G- 12) ZZ =0
We now use the second condition of the map ® to conclude:

L 2r (47) e 2/p r—1/p r—1/p
> o)l < G ” 7y 2 3 gullri = sl (haally™ + s 5777)
i=1 i=1j=1

Applying Holder’s inequality to the right-hand side of (50) with exponents rp and Tp L,

m m 2/ 1/ 1/
r— r—
S gigllas — g B2 (il + a5 77)°
i=1j=1
1

Ms

i=1j=1 =1 j=1

1 rp—1

m m rp m p
<A DD gigllwi — <Zp )il ) ;
i=1j=1 i=1

where in the last inequality, we used the fact that

m n 1) 2rp

1 1 r /)T /) rp—
S5 g1 (helly™ 7 4 e 747) 77 < 303 g (2l 7 4 2l
=1 j=1 i=1j=1

m

—229 A +2Zp )l515 420

50

2rp

m P
Zgw‘”%—%ﬂy) (ZZ% (e e

-

(50)

(51)



as well as the fact that 4 77 < < 4 since rp > 1. Thus, combining (50) and (51), we have:

1

i T
(ipwmu%’“) " < % S gl a2 | (52)
i=1 R(ya G, || ’ ”

i=17=1

Finally, note that:

mom m
ZZP i =gl <327 e@el) (lailly + llzsly)™ <2-47 3 p@)lailly. (53)
=1

i=17=1 i=17=1

Thus combining (52) and (53), we may write:

1
( ! ) s
247 -R(z, G| 7)) " RwGI- %)

1 1
and the fact that 2774» < 8 gives the final result. O

Note that Lemma 6.3 assumed a mild condition on the points. In particular, we assumed that
y € (C4)™ satisfied that the average (according to p) given by & = >_1", p(7)y; is somewhat centered,

e, 1812 < & (0, p(i )HZL‘ZH "). Lemma 6.5 asserts that we may translate all original points
x € (CH)™ by a point z € C? in order to control ||8]|z without ||z|y being too large. In order to
prove it, we will need the following claim from [ANN*17].

Claim 6.4 (Claim 8.8 from [ANNT17]). Let r be a positive integer and h: R" — R” be a continuous
map such that for some norm || - || on R" one has:

[h(w) — w|| = o([[w][)
as w — 0o. Then, h is surjective.

Lemma 6.5. Let G € A(m) with row sums p(i) = 327, gij, and let Ry < R be a positive parameter.
Suppose that & = (x1,...,Tm) € (CH™ satisfies:

o ||zilly < Ry for alli € [m], and
o |lzi —xjlly = e fori#j € [m].

Then, there exists a point z € C? with ||z||y < (6C)P Ry written with poly(d, log(2),log(Ro),log(C), p, 7)
bits such that:

m m 1
5=> p(i)®(x; — 2) satisfies 18]z < 2" p(i)||lai — zHTY P4 e

i=1 i=1

Proof. We will prove that there exists a point z € C? with ||z|y < (6C)P Ry such that
60 = Z p(i)@o(xi — Z) =0.
i=1
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For any 2/ € C? with ||z — #/[ly < (%)p, which is obtained if we round coordinates of z to
poly(log d,log(1),log(Ry), log(C), p, ) many bits, we have that 8y = >_i"; p(i)®o(z; — 2’) satisfies:

180z < ZP M ®o(z; — 2') — o — 2) ||z
=1

<C- |z—zu””2p ) (llzs = 211577 + i = 211577)

m
<" Yo p(0) i = 2lly 7+
i=1
Since ®(z; — 2’) is close to ®g(x; — 2’) for every x;, we obtain:
Ui 48) r—1
1811z = 18611z < 18 = 8ollz < D p()IP(xi — 2) = o(wi — 2)[| < &Y p(@)zs — 2y ¥,
i=1 i=1

which would give the desired upper bound on ||§||z. Towards this goal, consider the continuous map
h: Z — Z given by:

m

h(u) =Y p(i)®o (25— 05" (w))

i=1
where we have:

) = ullz < 3 p(0) [0 (o - 25 0)) - 2o (050 |

(49) m _ _ _ _
<Y @) lwily” (e — @5t @) I + 1@ @)y 7)
=1

m 17i
<202p szlly> (3029 lel/p> lullz ™, (54)
=1

where we used the triangle inequality and the fact | @5 (u)||}> = |lul|z. Therefore, from (54) we
conclude that h: C¢ — C? is a continuous map with ||h(u) —ul|z = o(|jul|z) as ||ullz — oo, thus, we
may view h: R?¢ — R?? as a continuous which by Claim 6.4 implies h is surjective. Thus, consider
the value u € C? where h(u) = 0, and let z = &5 (u).

Z

Suppose that |lul|z > 4C > p(i)||xi]|y-, then since h(u) = 0, (54) implies:

1 -
Jullz < (6029 )l /p> lullz ™,

which implies
n

P
I2lly = [lully" < (66‘29(%1\%) < (6C)” Ro.

i=1
In the other case, we have:

n

1/r
Izlly = [lully” < (4CZp<z’>||x¢||9> < (40)Y"R < (60)P Ry,

=1

since r > L O]

“B |
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6.3 A nonlinear Rayleigh quotient inequality for general norms

The goal of this subsection is to combine the results from Section 4 with Lemma 6.3 and Lemma 6.5
to relate the nonlinear Rayleigh quotient on an arbitrary norm to a nonlinear Rayleigh quotient in a
Hilbert space. The main lemma of this section is the following:

Lemma 6.6. Let X = (C%,| - ||x) be a Banach space and H = (C%,| - ||g) be a Hilbert space
satisfying:
Bx C By Cd- By,

where d = poly(d), and let 0 < g9 < ﬁ and Ry > 1 be two parameters. There exists a map ®: C* —
C4, such that for any G € A(m) with row sums p(i) = i1 9ij, and any & = (T1, ..., ) € (ChHm
satisfying:

o ||zi|x < Ry for alli € [m], and

o |lzi —zjllx > eo for alli # j € [m], and 3272 375, p(i)p(h)l|2i — zjlx = <o
There exists a point z € C% with ||z||x < Ro - d* written with poly(d,log(Ry), log(%)) bits such that
letting y = (y1, . - -, Ym) € (CH™ be y; = ®(x; — 2) satisfies:

loglogd

Ry, G, [l [I7) Slog"d - Rz, G, || - [F)V = .

In addition, the map ®: C¢ — C¢ is computable in poly(d, =, Ry) time.

1 g0

Proof. Consider the complex Banach space A = [X, H|, where o = ,/%. Since H is a Hilbert
space, we have Ko(H) = 1, and we have Ko (X) = 1. Thus, by Lemma 2.14 we have:

RylA) < Koo(X)'Ka(H)® < 1,
when p = 1. In addition, we have that for every z € C%, ||z||4 < ||z|x < d*||x| 4, which implies:
R(@,G, | - |%) < 54 R(z, G, || - [%)- (55)

Consider the complex Banach spaces Y = [A, H]g and Z = [A, H|;_p where 3 = @ which for
every x € C¢ satisfy:

lzlly < llzlla < dPllzlly  and  |lzlla < llzllz < dP|l2)|A,
which allows us to conclude:
R, G, |-1¥) SR.G,|-143) and Ry, G| %) SR@.G.|-%) (56)

We apply Corollary 4.10 with parameters

100
R=Ry-d? 6:§-<€0> r=1, (57)



to obtain the map ® = ®.: C¢ — C? which by Section 5 is computable in poly(d, Ro, o) time. We
also note that we have: ||z;||y < d**PRy < & for all i € [m] and that ||z; — x|y > e for i # j € [m].
Letting p(i) = 2]21 gij denote the row sums of GG, we may apply Lemma 6.5 to obtain a point
z € C4 with [|z]ly < & written with poly(d, log(Ro), log(%)) bits where & = > ;% p(i)y; satisfies

1-1
1-1 m I3
|!5Hz—€p<6zp i —zlly < (Z H%—Z\Y> ;

=1

where we used Jensen’s inequality. Note that

m

Z Z p()p() i — zjllx <2 p(@)l|lzi — 2l x < 24P p(i)||2; — 2|y,

i=1j=1 i=1 i=1

and that e” < (555%7)% < X1, p(4)[|zi — 2] Thus we may conclude using this lower bound and
Jensen’s inequality

) ) 2d(x+ﬁ 2/p m ) 1
I8l < 86 (== ) Soptles— el + 267 < g 3 el —al (59)

Let ' = (2,...,2],) € (C)™ be 2! = x; — z. These points satisfy ||2}||y < R by the triangle
inequality, and ||z} — 2|y > ¢ for when i # j € [m]. These two conditions, along with (58) allows
us to use Lemma 6.3 to obtain

1

1
Ry, G|l 12) < B R, G, |- )~ = 37 Rz, G, 3)* (59)
We now combine the nonlinear Rayleigh quotient inequalities obtained to deduce:
) (56) ) (59) 1 (56) 1 .
Ry, G, I [I7) < R,G Il 1Z) S 37 Rz, G, |- 1$)* < @-R(%G,IHIA)
(%5) 1 216
S gz (1) R@, G- )

O]

The last lemma addressed the final point that the inequality from Lemma 6.6 is robust to small
changes in the matrix G. Specifically, we show below that if we remove a small fraction of the rows
and columns of G (with respect to the measure given by p), then we may “reuse” the same point z
to derive the same nonlinear Rayleigh quotient inequality with respect to the modified matrix.

Lemma 6.7. Suppose G = (gij)i jejm] € A(m). Suppose x,y € (CH™ and 2,6 € C¢ satisfy the
properties of Lemma 6 6. Let G' = (9)i.jeim) € A(m) be obtained by considering any set S C [m]

;) 0 1€Sorjes
ij = % otherwise

where Z € R?Y is an appropriate coordinate. Then, if 31", S 0" (@)e" () llzi — x5 = €0, we also

have:
log log d
R(y, G, | - I77) Slog'd-R(z, G, | - [[5)V "= .
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Proof. Let p'(i) = X" g;; be the row sums of G'. Letting

it remains to upper bound [|&'||% < & (31, (¢)||x; — z[%), since then, the same argument as
Lemma 6.6 will give the desired nonlinear Rayleigh quotient inequality. Recall by (58) in Lemma 6.6
that

1 m
> i) 213 (60)

=1

I8]% <

Writing p(S) = > ;g P(7), and recalling the settings of € and R in (57), we have that:

2

5
8 — ZP P (i — 2 HZ < ZD Mai —2lly < — - 0(8) < (61)
zES ZES
where we used the fact that ||z; — z||y < R, and that p(S) < m Therefore, we have:
(61) 2e* )25 1
"2
s ||H<( —H Lisla) € 2 Zsly € 2 4 Zzzp s — =1
1 & )
o 0l — 2l + <2 < £ Y 00— R
zéS =1

where we used the fact that 2d*tB "7, o' (i) ||z — 2|y = S, Y’ (@)e' (G)llzi — xjllx = o0 to
conclude the last line. O

7 ANN via nonlinear Rayleigh quotient inequalities

We now describe a data structure for ANN over an arbitrary normed space X = (C%,|| - ||x). The
main ingredient is a distribution over subsets of C? for partitioning X.

Before proceeding with the algorithm, it will be convenient to assume X has some nice properties
(without loss of generality). First, we assume that the unit ball of X is close to (£3)C, i.e.,

By C Bx Cd- By,

for d = poly(d) where By represents the unit ball of (¢4)€ = (C%, || - || ¢¢), which is isomorphic to
024 = (R% || - ||2) considering the imaginary parts as distinct coordinates (see Section 2). We will
consider the finite metric space given by rounding coordinates of points to O(log d) many bits within

RyBx and measuring distance with respect to the norm || - || x. We use the following setting

1
f0=qgg and  Ro= O(d?).

We slightly abuse notation by denoting the set

X ={z € C?: |lz|lx < Ro, and coordinates of z are rounded to cologd bits}
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for some constant ¢y > 0, in order to consider the metric space (X, dyx), where dx(z,y) = ||z — y||x.
We may pick the constant ¢y so that X is gg-separated and é—covering with respect to distances in
| - ||x. Following the reduction from Section 5 of [ANNT18], it suffices to design an ANN algorithm
for (X, dx). While it was not crucial in [ANNT18], we will rely on the property that for z,y € X,
llx — yllx = o as it allows us to use the Rayleigh quotient inequality from Lemma 6.6.

In what follows, we assume that real numbers are written with poly(log d) bits of precision.

7.1 Efficient partitions of normed spaces

In this subsection, we state the main partitioning lemma for normed spaces. We let # be the set of
coordinate cuts in R??.11 In particular, each H € # is specified by a index i € [2d], a real number
t € R, and a direction {“+”, “—"}. We interpret H = (i,t,s) as a set specified by an axis-aligned
hyperplane separator with respect to coordinate 7 with threshold at ¢ and direction s, i.e., we write:

I {r eR?:g; >t} s=“4"
{reR¥ .2, <t} s=“-7

A boz in R?? is the intersection of coordinate cuts, and we note that a box may be encoded with at
most 4d coordinate cuts. We let B be the set of all boxes in R2?. We note two simple facts about
boxes in R??. The first is that given the description of a box B in R?? (by at most 4d coordinate
cuts), for any point # € R??, one can determine whether x € B or not in O(d) time. The second
fact is that the intersection of two boxes in R?? is also a box in R?¢.

Given a map f: X — R?? we consider boxes in X after being transformed by the map. More
specifically, for a map f: X — R?? and a box B € B, the box transformed by f is the set

Bof={xe X: f(x) € B}.

The theorem below gives the partitioning result of a set of points in the normed space X. It shows
that, for every n-point subset of X either there exists a dense ball in X, or there exists a distribution
over efficient subsets of X which partition the n points into two nearly-balanced parts without
separating “close” points too often. We will require two properties from “efficient subsets” of X.
First, the encoding of a set should require at most poly(d) space, and second, there should be a
poly(d) time algorithm which determines whether a point lies in the set.

The distributions will be supported on the following family of sets:

k

S = {ﬂBioézi i1y, 2, €CUBy,...,BieBand 1 <k <poly(d)},
i=1

where the map ®,: C¢ — R?? is the result of “decomplexification” of the map x — ®(x — z), where

® is specified by Lemma 6.6. More specifically, for a subset S € & with

k
S=()Bio®,,
=1

"'We will work in R*¢ since €3 is isomorphic to (¢4)¢ (see Complexification in Section 2). We will use the nonlinear
Rayleigh quotient inequalities relating X = (C%,|| - || x) to (#4)€ = (C4,|| - Heg) and immediately interpret points in

(Zg)c as being in £2¢ by splitting all d coordinates of C? from C to R x R encoding the real and imaginary parts.
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we may determine if z € S by the following procedure: for all i € [k], 1) compute 3; = ®(x —2;) € CY,

2) interpret y; € R?? by expanding each coordinate of y; into two coordinates encoding the real and

imaginary parts, and 3) x € S if all i € [k] satisfy y; € B;, otherwise, x ¢ S.

Theorem 12. Fiz e € (0, %), n € N and let P be any n-point dataset in X, either there exists a
logd

ball of radius (@) loglogd containing g points from P for some universal constant c; > 0, or

there exists a distribution @ supported on 8 such that:

o For every two xz,y € X with ||z —y||x < 1,

Pr[S t <e,
SNIQ‘)[ separates (z,y)] < €

o For every set S € D, we have

We prove the above theorem by proving one partitioning lemma, and then building the distribution
according to [ANNT18]. Following the notation from [ANN™18], we consider the space of all non-
negative symmetric m x m matrices whose entries sum to 1 and denote this space A(m). For
G = (gij)ij € A(m), we denote pg: [m| — R and the row sums, i.e., pg(i) = > 7, gij, and for a
subset S C [m], we let pg(S) = > cq Pc ().

We associate G € A(m) with a sequence of points © = (x1,...,z,) € X™, where x; corresponds to
row/column i. Therefore, we may view pg as giving a probability distribution supported on the
points . We will frequently interpret x as a set of m points in X. For instance, given a subset
S C X and a real number y € [0, 1], we will say that S is y-dense with respect to G and x if
pc(S Nx) =y, where S Na denotes the set of points in x lying in S.

The main step of the proof of Theorem 12 is the following lemma (Lemma 7.1). Having established

this upcoming lemma, the proof of Theorem 12 follows in exactly the same way as Section 3 of
[ANNT18].

Lemma 7.1. Let © € XV be the sequence of all points of X, where |X| = N, and let G € A(N),
where g;; > 0 implies ||x; — xj||x < 1. Then, one of the following must hold:

logd
Cc1 10g2 d ) loglogd
€

e there exists a ball of radius ( which is at least %—dense with respect to G and x;

o there exists a subset S € & with:

1
3 SpPa(SNe) <

>~ w

and Z gij < 2e.
i€S,j¢S

Lemma 7.1 above is similar to Lemmas 3.7 and 8.3 of [ANNT18]. We use the Rayleigh quotient
inequality from Lemma 6.6 and Cheeger’s inequality to partition the points . We note that the cuts
obtained by Cheeger’s inequality form a collection of poly(d) boxes after applying the transformation
®. Below is a formal proof.
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Proof. Consider any G € A(N) such that g;; > 0 implies ||z; — x||x < 1. If there is no ball of

logd
( C1 log2 d ) log logd
€

radius which is 3 dense with respect to G and x, then,

NN cllogZd 2V%
> ealipea()lle —zilk 2 | ——— :

i=1j=1 €

By Lemma 6.6, there exists a point z € C? with ||z||x < Ro-d such that if we define y = (y1,...,yn) €
(CHN by setting y; = ®(x; — 2), the following holds:

loglogd

R(y, G, |- %) Slog*d - R(x, G, |- [3)V ™. (62)
Now we use the definition of R(z, G, || - ||%), using the fact that ||z; — z;||x < 1 whenever g;; > 0,
and (62), we obtain that
Ry, G |- I%) < /2,
as long as we set c; to be a large enough constant. Decomplexifying £5 to consider £3¢ = (R2?, || - ||2)

by interpreting the points y € (RQd)N , we have:

82

R G, ) < 5

This implies that for some coordinate k € [2d], we have R((y)x, G, |- |?) < €%/2, where (y)r =
((y1)k, (Y2)k, - - -» (yn)k) € RY is the projection of the points in y onto the k-th coordinate. Therefore,
by Cheeger’s inequality, there exists a threshold ¢t € R and a sign s € {“+7, “="} such that
the set H € # specified by direction k with threshold ¢ and sign s has pg(H Ny) > % and
Zi:yieH Zj:ngH Gij SeE.

Note that we obtain a desired partition, modulo the balance condition. Hence, we repeat the above
for a few stages iteratively on the larger side of the cut. In particular, we maintain a box B € B which
is the intersection of the coordinate cuts found by Cheeger’s inequality. While pg(BNy) > 1— m,
by Lemma 6.7, we may utilize the same point z to obtain another coordinate cut, which decreases
the size of the box. As long as pg(BNy) < 1— m, we no longer modify the box, and re-compute
a new center z to start another box B’. Once the intersection of all boxes is less than %-dense with
respect to G and y, we stop. Repeating this procedure, we obtain at most poly(d) boxes, while
keeping the sparsity condition that >, cg Zj:yj ¢s 9ij < €. O

7.2 From Theorem 12 to ANN data structures

From Theorem 12, we conclude that the cutting modulus of any norm is bounded by:

/ logd
c1 10g2 d) log logd

€

)

H(X,e) < <

for some constant ¢;. Furthermore, the cuts obtained by Theorem 12 can be encoded in poly(d)
many bits (by specifying the poly(d) center points and the poly(d) boxes in R?). Finally, there
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exists an algorithm which, given the encoding of a set S € &, as well as a point ¢ € X, can decide in
poly(d)-time whether ¢ € S (by checking whether ¢ lies in all poly(d) transformed boxes).

We now use the algorithm from Section 4 from [ANNT18], to obtain a data structure for ANN over
any norm.

Theorem 13. For any normed space X = (R%,|| - ||x) and any € > 0, there exists a data structure
for ANN over X achieving:

/ logd
c1 10g2 d) log logd

3

e approzimation ¢ < < for some constant ¢y > 0, using

1+e

e space poly(d) - n'*¢, and

€

e query time poly(d) - n®.

Recalling the fact that d = poly(d) gives us Theorem 4.

8 ANN via the embedding approach

8.1 High-level overview

In this section, we give an application of the approximate Hoélder homeomorphism from Section 4.
The goal will be utilize the tools from [BG18] to design an ANN data structure over any norm with
subpolynomial approximation using polynomial space and sublinear query time. The main result is
summarized in the next theorem.

Theorem 14. For any normed space X = (R, || - ||x), there exists a data structure for c-ANN over
X achieving

e approzimation ¢ = 20((ogd)*/*(loglogd)!/?) 4,

e space poly(n,d), and

e query time poly(d) logn.
Even though the approximation guarantee from Theorem 14 is weaker than the approximation
guarantee of the algorithm from Section 7, there are two main advantages. The first is that this data

structure achieves query time which is logarithmic in n, as opposed to n°.'2 The second advantage
is that the algorithm of Theorem 14 is conceptually very simple.

Before presenting a high level overview, as well as the proof of Theorem 14, we record the following
lemma, which is a simple consequence of the definition of c-ANN.

12For a comparable approximation to that of Theorem 13, we may consider & = logl%n. Then, Theorem 13 has

approximation 90 (o> d) ity query time poly(d) - glog®tn poly(d) logn
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Lemma 8.1. Suppose Wy = (C%, || - |lw,) and Wi = (C, || - ||w,) are two Banach spaces, and y > 1
is some parameter such that every x € c satisfies

lelwe < llyllwa < vllzlw,- (63)

If there exists a data structure for c-ANN over Wy using space S(n) and query time Q(n), then there
exists a data structure for yc-ANN over Wy using space S(n) and query time Q(n).

Proof. Let D be a data structure for c-:ANN over W), the data structure D’ will simulate D while
computing distances in Wj. In particular, suppose D’ is given a dataset P C C% of n points to
preprocess, it will simply interpret these points as belonging to the Banach space Wj. Upon receiving
a query x € C? where ||z — p|ly, < 1 for some p € P, by (63), ||x — p|lw, < 1, so the data structure
D returns some point p’ € P with ||z —p/||w, < ¢. Again, by (63), ||z —p'||lw, < yc, which completes
the proof. O

One of the conceptual contributions in [BG18] is a generic reduction from ¢-ANN to a ¢-bounded
near neighbor (¢-BNN), which we formally define next.

Definition 8.2 (c-bounded near neighbor [BG18)). Consider a fized Banach space X = (C%, || - | x).
The c-bounded near neighbor problem (c-BNN) over X asks to design a data structure which
preprocesses a dataset P C C? of n points where every point p € P satisfies |p||x < ¢. Given a
query point g € C* where some p € P satisfies llg — pllx <1, the data structure should return any
point p' € P with ||q —p'||x <§.

We now state Lemma 5.4 from [BG18| catered to general d-dimensional Banach spaces. While
the norms considered in [BG18] are easy to compute, we state Lemma 5.4 assuming access to an
approximate oracle for a normed space of interest.

Lemma 8.3 (Lemma 5.4 from [BG18]). Let X = (C%, || - ||x) be a Banach space, and assume an
algorithm which computes a function {x : C¢ — R=0 with

2]l x < €x(v) < 2|z x,

in time T'(n). Suppose D is a data structure for c-BNN over X using space S(n) and query time
Q(n). Then, there exists a data structure 8c-ANN over X using

e space poly(d) -n-S(n), and

e query time logd - Q(n)-T(n).

Applying Lemma 8.3, [BG18] gave algorithms for ANN under ¢, distances for p > 2 by solving the
¢-BNN problem and using the navigating net structure of [KLO04]. In particular, they argued that
the Mazur map ¢, — /> is a good enough embedding when points are within a ball of radius c. They
solve the c-BNN problem in ¢, by embedding ¢, into {2, and use black-box ANN algorithms for ¢5.
The proof of Theorem 14 proceeds in a similar high level fashion:

1. We aim to solve the ¢-BNN problem for a Banach space X. So first, we interpolate between

X and a Hilbert space H, to obtain the Banach spaces Y and Z, as well as the approximate
Holder homeomorphism ®.: Y — Z (for some small € > 0) from Corollary 4.10 from Section 4.

60



2. Since X will be relatively close to Y, using Lemma 8.1, we will solve the ¢-BNN over Y (up
to an approximation loss), and similarly to [BG18], we view ®. as an embedding into Z for
vectors within radius c.

3. Finally, Z will be relatively close to H, so we may use any black-box ANN algorithms for /o
(up to an approximation loss) to solve the problem in Z.

We execute the above plan next which completes the proof of Theorem 14.

8.2 Proof of Theorem 14

From Theorem 14, we will aim to design an ANN data structure for the Banach space X = (C%, |||/ x).
Assume that X satisfies
Bx € B, € d- By,

for d = poly(d). Consider the parameters o € (0,1) and € (0,1), with

loglog d 1/3 1
o= (Chea) o B oy

and let A,Y and H be the complex normed spaces
A =[X, H]q, Y =[A, Hg, and Z=[AH)i_p.
We note that for every x € C¢, we have the following inequalities:
lzlly < flelx <d*Pllzlly  and  [|lzllg < [|z]z < &Pl (65)

In addition, since Ko(X) = 1 and Ky(H) = 1, by Lemma 2.14, we have that K,(A) < 1 when
p=5

Corollary 8.4. There exists a data structure for c-ANN over Z with approzimation ¢ < df, using
space poly(n,d) and query time O(dlogn).

Proof. We first note that by Lemma 8.1 and (65), it suffices to give a data structure for c-ANN over
H. In addition, the complex Banach space H = (C%, || -||z) is isomorphic to a Hilbert space over R??,
so it suffices consider data structures for 2-ANN over a real Hilbert space. For this task, we may use
a data structure for 2-ANN over ¢3¢ with poly(n, d) space, and O(dlogn) time [HIM12, KOR00]. [

The following corollary is immediate from Lemma 8.1 and (65).

Corollary 8.5. If there exists a data structure for c-ANN over Y with using space S(n) and query
time Q(n), there exists a data structure for c - d**P-ANN over X using space S(n) and query time

Q(n).
Given Corollary 8.5, we state Lemma 8.6 which builds an approximate norm oracle and Lemma 8.7

which solves c-BNN over Y. Combining Lemma 8.6 and Lemma 8.7 with Lemma 8.3 gives Theorem 14.
The following lemma simply follows from Corollary 5.30.
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Lemma 8.6. There exists an algorithm that computes a function ¢y : C* — R>% such that
[z]ly < by (z) < 2[zfly

in poly(d) time with probability 1 — m.

The probability of error in Lemma 8.6 is smaller than the query time, so via a union bound, we may
assume that all distance computations in the algorithm are correct up to a factor of 2 with high
probability.

Lemma 8.7. There exists a data structure for c-BNN over Y using space poly(d,n) and time
CdP

atl
a2
B > for some constant C > 0.

O(dlogn) + poly(d), whenever ¢ 2 (

Proof. From Corollary 8.4, let D be an O(dP)-ANN data structure over Z using space poly(n, d) and
query time O(dlogn). A data structure D’ for ¢-BNN over Y will obtain a dataset P of n points
and proceed as follows:

1. We first discretize every coordinate to O(logd) bits of precision in order to consider the
finite metric space (171, dp;). The discretization produces a set 1711 C C? where every = € C¢
with |z]y < ¢ has 2’ € M with ||z — 2'||y < and for every two points z,y € 11,

|z —yly > polif(d)

1
poly(d)’
. The distance dpj(z,y) = ||z — y|y.

2. For every point x € 111, we consider the points ®.(x), where ®.: Y — Z is the approximate
Holder homeomorphism from Corollary 4.10 from Section 4, defined according to the inter-
polation between Y = [A, H|g and Z = [A, H];_p, where A is a uniformly convex space with
p-convexity constant K,(A) <1 and p = & We initialize the parameters from Corollary 4.10
as

1

poly(d)’

where ¢ is small enough so that x,y € 1M satisty ||z — y||y > 5R(%)1/100. Specifically, the map
®.: Y — Z satisfies that every z,y € 11,

R=c, r=1, and

C _
[@:(z) — P=(y)llz < EO lz =yl - et (66)

for some constant ¢y > 0. In addition, by Lemma 4.12, the Hélder homeomorphism ®¢y: Y — Z
is invertible and every x,y € 11 satisfy

Iz — ylly < % o (x) — @o(y)]|Z, (67)
1. (x) — Do ()] 2 < E L, (68)

for constants ¢, co > 0.

3. Finally, we use the data structure D to solve the O(dP)-ANN problem over Z. In particular,
we preprocess the dataset P’ = {®.(p) : p € P} in D. Upon receiving a query q € C%, we
query ®.(¢) to D, and if D returns ®.(p) € P’, we return point p.
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Note that the required space for the data structure D’ is poly(n, d), and the query time for D’ is
O(dlogn) + poly(d), since for each query ¢ € C%, computing ®.(q) takes poly(d) time. Suppose
p € P satisfies ||¢ — p|ly < 1. By Corollary 4.10, we have ||®.(¢) — ®-(p)||z < L - ¢!=*. Thus, the

point ®.(p’) returned by D satisfies || P.(q) — Pc(p')|lz S % - c!=%. Thus, we hrfve that:
120(q) = @)z < [R0(q) = e(@)]|z + [ @e(q) — (p)l|z + [ P<(p') — Po(p) |2
< o) - 0.0z
< dfel—o
ST

and this implies that for some constant C' > 0,

601 (C-dB .=\ CxdBx i
lg—plly £ | ——5—] %% Y <,
B B Blthx
when ¢ > (CTdﬁ)“H. O

Proof of Theorem 14. Combining Lemma 8.3 and Lemma 8.7 with Corollary 8.5, we conclude that
there exists a data structure for cc:ANN with poly(n, d) space, using query time O(dlogn) + poly(d)

where:

ol
c=0 | dv+ (Cdﬁ *
_ ; 7

and recalling the parameters settings of o and f in (64), as well as the fact that d = poly(d) gives

the desired approximation. O
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