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Abstract

The problem of computing the Fourier Transform of a signal whose spectrum is dominated by a small
number k of frequencies quickly and using a small number of samples of the signal in time domain (the
Sparse FFT problem) has received significant attention recently. It is known how to approximately compute
the k-sparse Fourier transform in &~ k log® n time [Hassanieh et al’STOC"12], or using the optimal number
O(klogn) of samples [Indyk et al’FOCS’14] in time domain, or come within (loglogn)°(") factors of both
these bounds simultaneously, but no algorithm achieving the optimal O(k logn) bound in sublinear time is
known.

At a high level, sublinear time Sparse FFT algorithms operate by ‘hashing’ the spectrum of the input
signal into ~ k ‘buckets’, identifying frequencies that are ‘isolated’ in their buckets, subtracting them from
the signal and repeating until the entire signal is recovered. The notion of ‘isolation’ in a ‘bucket’, inspired
by applications of hashing in sparse recovery with arbitrary linear measurements, has been the main tool
in the analysis of Fourier hashing schemes in the literature. However, Fourier hashing schemes, which are
implemented via filtering, tend to be ‘noisy’ in the sense that a frequency that hashes into a bucket contributes
anon-negligible amount to neighboring buckets. This leakage to neighboring buckets makes identification and
estimation challenging, and the standard analysis based on isolation becomes difficult to use without losing
w(1) factors in sample complexity.

In this paper we propose a new technique for analysing noisy hashing schemes that arise in Sparse FFT,
which we refer to as isolation on average. We apply this technique to two problems in Sparse FFT: estimating
the values of a list of frequencies using few samples and computing Sparse FFT itself, achieving sample-
optimal results in k logo(1 n time for both. We feel that our approach will likely be of interest in designing
Fourier sampling schemes for more general settings (e.g. model based Sparse FFT).
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1 Introduction

The Discrete Fourier Transform (DFT) is a fundamental computational primitive with numerous applications
in areas such as digital signal processing, medical imaging and data analysis as a whole. The fastest known
algorithm for computing the Discrete Fourier Transform of a signal of length n is the FFT algorithm, designed
by Cooley and Tukey in 1965. The efficiency of FFT, which runs in time O(nlogn) on any signal of length
n, has contributed significantly to its popularity as a computational primitive, making FFT one of the top 10
most important algorithms of the 20th century [Cip0O0O]. However, computational efficiency of FFT is not the
only reason why the Fourier transform emerges in many applications: in signal processing the Fourier basis is
often a convenient way of representing signals since it concentrates their energy on a few components, allowing
compression (which is the rationale behind image and video compression schemes such as JPEG and MPEG),
and in medical imaging applications such as MRI the Fourier transform captures the physics of the measurement
process (the problem of reconstructing an image from MRI data is exactly the problem of reconstructing a signal
z from Fourier measurements of x). While FFT works for worst case signals, signals arising in practice often
exhibit structure that can be exploited to speed up the computation of the Fourier transform. For example, it
is often the case that most of the energy of these signals is concentrated on a small number of components in
Fourier domain. In other words, the signals that arise in applications are often sparse (have a small number of
nonzeros) or approximately sparse (can be well approximated by a small number of dominant coefficients) in
the Fourier domain. This motivates the question of (approximately) computing the Fourier transform of a signal
that is (approximately) sparse in Fourier domain using few samples of the signal in time domain (i.e. with small
sample complexity) and small runtime. We note that while runtime is a natural parameter to optimize, sample
complexity is at least as important in applications such as medical imaging, where sample complexity governs
the measurement complexity of the imaging process.

In this paper we consider the problem of computing a sparse approximation to a signal z € C™ given access to
its Fourier transform z € C", which is equivalent to the problem above (since the inverse Fourier transform only
differs from the Fourier transform by a conjugation), but leads to somewhat more compact notation. This problem
has been studied extensively. The seminal work of [CT06, RVOS|| in compressed sensing first showed that length
n signals with at most k£ Fourier coefficients can be recovered using only & logo(l) n samples in time domain. The
recovery algorithms are based on linear programming and run in time polynomial in n. A different line of research
on the Sparse Fourier Transform (Sparse FFT), originating from computational complexity and learning theory,
has resulted in algorithms that use k 1og®M n samples and k 1og®™M n runtime (i.e. the runtime is sublinear in the
length of the input signal). Many such algorithms have been proposed in the literature, including [GL89, KMO91,
Man92, IGGI™02, [AGS03l, [GMS05, Twel0, [Akal0, [HIKP12bl, [HIKP12a, LWCI12, BCG™ 12, [HAKII2, [PR13|
HKPV13,1KP14,1K14,|Kap16,PS15,ICKPS16]]. Nevertheless, despite significant progress that has recently been
achieved, important gaps in our understanding of sample and time efficient recovery from Fourier measurements
remain. We address some of these gaps in this work.

The main contribution of this work is a new technique for designing and analyzing sample efficient sublinear
time Sparse FFT algorithms. We refer to this technique as isolation on average. We apply our technique to two
problems in the area of Sparse Fourier Transform computation, namely estimation and recovery with Fourier
measurements.

Our results: estimation In the first problem we are given a subset S C [n] of locations in the time domain and
are asked to estimate xg from a few values of Z. Formally, we would like the algorithm to output a signal 2’ with
supp(z’) C S such that

oz — 2|3 < (14 €)l|lzpp sl 1)

In other words, we would like to output an estimate x’ of x that is correct up to the "noise’, i.e. elements outside
of S (to achieve (), it suffices to ensure that ||(z — 2’)g||3 < €|z}, s]|3)- Note that in some of the applications
described above one often has a good prior on which coefficients of = are the dominant ones, and a natural



question is whether one can recover the values of xg quickly, using few samples, and in a noise robust manner,
i.e. solve (). Our main result on estimation is Algorithm 2l (presented in Section ) together with

Theorem 1.1. For every € € (1/n,1),§ € (0,1/2), z € C" and every integer k > 1, any S C [n], |S| =k,
ifl|lz]loc < R*- Hw[n}\sﬂg/\/ﬁ R* = n%W, an invocation of ESTIMATE(%, S, k, €, R*) (Algorithm ) returns
x* € C" such that

Iz = x")sllz < e [lzppsll3

3+46 n)

using 05(%]{7) samples and Og(%k‘ log time with at least 4/5 success probability.

A linear sketch with O(k) measurements and O(k) recovery time that provides the guarantee in (I) was
presented in [Pril1]], but this solution uses general linear measurements as opposed to the more restrictive Fourier
measurements. To the best of our knowledge, the estimation problem with guarantees (1) has not been studied
explicitly in the setting of Fourier measurements. We now describe ‘folklore’ results and give a comparison with
Theorem [L.1}

Estimation from Fourier measurements: least squares Recall that the problem is as follows: given a set
S C [n], estimate xg from a small number of Fourier measurements of x, i.e. from a small number of accesses
to Z. A popular approach is to select a subset 7' C [n] of frequencies and solve the least squares problem
. ~ a2

yecng&ygsllw—wllz- 2)
A natural choice is to let 7" be a (multi)set of frequencies selected uniformly at random with replacement from [n).
The solution to (2)) is then provided by the normal equations yopr = (F} sk, 5)_1F}7 g2, where F'z € C" is the
Fourier transform of x, and Fr g is the T'x S submatrix of I scaled by \/n/|T|. Writing x = x5+, g, s0 that
Tr = Fr.ses+ FrppsTmps, We getyopr = (Ff ¢ Fr.s) ' Ff o1 = x5+ (Ff gFr.s) "' Ff 6 Fr )\ s\ $»
where the second term corresponds to the estimation error due to tail noise. Thus, if 7" is such that %I g =
FroFrs = 2Ig, then [lyopr — zll2 = O(1) - [|za)\s||2 with constant probability. A simple application
of matrix Chernoff bounds shows that the spectral bound %I g = Fj’i gFrs = 2Ig is satisfied when |T| >
C'|S|log | S| for an absolute constant C'. Note that the analysis above is tight, as for certain choices of S C [n]
at least 2(|S|log S|) samples are needed even to ensure that Fg 1. Fg  is invertible. For example, suppose that
S = (n/k) - [k], where k divides n, so that the signal Z is k-periodic. In this case = only becomes recoverable
from Zp as long as T contains at least one element of every conjugacy class of Z,, modulo k, and by a Coupon
Collection argument €2(k log k) samples are needed to ensure that this is the case. To summarize, the sample
complexity of least squares with a random 7T is at least (klog k). Another significant disadvantage of this
approach is that solving the least squares problem requires at least {2(k?) runtime using current techniques. Of
course, given the knowledge of S one may be able to design a better than random set 7', but no such construction
is known for general supports S. As Theorem [L.1lshows, there exists a distribution over sampling patterns 7" that
is oblivious to S and allows decoding from O(k) samples in klog®) n time.

Estimation from Fourier measurements: Fourier hashing Estimation of a subset .S of coefficients of « using
Fourier measurements can be performed using the idea of Fourier hashing (via filtering) commonly used in the
Sparse FFT literature. In this approach one round of hashing allows one to compute estimates w; for x;,7 € S
such that

wi — 1] < allz]|3/k

using O(k /) samples in Fourier domain and O((k/«)log(k/c)) runtime. Here o € (0, 1) is the oversampling
parameter, which is normally set to a small constant, as it directly affects runtime and sample complexity. The
approach is similar to standard hashing techniques such as CountSketch [CCFCO02], but the crucial difference
is that the error bound depends on the energy of the entire signal as opposed to energy of the tai. Indeed,

'One way to improve the error bound is to use strong filters [HIKP12b], but that requires a Q(k log ) samples — see Lemma[E.T]



in general one can have ||z[|3 > n¥(D . ||\ 53, meaning that one round of hashing gives results that are
very far from estimating zg up to the energy of the ‘noise’, i.e. elements outside S. This can be fixed by
iterating the estimation process on the residual signal. A naive implementation and analysis results in ©(k logn)
measurements (due to logn iterations of refinement) and k‘logo(l) n time. Recent works on saving samples
by reusing measurements [IK14} [Kap16] can lead to improvements over the factor logn blow up in sample
complexity, but all prior approaches inherently lead to w(1) factor loss in the number of samples, as we argue
below.

Our results: recovery The second version of the problem is the Sparse FFT (recovery) problem with ¢5 /0o
guarantees: we are given access to T, a precision parameter ¢ > 0 and a sparsity parameter &, and would like to
output 2’ such that
lz = 2'll3 < (1 +¢€) min [z —ylf3, 3)
k-sparse y
Note that here we are not provided with any information about the ‘heavy’ coefficients of , and the hardest and
most sample intensive part of the problem is to recover the identities of the ‘heavy’ elements.

It is known that any (randomized, non-adaptive) algorithm whose output satisfies (3) with at least constant
probability must use m = Q(klog(n/k)) samples [DIPWI10]. An algorithm that matches this bound for ev-
ery k < n'~% was recently proposed by [IK14]. The algorithm of [IK14] required (n) runtime, however,
leaving open the problem of achieving sample-optimality in k logo(l) n, or even just sublinear time. Sublinear
time algorithms that come close to the optimal sample complexity (within an O(loglogn) factor) have been
proposed [IKP14, Kap16]], but no algorithm was able to match the lower bound to within constant factors using
sublinear runtimed. As we argue below, achieving the O(klogn) bound in sublinear time appears to require
a fundamentally different approach to Fourier hashing, which we provide in this work. Our new technique re-
sults in an algorithm that matches the lower bound of [DIPW10]] up to constant factors for every k& polynomially
bounded away from n (i.e. k < n'=¢ for a constant ¢ > 0) in sublinear time:

Theorem 1.2. Foranye € (1/n,1),6 € (0,1/2), x € C" and any integer k > 1, if R* > ||z|o0 /11, R* = n°W),
p? > Nl l3/k 1* = O(||xppw|13/k), SPARSEFFT(Z, k, €, R*, 1) (Algorithm B) solves the {2 /(s sparse

446 n)

recovery problem using Os(klogn) + O(%k log n) samples and Og(%k: log time with at least 4/5 success

probability.

We now discuss the technical difficulties that our approach overcomes. In this discussion we concentrate
mainly on the estimation problem, as it is easier than sparse recovery, but at the same time exhibits all the
relevant technical challenges. We first describe known sample optimal and efficient solutions that use arbitrary
linear measurements, and then outline the difficulties that one faces when working with Fourier measurements.

Estimation and sparse recovery with arbitrary linear measurements. If arbitrary linear measurements are
allowed, one takes, multiple times, a set of B = O(k) linear measurements of the form @; = 3. h(i)=j Siti for
a random hash function h : [n] — [B] and random signs s; € {—1,+1}. Since we are hashing in a number of
buckets a constant factor (say, 100) larger than the sparsity of the signal, a large fraction (say, ~ 90%) of the
top k components are likely to be isolated in a bucket, and not have too much noise (i.e. elements other than
the top k) hash into the same bucket. For such isolated elements we can approximate their value up fo the noise
that hashes into the same bucket (in the case of sparse recovery, we perform O(log(n/k)) specially crafted linear
measurements using the same hash function h to recover the identity of the isolated element). This lets us estimate
(resp. recover) =~ 90% of the top k elements of the signal, we subtract them off and recurse on the remaining
~ 10% of the top k elements, hashing into & /2 buckets this time. In general, for¢ = 1,2, ..., O(log k) we choose

%In this paper we are only interested in algorithms that work for worst case signals. If probabilistic assumptions on the signal are
made, better results are possible in some settings (see, e.g. [GHI™13]).



a random hash function h; : [n] — [By], where B; = 100k/2!~1, say (in the case of sparse recovery we take
O(log(n/k)) measurements using each of these hash functions). One can show [GLPS10] that after O(log k)
iterations of the hashing, recovery and subtraction process we recover an approximation to z that satisfies (I))
(resp. (@) in case of recovery). The sample complexity of this process is dominated by the sample complexity
of the first iteration, where we use B; = 100k buckets, resulting in a O(k) (resp. O(klog(n/k))) bound on the
sample complexity overall. Note that the recovery process only uses every hash function h; once, at step ¢: those
elements that are isolated under this hashing are perfectly recovered and essentially ‘disappear’ from the system,
so h; can be discarded!

A natural approach to estimation and recovery with Fourier measurements and why it fails. In order to
achieve O(k) (resp. O(klogn)) sample complexity using Fourier measurements (i.e. in Sparse FFT) it seems
natural to revisit the original idea used in recovery from arbitrary linear measurements that we outlined above.
More precisely, we could follow the strategy of choosing, for ¢ = 1,2,...,0(log k), a random hash function
h¢ @ [n] — [By], where By = 100k/2!~1. The problem is that in order to ensure that we hash into B buckets
at the cost of O(B) samples, we need to commit to working with rather low quality buckets implemented using
crude filters (see section 2)) and this causes ‘leakage’ between hash buckets. Given this complication, it is not
clear at all if estimation (resp. recovery) can be made to work: while with ‘ideal’ hashing each element isolated
in a hashing was identified and estimated up fo amount of noise in its bucket, here due to the leakage of our
simple filters identification of nominally isolated elements can be precluded by interference from other head
elements! This means that the elements that were isolated in the first hashing do not ‘disappear’ from the system
(as they essentially do with ‘ideal’ hashing described above in the context of arbitrary linear measurements), but
are reduced in value by only about a constant factor, and will influence the recovery process using the second
hashing etc. To put this in perspective, note that when for each ¢ > 10, say, we hash into B; = 100k/2!!
buckets, we generally get (k) original elements hashing to < k buckets! These elements have of course been
reduced in value somewhat, but not to the extent that their contribution to B; ~ k/2!~! buckets is negligible.
The discussion above implies that two difficulties must be overcome to achieve O(k) (resp. O(klogn))
sample complexity. First, since one round of hashing can at most reduce the ‘isolated’ elements in the residual
by a constant factor, {2(logn) iterations are necessary. Furthermore, the process must be set up in such a way
that the Q(log n) iterations operate on the same hash functions, and at the same time no adversarial correlations
arise to hinder the estimation process. The second difficulty is more subtle, but the harder one to deal with — this
is exactly where our main contribution comes in. Note that if several levels of hashing are used, as above there
could be elements whose total contribution to estimation error over all levels t > 1 is w(1). Indeed, it is easy to
see that some of the top & elements will participate in repeated collisions for many values of ¢ > 1. Such elements
could pose significant difficulties, as they introduce large errors to the identification and estimation process. This
issue arises because we reuse hashings that hash (k) elements into < k buckets. Thus, we cannot hope to rely
on isolation properties that all prior work is based on, since there are more elements to be estimated than buckets.

Our techniques: a new hashing scheme and isolation on average. To overcome the difficulties outlined
above, we use the following approach. As above, we choose a sequence of hash functions h; that hash the
signal into a geometrically decreasing number of buckets. However, a crucial modification is that for each
t we repeat the hashing process independently R; times for an increasing sequence R; (we use a geometrically
increasing sequence; our hashings are denoted by h; s, s = 1,..., R; for each t). As we show below in Section 3]
the independent repetitions ensure, at a high level, that despite the fact that most elements collide in multiple
hashings, the fraction of such collisions is small, ensuring that estimation errors do not propagate — see Lemma[3.1]
and Remark [3.2] after the lemma.

We give a formal analysis of our scheme in the rest of the paper, and provide intuition as to why our scheme
fixes the problem outlined above now. Specifically, we would like to see that the head elements do not contribute
a large fraction of their weight as estimation error in hashings h; , for ¢ > 1. The reason is that, as we show



below, given the hash functions {h; s} the set S of head elements can be partitioned into sets S = S;USaU. ..U
St,]S1| > |S2| > ... > |S7| so that for every ¢ > 1 every element of S collides with at least one element of
Sy in no more than R%_‘S out of the Ry hashings hy s at iteration t, for some constant ¢ > 0 (choosing ¢ small
improves runtime, at the expense of sample complexity; any small constant § > 0 leads to asymptotically sample
optimal results). Thus, even though there are many collisions, on average over s € [1 : R;| every element in S
collides with at most ~ I, 9 elements of S; — we refer to this property as ‘isolation on average’. Since we choose
the number of hashings R, to increase geometrically, the error contributed by an element of S over all hashings
is no more than ) _,-, R, 6 = Os(R; 6) < 1. This fact allows us to argue that iterative decoding converges (see
section [3). Achieving small runtime with such a scheme requires a delicate balance of parameters, which we
exhibit in Section

Our techniques: majorizing sequences for controlling residual signals. Lastly, one should note that the
discussion above rests heavily on our ability to control the sequence of residual signals that arise throughout
the update process (both in estimation and recovery). We achieve this by showing that residual signals arising
during the update process are majorized by short (polylogarithmic length) sequence of signals (referred to as a
majorizing sequence). See Section [4.2] for the application in estimation and Section for the application in
recovery.

Significance for future work. We feel that the idea of ‘isolation on average’ may prove useful in further de-
velopments in the area. For example, it would be interesting to see if measurement reuse using our techniques
can improve sample complexity of to sublinear algorithms for model based sparse recovery from Fourier mea-
surements, i.e. to Sparse FFT algorithms that exploit structure of input signals beyond the sparsity assumption
(the a sublinear time algorithm for model based Sparse FFT for the block-sparse model was recently presented
in [CKSZ17]). A strong step in this direction would consist of removing the reliance of our techniques on the /;
norm of the residual signal as the measure of progress, and introducing an approach to measurement reuse while
provably reducing the ¢ norm of the residual during the iterative process.

Organization. The proofs of Theorem[L.Iland Theorem[I.2]rely on a shared set of lemmas that enable analysis
via ‘isolation on average’, with the main technical lemma being Lemma [3.1] (see also Remark [3.2] after the
lemma). We present these lemmas first (Sections 2] and [3), then prove Theorem (Section [)) as it is less
notationally heavy but still uses all the main technical ideas, and then prove Theorem [1.2] (Section [3). Proofs
omitted from the main body of the paper are given in the Appendices.

2 Preliminaries and basic notation

For a positive even integer a we will use the notation [a] = {—5,—5 +1,...,—1,0,1,...,§ — 1}. We will
consider signals of length n, where n is a power of 2. We use the notation w = e>™/" for the root of unity of
order n. The forward and inverse Fourier transforms are given by

1 X 1 .
- —if .. o fa
xf_\/ﬁé w Yz, and:ny—\/ﬁg w g 4)

1€[n] f€[n]

respectively, where f,j € [n]. We will denote the forward Fourier transform by F. Note that we use the
orthonormal version of the Fourier transform. Thus, we have ||Z||2 = ||z||2 for all z € C™ (Parseval’s identity).
We assume that entries of x are integers bounded by a polynomial in 7.



2.1 Filters, hashing and pseudorandom permutations

We will use pseudorandom spectrum permutations, which we now define. We write M4y for the set of odd
numbers between 1 and n. For o0 € Mgq,q € [n] and i € [n]let 7,4(i) = 0(i — ¢) mod n. Since o € M4,
this is a permutation. Our algorithm will use 7 to hash heavy hitters into B buckets, where we will choose
B =~ k. We will often omit the subscript o, ¢ and simply write 7(i) when o, g is fixed or clear from context.
For i € [n] we let h(i) := round((B/n)n(i)) be a hash function that maps [n] to [B], and for i,j € [n] we let
0i(j) = 7(3) — (n/B)h(i) be the “offset” of j € [n] relative to i € [n]. We always have B a power of two.

A~

Definition 2.1. Suppose that o~ exists mod n. For a,q € [n] we define the permutation Py o 4 by (Py a.q2)i =
;i'g(i_a)wwq.

Lemma 2.2. 7~ 1(P,, &)

RSN Tox )
To,q(i) — TiW

The proof is given in [[K14] and we do not repeat it here. Define

Errg(z) = min ||z —y||o and p? = Erri(z)/k. (5)
k—sparse y
In this paper, we assume knowledge of p (a constant factor upper bound on p suffices). We also assume that the
signal to noise ratio is bounded by a polynomial in the length n of the signal, namely that R* := ||z||o0/u < n©
for a constant C' > 0. It will be convenient to use the notation B (z, ) to denote the interval of radius 7 around
x: Boo(z,7) = {y € [n] : |z — y|o < r}, where |z — y|, is the circular distance on Z,,. For a real number a we
write |a|+ to denote the positive part of a, i.e. |a|; = a if a > 0 and |a|;+ = 0 otherwise.
We will use the following

Definition 2.3 (Flat filter with B buckets and sharpness F)). A sequence G € R"™ symmetric about zero with

Fourier transform G € R" is called a flat filter with B buckets and sharpness F' if (1) G; € [0, 1] for all j € [n];
F-1 ) . F-1 F-1 .

()G >1—(3)"  forall j € [n] such that |j| < J%; and (3) Gy < (%) (ﬁ) forall j € [n] such

that |j| > 3.

We use a construction of such filters from [CKSZ17]:

Lemma 2.4 ( [CKSZ17]], Lemma 2.1). (Compactly supported flat filter with B buckets and sharpness F') Fix the
integers (n, B, F) with n a power of two, B < n, and ' > 2 an even number. There exists an (n, B, I)-flat filter
G € R", whose Fourier transform G is supported on a length-O(F B) window centered at zero in time domain.

Note that most of the mass of the filter is concentrated in an interval of side O(n/B), approximating the
“ideal” filter (whose value would be equal to 1 for entries within the square and equal to 0 outside of it). Note
that for each i € [n] one has Go_ii) < 2. We refer to the parameter I’ as the sharpness of the filter. Our hash
functions are not pairwise independent, but possess a property that still makes hashing using our filters efficient:
Lemma 2.5 (Lemma 3.2 in [IK14])). Let i,j € [n]. Let o be uniformly random odd number between 1 and n.
Then for all t > 0 one has Pr[|o(i — j)|o < t] < 2(2t/n).

2.2 Measurements of the signal, notation for estimation error and basic bounds

Pseudorandom spectrum permutations combined with a filter G give us the ability to ‘hash’ the elements of the
input signal into a number of buckets (denoted by B). We formalize this using the notion of a hashing. A hashing
is a tuple consisting of a pseudorandom spectrum permutation 7, target number of buckets B and a sharpness
parameter F' of our filter, denoted by H = (w, B, F'). Formally, H is a function that maps a signal x to B signals,
each corresponding to a hash bucket, allowing us to solve the k-sparse recovery problem on input x by reducing
it to 1-sparse recovery problems on the bucketed signals. We give the formal definition below.



Definition 2.6 (Hashing H = (w, B, F')). For a permutation = = (o, q), parameters B > 1 and F, a hashing
H := (7, B, F) is a function mapping a signal x € C™ to B signals H(:L') = (us)sep), where us € C" for each
s € [B), such that for each i € [n] us; = Zje[n] Gr(j)—(n/B).sTjw'? € C, where G is a filter with B buckets
and sharpness F constructed in Lemmal(2.4)

For a hashing H = (w, B, F), ™ = (0, q) we sometimes write Py ,,a € [n] to denote Py , 4.

Definition 2.7 (Measurement m = m(x, H, a)). Forasignal x € C", a hashing H = (7, B, F') and a parameter
a € [n], a measurement m = m(x, H,a) € CB is the B-dimensional complex valued vector of evaluations of a
hashing H(x) at a point a € [n], i.e. for s € [B] mg = Zje[n} Gw(j)_(n/B),sxjw“"j, where G is a filter with B
buckets and sharpness F' constructed in Lemma

We access the signal = in Fourier domain via the function HASHTOBINS (Z, x, (H, a)), which evaluates the
hashing H of residual signal « — x at point a € [n], i.e. computes the measurement m(z, H, a) (the computation
is done with polynomial precision). We will use the following lemma, which is rather standard (the proof is given
in Appendix [B.1l for completeness):

Lemma 2.8. HASHTOBINS(Z, x, (H, a)), where H = (m, B, F), computes u € CB such that for any i € [n)],

( )y = Apg)+ Z Go,(j)(T—X) jw?I where G is the filter defined in section[2] and for all i € [n] we have that
A @) S ”X”z n~Cisa neglzgzble error term (and ¢ > 0 is an absolute constant that governs the precision that
semi-equispaced FFT, i.e. LemmalE) is invoked with). It takes O(BF') samples, and O(F'-Blog B+||x||o log )
time.

We now introduce relevant notation for bounding the error induced by our measurements in locating or
estimating an element ¢ € [n]. For a hashing H = (w, B, F') and an evaluation point z € [n], we have by
Definition 2.7]

mpe)(x, H, 2) Z G, T,
j€ln]
where the filter G, (;) is the filter corresponding to hashing H (note that o;(j) implicitly depends on 7). In
particular, one has:

-1 —z0t zo(j—i
Goi(i)mh(i)w =T + Go (3) Z Goi(j)‘rjw 6=
J€[n]\{i}

noise term

A common idea underlying our analysis of estimation and recovery is to split the estimation/recovery error
induced on an element ¢ into the contribution from the carefully defined ‘head’ of the signal and the contribution
from the ‘tail’. The ‘head’ of the signal is denoted by a set S C [n] throughout the paper. For each i € [n] we
write

-1 —z0t j—1 -1 zo(j—1
G o) Mhew 7" = i+ Go @) Y. G, U= 4 Goi) Yo Gopmw i
jes\{i} jeln\(Su{i}) (0)
noise from ‘heavy’ elements ‘tail’ noise

We now define special notation for the two noise terms in (6). These two noise terms will be handled very
differently in our analysis.

Noise from heavy hitters. The first term in (@) corresponds to noise from x 5\{3}» 1. noise from ‘head’ of the
signal. For every ¢ € S, hashing H we let

e?ead(H,w) = Go_i%i) . Z Goi(j)\xj\. @)
jes\{i}



Remark 2.9. Note that €"** depends implicitly on the set S. We do not make this dependence explicit to avoid
complicated notation, but state which set S the quantity €"°®® is defined with respect to whenever this quantity is
used. We also note that e"**® provides a bound on the error induced by the tail of the signal that (for a random
hashing) depends on the £1 norm of the head of the signal.

We thus get that e?ead(H , ) upper bounds the absolute value of the first error term in (6) for every value of
evaluation point z (note that e"°*?(H, z) only depends on the hashing H and z). Note that G > 0 by Lemma2.4]
and Definition as long as I is even, which is the setting that we are in. We will often use several hashings to

estimate or locate an element ¢. It is thus convenient to define, for a sequence of hashings Hy, ..., H,

elesd({H,},z) := quant'/®el*d(H, ), (8)
where for a list of reals 1, .. ., u, and a number f € (0,1) we let quant/ (u1, ... ,us) denote the [ f - s]-th largest
element of uq, ..., us.

Tail noise. To capture the second term in (6)) (corresponding to tail noise), we define, for any i € [n], 2 € [n],
permutation 7 = (o, ¢) and hashing H = (7, B, F)

et ([, 2, 1) = 0—%2) Z Goi(j)ijm(j_i) ) 9)
Jem\(SULi})

Remark 2.10. Note that ¢'®! depends implicitly on the set S. We do not make this dependence explicit to avoid
complicated notation, but state which set S the quantity €' is defined with respect to whenever this quantity is
used. We also note that ¢'®' provides a bound on the error induced by the tail of the signal that (for a random

hashing and a random evaluation point z) depends on the {5 norm of the tail (as opposed to the {1 norm used by
head
e ).

With this definition in place eﬁ““(H , 2, ) upper bounds the absolute value of second term in (6). We will
sometimes use several hashings and values z to obtain better estimates. For a sequence {(H,, z,)},™$* for some
Tmaz > 1 we let

egail({HT’ ZT}’ :L') = quant,l/5 G;b) . Z Goi(j)g}jwza(j—i) , (10)
Jem\(SU{i})

where 0;(7) on the rhs implicitly depends on the hashing H.

The definitions above are sufficient for our analysis of the signal estimation procedure in Section 4l The
analysis of the sparse recovery procedure requires several further specialized definitions, which are presented
in Appendix [Cl With the definitions above we can state the following simple guarantees on the performance of
a basic estimation procedure that is the main building block of our analysis of the more powerful ESTIMATE
primitive in Section A

Lemma 2.11 (Bounds on estimation quality for Algorithm [)). For every x,x € C", every L C [n], every set
S C [n] the following conditions hold for functions ehed and et defined with respect to S (see () and ©@)). If
T'mag 18 larger than an absolute constant, then for every sequence H, = (m,, B, F'),r = 1,..., "'maz of hashings
and every sequence a1, . . ., maz Of evaluation points the output w of

ESTIMATEVALUES (X, L, {(H,, a,,m(z, Hy, a;)) };75")
satisfies, for each i € L

lwi — (z — x)i| <2 - quant’/>eM*(H,, x — x) + 2 - quant*® el (H,, a,x — x) + n~ 4,



where ¢ > 2 is an absolute constant that governs the precision of our approximate semi-equispaced FFT com-
putations (see HASHTOBINS, Lemma[2.8). The sample complexity is bounded by O(F BT, ), and the runtime
by O((F - B -logn + ||x|lologn + |L|) - "maz)-

The proof of the lemma is given in Appendix Bl The proof is rather standard modulo our definitions of ¢¢%?

and e'®!, as well as the fact that the statement of the lemma is entirely deterministic. We will later apply this
lemma to random hashings and evaluation points, but the deterministic nature of the claim will be crucial in
analyzing measurement reuse.

As both our ESTIMATE and SPARSEFFT algorithms (Sectiond]and Section[3) respectively iteratively update
the signal, we will need to analyse the performance of ESTIMATEVALUES on various residual signals derived
from the original input signal x. The notion of a majorant is central to this part of our analysis:

Definition 2.12 (Majorant). For any S C [n] and any x,y € C" we say that y is an majorant for x with respect
t0 Sif |z;| < |yi| foralli e S.

With this definition and definition of e"?¢ above the following crucial lemma follows immediately:

Lemma 2.13. For every hashing H, every set S C [n] one has for every pair x,y € C" that if x <g vy, then for
every i € [n] e]“**(H,x) < e[“*(H,y).
Proof. Recall that by (7)) one has e/?(H, z) = Go_i%i) 2 jes\(iy Goi(jlz;l. Since G > 0 by Definition 2.3/ and
Lemmaf2.4] we have by using x < y that e/®(H, z) = Go_ii)'zjeS\{i} Go, iyl < G;%i) -Zjes\{i} Go,()yjl =
ehead([ y) as required.

O

3 Isolating partitions

In this section we prove the main lemmas that allow us to reason about performance of the SNR reduction process
in our algorithms (Algorithm [2] and Algorithm [3). Both algorithms perform SNR reduction (see lines 16 to 22
in Algorithm 2] and lines 25-36 in Algorithm [3)) using two loops. The first loop (over ), controls the /1 norm of
the signal, with the (upper bound on the) norm being reduced by a factor of 4 in each iteration. This reduction
is achieved via a sequence of calls to ESTIMATEVALUES (in ESTIMATE, Algorithm 2)) or LOCATESIGNAL (in
Section[C)) using a separate collection of hashings for each ¢ = 1, ..., T. Our correctness analysis for this process
proceeds by showing that, with high constant probability over the choice of the hashings {{H;, 5}fzt1 ML | any set
S of size ~ k the hashings induce a partition of S into at most 7" sets S7 U ... U Sp such that hashings used
in the ¢-th round allow the algorithm to make progress on elements in S;. The main result of this section is a
formalization of this claim, achieved by Lemma[3.11

Lemma 3.1. For every integer k > 1, every S C [n],|S| < k, every 6 € (0,1/2), if the parameters By, R; are
selected to satisfy (p1) Ry = Cy - 2! and (p2) By > Cs - k/R? for every t € [0 : T, where C1 is a sufficiently
large constant and Cy is sufficiently large as a function of Cy and 0, then the following conditions hold.

For every collection of hashings {{H, S}f:tl}?:l, if the filters used in hashings Hy s are at F'-sharp for even
F > 6 foreveryt € [1:T], and S admits a §-isolating partition (as per Definition[3.7) S = S1U. ..USp with re-
spectto { Hy s}, then for every x,x € C", 2’ = x—yx, foreveryt € [1: T| one has He@fad({Ht,s}se[l:Rd,x’)Hl <
20R;”°||as 1.

Remark 3.2. Note that the result of Lemma3_ 1l implies that the cumulative error induced by the entire set S of
‘heavy’ coefficients on Sy is only a ~ R, J fraction of the {1 norm of ', despite the fact that when estimating Sy
we hash into By < k buckets, and in general each bucket will contain many elements of S. Furthermore, if we
choose Ry to increase fast enough so that y -, R, 3 <« 1, we get that the cumulative contribution of elements in

9



S to estimation/location error over all t > 1 is less than 1, meaning that errors do not accumulate much. This is
exactly what we achieve by setting R; = C12' for a large constant C > 1 — see proof of Lemmad_lin Section

In the rest of the section we first introduce relevant notation and in particular define the central notion of an
isolating partition of the set S of head elements (in section [3.1)), then prove that any fixed set S of size about k
admits an isolating partition with at least high constant probability over the choice of hashings {{H; s}f:tl};f:l
(section[3.2)), and show how to construct the partition efficiently (Lemmal[3.9) if the set S is given explicitly (used
in Algorithm 2] line 13). Using this result we then give a proof of Lemma[3.11

3.1 Main definitions

Let S be any subset of [n] (we will later instantiate S to the set of ‘large’ elements of z). We now define a
decomposition of the set S into T = 15 log, log(k + 1) + O(1) disjoint sets Sy, Ss, ..., Sy with respect to
asequence 1 < Ry < Ry < Ry < ... < Ry and hashings {{Hus}f:tl}g;r We start with several auxiliary
definitions.

Definition 3.3 (¢-Collision). We say that an element a € [n] participates in a t-collision with another element
b € [n] under hashing H = (7, B, F) if a hashes within at most t buckets of b under H, i.e. if |w(a) — w(b)| <

n(t—1).

Definition 3.4 (§-bad element). For 6 € (0,1), foreacht € [1: T), sequence 1 < Ry < Ry < ... < Ry, where
T > 1is an integer, we say that an element a of S is d-bad for S; with respect to a partition S = S1USsU. .. .USp
and hashings {{H;, 5}‘5;1}31:1 if a participates in an Ry-collision with at least one element of Sy under more than
a Rt_‘gfmction of hashings Hy 1, ..., H R,.

Definition 3.5 (\-crowded element). For a hashing H = (7, B, F') and a real number \ € (0,1), an element
a € [n] is A-crowded at scale q > 0 by a set Q C [n] if |B (7(a), % - 29) N7(Q \ {a})| > A\2%%. We say that an
element a is simply A-crowded if it is A-crowded at least at one scale ¢ > 0.

Remark 3.6. The intuition for the definition above is that if the permutation 7 was pairwise independent, then
for every a € [n] the expectation of |B (7(a), % - 29) N7 (Q \ {a})| would be about 27 if |Q| < B, i.e. about the
number of buckets that fall into the interval. We say that an element is A\-crowded when the number of elements
in its vicinity exceeds \2%¢ for at least one scale g, i.e. exceeds expectation by a \29 factor. Our choice of
A= R, 3 serves the purpose of enforcing that no element of Sy is hashed too close to another element of S,
and no (large) neighborhood of any element of S, it too crowded. These two parameter regimes have somewhat
distinct applications in the proof of Lemma 3.1l - see footnotes 3 and 4 in the proof of the lemma on pages 13
and 14 respectively.

Definition 3.7 (J-isolating partition). For 6 € (0,1), for any k > 1 and any S C [n],|S| < k, a partition
S =51USyU...USrof S C [n] into disjoint subsets is d-isolating with respect to a sequence of integers
1 < Ry < Ry < ... < Ry and hashings {Ht,s}f:tl fort = [1: T] if the following conditions are satisfied for
eacht € [1:T):

@) |5 <k- %2_2(176)“71)“ (the sizes of Si’s decay doubly exponentially);

(2) no element of S; is R, 3.crowded by S, under any of {H, s}f;1 (elements of S, are rather uniformly spread
under hashings Hy g);

(3) no element of S; Ri-collides with an element of S that is §-bad for Sy under any of {Ht,s}f:tl (collisions
between S and S; are rare).
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Note that the bound on the size of S is at most k, which will be trivial for our instantiation of S. Nontrivial
decay of the S; starts at ¢t = 2. Also note that property (3) is exactly why we call our approach ‘isolation on
average’: as the proof of Lemmal[3.1lbelow shows, the fact that no element of S that is §-bad for S; collides with
S; under any of the hashings implies that every element of S has a limited contribution to estimation error, and
errors do not propagate.

3.2 Existence of isolating partitions of S

In this section we prove that any set .S of size at most k£ admits an isolating partition with respect to a random
set of hashings as in Algorithm [3] with at least high constant probability. We prove this claim by giving an
algorithm that we show constructs such a partition successfully with high constant probability. The algorithm is
Algorithm [Il presented below. We prove that Algorithm [I] terminates correctly in Lemma [3.8] below, assuming
that the number of hashings at each step ¢ and their parameters are chosen appropriately.

If the set S is known explicitly, the partition can be constructed efficiently by running Algorithm [l the details
are given in Lemma[3.90 An efficient construction is needed in our sample efficient primitive (see Algorithm [2)).
Our sample-optimal Sparse FFT algorithm is oblivious to the actual partition, as its task is to identify the set S.
However, as we show in Section [3 the existence of an isolating partition of S is sufficient for the algorithm to
work.

Algorithm 1 Construction of an isolating partition {5}

1: procedure CONSTRUCTPARTITION({{ Hy s } se[1: Rt}},tr:l) > Hashings sampled uniformly
2 St St 1

3 while S} # () do

4 Bad; < {elements of S that are d-bad wrt S} under {H; s} sep1.r,)}

5: U < {elements a € Sf that R;-collide with Bad; under at least one of { Hy s }sc(1:r,]}

6 Vi + {elements a € S} that are R; 3-crowded by S} under at least one of {Hys}seli:rg

7 SetSﬁil +— Bad, UU, UV, andS;t-Jrl — S;\Sfﬂ forj=1,...,t

8 t+—1t+1

9 end while

10:  return the partition {5
11: end procedure

t
J=1

We now argue that Algorithm [Il constructs an isolating partition of any set S C [n] that satisifies |S| < k
with at least high constant probability:

Lemma 3.8. For every integer k > 1, every S C [n],|S| < k, every § € (0,1/2), if the parameters By, R; are
selected to satisfy (p1) Ry = C4 - 2! and (p2) By > Cs - k/R? for every t € [0 : T, where C1 is a sufficiently
large constant and Cy is sufficiently large as a function of C and 0, then the following conditions hold.

With probability at least 1 — 1/25 over the choice of hashings {{Ht,s}se[lth]}$:1 Algorithm[ll terminates in
T = ﬁ log, log(k + 1) + O(1) steps. When the algorithm terminates, the output partition {5 }?:1 is isolating
as per Definition 3.7

PROOF OUTLINE: The proof consists of two parts: showing that once the algorithm terminates, the resulting
partition is d-isolating, and then showing that the algorithm terminates with large constant probability as long
as parameters are set appropriately (to satisfy pl and p2). The first part is rather direct from definitions, and is
presented in Appendix [Altogether with the full proof of Lemma[3.8] We now outline the proof of the second part,
i.e. that the algorithm terminates.

The crux of the proof consists of bounding the sizes of the sets V;, U, Bad; obtained attime stept = 1,...,7T.
It is easiest to start with the intuition for V4, i.e. elements in S} that are crowded by other elements of S}. An
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element a is crowded by S} under permutation 7 if there are too many elements of S! in a neighborhood of a
certain size of a. The definition of being crowded (Definition [3.5] above) involves the notion of being crowded at
a given scale, and one can see that an element a is more likely to fail because of small scales as opposed to large
scales. This means that for every a € S} one has

Prja € V'] ~ poly(R;) - k¢/B; = poly(R;) - k;/B, (since B; = ©(B/R?))

i.e., up to terms polynomial in Ry, the probability of being crowded is about the probability of O(1)-colliding
with one other element of S} (see below for a formalization of this claim). Since decay of the size of S} that we
will exhibit is doubly exponential in ¢, factors polynomial in I; are negligible, as they are only singly exponential
in t. Given the expression for Pr[a € V'] above, we get that

E[[Vi[] = ) poly(R:) - k;/B = poly(R;) - (ki/B)* - B.
a€S}

This means that if V; were the only contribution to Sfjr'll, then, discounting the poly(R;) terms, we would get the

recurrence k;41/B = (k;/B)?, which implies that k, ~ B - 22, The poly(R,;) terms do not affect the decay
substantially, and in the actual proof below we get that k;, < O(k - 2_2(175)’5) for a small constant § > 0.
The more interesting term is the contribution from U; and Bad,. We first describe the intuition behind the

asymptotic growth of Bad;. For an element a € S we have
Pr[a R;-collides with an element of S}] ~ k;/B; = poly(R;) - k;/B < 1/(10Ry),

since k; ~ B - 272" and R; are only singly exponential in . Note that this means that the expected number of
collisions over all R; hashings H; ;, s = 1,..., Ry, is less than 1/10! At the same time recall that a is J-bad
(as per Definition [3.4]above) if a collides with at least one element of Sf under at least Rt1_5 hashings {H;, S}fél.
Since the hashings are independent, we have by Chernoff bounds that the probability of the latter event is bounded
by about e BT = O 762(176”, so we again get doubly exponential decay, but for a different reason this time:
by our choice of parameters R; to grow singly exponentially, and Chernoff bounds show that the probability of
getting at least Rt1_5 collisions while the expected number of collisions is less than 1/10 decays exponentially
in Rtl_‘s. This is exactly the point at which we say that most elements of S are ‘isolated on average’. A formal
version of this argument lets us argue that the size of Bad; is about ke=C1 "2 1t remains to bound the size
of Uy, i.e. elements that collide with a bad element in at least one of the hashings. Since the number of bad
elements is doubly exponentially small and the number of hashings R; is only single exponential, a union bound
essentially shows that this quantity is small as well. Some care is needed in arguing this due to a dependency
issue, but the intuition is the same as the one described for Bad; above. The formal proof is given in Appendix [Al
O

If the set S is known explicitly, Algorithm[Tladmits a simple efficient implementation (the proof of the lemma

is given in Appendix [Al:

Lemma 3.9. For any integer k > 1, any S C [n],|S| < k, if the hashings {{Hms}se[lth}}le are such that
the partition {S; };‘-le defined by AlgorithmIlis isolating as per Definition[3.7) this partition can be constructed
explicitly in time O <(z;f:1 R;) - |S|log ]S])

3.3 Proof of main technical lemma (Lemma

We now prove the main result of this section, Lemma[3.1l This lemma then forms the basis of our sample-efficient
estimation primitive, as well as the location primitive. The proof crucially relies on the existence of an isolating
partition of the set S of ‘head elements’ (which is guaranteed by Lemma [3.8] from the previous section with at
least high constant probability).
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Lemma [3.1] (restated) For every integer k > 1, every S C [n],|S| < k, every 6 € (0,1/2), if the parameters
By, Ry are selected to satisfy (p1) Ry = Cy - 2' and (p2) B; > Cs - k/R? for every t € [0 : T), where C} is
a sufficiently large constant and Cs is sufficiently large as a function of C1 and 6, then the following conditions
hold.

For every collection of hashings {{H, 5} “ YL, if the filters used in hashings Hy s are at F-sharp for even
F > 6 foreveryt € [1: T], and S admits a §-isolating partition (as per Definition[37) S = S1U. ..U S with re-
spect to {Hy s}, then for every x, x € C", a2’ = x—Xx, foreveryt € [1 : T one has ||e/**({ H,, 5}86[1 r) 2 )| <
20R; |75 1.

Proof. Fixt € [1:T]. Forevery s € [1 : Ry| by (@) for all i € S we have
head -1
e (Hs2') = Gty D Go - 1] (11)
jeS\{i}

where o = og, , implicitly depends on the hashing H. We omit the dependence on H when H is fixed to simplify
notation. By summing over i € Sy we get

6g‘fad (His) = Z Go () Z Goih) ’wﬂ, < 22 ‘x]‘ Z Cois)

i€Sy jes\{i} Jjes i€S:\ {5} (12)
=2> |2}|- D;
JES

where for all j € Sand s € [ : ] we let D} := Ziest\{j} Go,(j)» and used the fact that G, ;) > 1/2 by
Definition and assumption that /' > 6. Note that D7 depends on ¢, but we omit ¢ to simplify notation. This
will not cause confusion since ¢ is fixed for the entire proof. We now bound Dj» for j € S. We have for j € S

Z Go(j) < + Z Go, ()

€S\ {5} i€S:\{j}:
‘Ws,t(i)_Ws,t(j”oZBLt‘Rt (13)

{i €500 s1maati) = mdlo < 37 - 1}

=7 + Xj.

We used the fact that ||G||oo < 1 by Definition[2.3] (1) and assumption that F' is even, to go from the first line to
the second.

Bounding Z7. We start by showing that Z7 € {0, 1} for all s,7. We have by property (2) of an isolating

partition (see Deﬁmtlon [3.7) that no element of Siis R, 3_crowded with respect to S,B This in particular means
thatno¢ € Sy is R, 3_crowded at scale ¢ = 1 + log, R; by Sy, i.e.

'Bw (Rt(z’), B% - (2@)) NS\ {i})' < R;34-2%0 < 4RPR? < 4/R; < 1
for all i € S;, as long as C7; > 4 (recall that Ry = ;2! and (1 is larger than an absolute constant). For
every j € S (as opposed to Sy) and every a,b € S; we have by triangle inequality |7ms:(a) — ms:(b)]o <

|75 t(a) — ms4(5)]o + |ms,t(b) — 7s.(j)|o. This means that if for some j € S

Zj = HZ € S\ {4} ¢ [ms(1) = s (G)lo < Bt Rt}‘

3Note that the assumption that no element of S; is A-crowded with respect to S; for A\ = R; > is used twice in the proof: first to show

that Z7 € {0, 1}, since no two elements of S; can hash too close to each other by the choice of A, and then later to upper bound the
number of neighbors in S; an element can have. The specific choice of A = R;® is only used here, however: for the other application
A = O(1) would have been sufficient.
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we have |75 ¢(a) — T51(b)]o < |msi(a) — msi(G)]o + [ms,¢(b) — ms(d)|o < 5 - 2Ry, a contradiction. Thus,
Z3 € {0,1} for all j € S, and by property (3) of an isolating partition we now conclude that

R
> Z <R (14)
s=1

forall j € S.

Bounding X ]s We now turn to bounding X ]s (i.e. second term on the rhs of (13))). Let

N@G.q) == {i € S\ {j} s.t. [mes(5) — ma(i)]o < B%(Qqﬂ — 1) and |74 (j) — ma(i)]o > 5% ‘R (15)

for convenience. We have

XJS = Z Go,(j) < Z Z Go,(j)
€S \{J}:17s,6 (1) =75t (F) o= 5, Rt q>logy Rt i€S\{j} s.t.
R ()=t (Dlo€ 2 27,201 1) (16)

g>logy Ry

max Go. (i)
) o (i)lo> g2 ')
We now upper bound both terms in the last line of the equation above.

To bound the second term it suffices to note that for every ¢ > 0 every 4, j with [m s(j) — m,5(i)[c > 529
satisty [0 (7)o = |m1.6(j) = 2= - B (Dlo > 705 (5) = mrs(Dlo — Imys(i) — fhes(i)]o > 4= - (29 1). Using
this bound together with Definition (3), and assumption that the filter G is at least 6-sharp we have for
q>logy Ry > 1

1 5
max G,y <|—m—) < (29)7% <2754, 17
() =r(ilo>g20 V) (4(2" - 1)) (&)
Note that we also used the assumption that ¢ > log, R; > 1 to lower bound 4(27 — 1) by 29.

We now upper bound the first term on the last line of (1)), i.e. the size of N(j,q) for every j € S. Let
i* := argmin,cg, | ¢(j) —7s,¢(7)|o denote a point in S; that is mapped closest to j. Let L* := |7, +(j) —7s,t(4%)[o
denote the distance to this point, and let ¢* be the smallest such that (n/B;)2¢ > L*. By triangle inequality we
have for all 7 € [n]

e, (6) — a5 (%) |0 < |5 (F) — me,s(i) |0 + L7, (18)

allowing us to upper bound the size of N (j,q) (points not too far from j) using the fact that S is not crowded
(property (2) of an isolating partition; see Definition [3.7). Specifically, for every ¢ > 0 we have, combining (18)

and (13),

N(j,q) € {i € S\ {4} s:t. |71 () — mos(G)]o < B%@q“ ~1)} (by (3))

C (i € S\ {7} st mali) = mas()lo € F(2 42— 1)} Gy @)

By property (2) of an isolating partition (see Definition[3.7)) we have for any ¢ > 0 the number of i € S; such that
|75 ¢ (1) — s £ (%) |0 < 3%(2‘”'1 429" —1) is bounded by R; (2911 429" —1)2 4-1, where the +1 accounts for 7*
itself. Since we will only use the bound for ¢ > logy Ry, the R, 3 factor in first term will not be consequentiaE],

“Note that this is the second time we are using the assumption that no element of S is A-crowded with respect to S, but in this case
the choice of A = R; ® is not important, any constant, even A > 1, would have sufficed to this particular application.
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and we hence use the simpler form R; (2071 + 297 — 1)2 41 < (20+ 429" — 1)2 41 < 2(20+! 4297 — 1),
where we used the fact that ¢ > logy, Ry > 0. We thus have for all ¢ > 0

‘ 0 ifqg<q*
IN(,q)| < { 2(20+1 4 2Q*)2 0.W. 4

Substituting and into (L6), we get

Xj= > Gotn < D 0 (G)—tn ()]0 > 120 Gog) + N, 0)]

€S \{g}:|ms, (1) =750 (7)o > 5, Re q>logy Ry ™ SRV = By
< Y 27220 2T < Y 2757 (32 2%)

q>logy Ry q>10g2 Ry

q>q" 7>q*
<32 Z 2734 (summing the geometric sum)
q>logy Rt
a>q*

<64-R7><R?

as long as C1 is larger than 64 (since R; = C -2 > C by assumption p1 of the lemma). Substituting this bound
into (13)), we get D:<Z;+ X5 < ZF+ Rt_2, which means that

Ry
> Di<RT+R (20)
To complete the argument, recall that by (8) one has e“*d({H; ;},2) = quantsé[1 Ry elead([, o a'). This

means that for each i € S; there exist at least (1/5)7,q, values of s € [1 : Ry] such that e (H, ;, 2') > ehead,
and hence

5 (e < e Z e (2. e

Substituting the bound from @1)) into ([12), we get

||ehead({Hts} )||1 < 1/5 R ZH head Ht,syxl)Hl < 1/5 R ZZ|ZE | Ds

s=1j€S
R

< D_lafl- ( ZD?)-
= 1/5)R -

Substituting the above into (21)), we get

Ry
Heh“’“d({Hm},w’)HlSZ!w;!-(ﬁzy;) Zyxjy (1/5 (RF0 + Ry ))

JjES

< Z’ ] - ( Ry~ 5) (since R, ' < RI79) (22)

JES
< 20R;°||2s][1.

Substituting the bound from (22)) into we get ||ehead({Ht,s}, 2|1 <20 - R%||2%||1, as required. [
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4 Sample efficient estimation

In this section we state our sample optimal estimation algorithm (Algorithm [2) and provide its analysis.

4.1 Algorithm and overview of analysis

Our algorithm (Algorithm [2)) contains three major components: it starts by taking measurements m of the signal
x (accessing the signal in Fourier domain, i.e. accessing Z), then uses these measurements to perform a sequence
of ¢; norm reduction steps, reducing #; norm of the residual signal on the target set S of coefficients to about
the noise level. Finally, a simple cleanup procedure is run to convert the ¢; norm bounds on the residual to ¢5 /{5
guarantees of (I)). In this section we will use the functions ehead etail (see Section 2)) defined with respect to the
set S.

Measuring Z. All measurements that the algorithm takes are taken in lines 6-12, and then line 31. The measure-
ments in lines 6-12 are taken over T’ = 2 log, log(k + 1) +O(1) rounds for small constant § € (0, 1/2), where
inround ¢ = 1,...,T we are hashing the signal into B; ~ k/R? buckets, where R; grows exponentially with .
For each t we perform R; independent hashing experiments of this type. This matches the setup of Lemma[3.1]
which is our main analysis tool (see proof of Lemmal4.1)).

£1 norm reduction loop. Once the samples have been taken, Algorithm 2] proceeds to the #; norm reduction
loop (lines 16-22). The objective of this loop is to reduce the ¢; norm of the residual signal on the target set .S
of coefficients that we would like to estimate to about the noise level, namely to O(||z )\ g l2v/k). The formal
guarantees are provided by

Lemma 4.1. For every § € (0,1/2), if C1,Cs (parameters in Algorithm[2) are sufficiently large constants, then

the following conditions hold.
For every x € C", every integer k > 1, every S C [n], |S| =k, if ||z]|cc < R* - ||zp\s]l2/VE, R* = nOW),

the vector x computed in line 23 of an invocation of ESTIMATE(%, S, k, €, R*) (Algorithm [2)) satisfies

(2 = Vsl < O[zmpsll2 - VF)
conditioned on an event Ey,,; that occurs with probability at least 1 — 2/25.

Cleanup phase and final result. Once the /1 norm of the residual on S has been reduced to O(||z|,)\ 5|2 VE), we
run the ESTIMATEVALUES procedure once to convert #; norm bounds on the residual into ¢ /¢, guarantees (I).
This results in a proof of Theorem restated below for convenience of the reader. The theorem establishes
correctness of Algorithm 2 as well as its runtime and sample complexity bounds:

Theorem [L1] (Restated) For every e € (1/n,1),§ € (0,1/2), x € C™ and every integer k > 1, any S C [n)],
IS] =k, if ||x]]oc < R*- Hw[n}\ng/\/E, R* = n°W, an invocation of ESTIMATE(:, S, k, €, R*) (Algorithm 2)
returns x* € C" such that

Iz = x")sllz < e [lzppsll3

34%571)

using 05(%14;) samples and 05(%/? log time with at least 4/5 success probability.

4.2 Proof of Lemma 4.1

We now give
Proof of Lemma [4.1: Recall that in this section we use the quantities e and e'®! defined with respect to the
set .S. We will also use an isolating partition of S, denoted by S = 57 U Sz U ... U Sr. We argue the existence
of such a partition with high probability later.

We prove by induction on the pair (7, ) that conditional on a high probability success event &,,,; (defined
below) the residual signals  — x("*) are majorized on S (in the sense of Definition Z.12) by a fixed sequence

head
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Algorithm 2 ESTIMATE(Z, S, k, ¢, R)

1: procedure ESTIMATE(Z, S, k, €, R*) > List S of size k
2: T «+ 5 logy log(k + 1) + O(1) for a small constant § € (0,1/2)
3: Ry« Cy-2forte[1:T) > C7 > 0 sufficiently large absolute constant
4 By« Cy-k/R?fort € [1:T] > Cy > 0 sufficiently large absolute constant
5 Gy < filter with B, buckets and sharpness F' = 8.
6: fort =1toT do > Take samples
7 for s = 1to R; do
8 Choose 0 € Myqq, q € [n] var,let m s < (0,q), Hy s := (75, By, F)
9: Let a; s < an element of [n] u.a.r.
10: m(z, Hy s,at,s) < HASHTOBINS(Z,0, (Ht s, at,5))
11 end for
12: end for
13: Explicitly construct a J-isolating partition S = S; U Sy...U St > As per Lemma[3.9]
14: 00 9o
15: '« 0,t' <0
16: forr=20,1,...,Clog, R* do > For any constant C' > 1
17: fort =1toT do
18: X' < BSTIMATEVALUES (x("' ), Sy, {(Hy.s, as,s, m(z, Hy g, a0.6)) } o2
19: (8 e ) s > (r’,t') are the previous indices
20: et —t
21: end for
22: end for
23: %  x(Clogs B*.T) > x is the final residual computed by the loop

24: B <+ Cy-kfe
25: G <« filter with B buckets and sharpness F' = 8.

26: Tmaz < O(1) > A sufficiently large absolute constant
27: forr =1to O(1) do

28: Choose o, € Moygd, ¢r, ar € [n] vwar,let . < (o, q), H, := (7, B, F)

29: m(x, H,,a,) < HASHTOBINS(Z, X, H,, a,)

30: end for

31 X" < ESTIMATEVALUES (X, S, {(H, a,, m(z, Hy, a,)) }.75")

32: X~ x+x"

33: return x*

34: end procedure

y("t) whose ¢1 norm converges to O EISIVIEE V'k) after O(log R*) iterations. Since we only update elements
in S, this gives the result. We now give the details of the argument. In what follows we let ;2 := |2\ s 2/k
for convenience. Note, however, that Algorithm 2lis oblivious to the value of x: we only need an upper bound on
log R*.

We start by defining the majorizing sequence 3(""). We first let ygo,o) = R*pforall i € S and ygo,o) = z;
otherwise. Note that 3% trivially majorizes x as ||z]|ooc < R*- by assumption of the lemma. The construction
of y(™) proceeds by induction on (t,r). Given y' ) as per Algorithm [2] the next signal to be defined is (")
with (r,t) = (r',t' + 1) if t < T and (r,t) = (' + 1,1) otherwise (as per lines 15-22 of Algorithm 2)). We
now define the signal y(™*) by letting for each i € [n] (recall that S; is the t¢-th set in an isolating partition
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S=5USU...USt)
) { 20¢294 ({H; Y seriem v ) + 20€9 ({Hy g, at s Yocppmg @) + 0% ifi € S,

Y 23
) o, (23)

Here n =) corresponds to the (negligible) error term due to polynomial precision of our computations. Note

that there are two contributions to y(™"): one coming from the previous signal in the majorizing sequence, namely
y("/’t/), and the other coming from the tail of the signal x.

We now prove by induction on (¢,r) that the loop in our estimation primitive reduces the ¢; norm of the
residual to O(p - k) (recall that p? = ||z, s[3/k). Specifically, we prove that there exists an event &,,q; with
Pr{ (HesYoetng s [Emaj] = 1 — 2/25 such that conditioned on &,,,; the set S admits an isolating partition

S =51 USyU...U Sy with respect to {{H; s} }, and for every (r,t) € ([0: +o0) x [1: T]) U{(0,0)}
(A) forall g € [1: t] one has ||y [y < (R* - (1/4) '+ 2p1) - & - (Ro/Rq-1)°;

(B) forall ¢ € [t +1: T one has Hy(SZ’t)Hl < (R*- (1/4)"p+2p) - k- (Ro/Ry—1)°;

(©) NyS |11 < (2/8) - (R*(1/4) 1+ 2p1) - K

D) (z— X(T’t)) <5 4"t and supp x (") C S.

First, note that the set S admits an isolating partition with respect to the hash functions {{ H; }} with proba-
bility at least 1 — 1/25 by Lemma[3.8] Denote the success event by Epartition- We condition on this event in what
follows. We give the inductive argument, and finally define the event &,,,; as the intersection of Epurtition With
several other high probability success events.

The base is provided by » = 0 and ¢ = 0. Indeed, by property (1) of an isolating partition (see Definition[3.7])
we have for any g € [1 : T

Ry

* . _9(1=8)(a-1) .
HyHSqSRN"SqlﬁRM‘k'R—IQ 2 U <SR-k (Ro/Rg—1)°
—

since 2727V V41 <1lforallg>1and Rf: < (Ro/Rq_1)5 (as 6 < 1 by assumption of the lemma).
We now prove the inductive step. Let (7', t") := (r,t — 1) if ¢t > 1, else let (+',¢') := (r — 1,T) if r > 1 and

t =1,and (r',t') = (0,0) otherwise. Note that (#,7') is the element preceding y(™") in the majorizing sequence

(as per lines 15-22 of Algorithm [2)).

Proving (C). We start with an upper bound on the ¢; norm of y' ) e, prove (C). Using the inductive hypoth-

esis (A) and (B) for (t/, '), we get

t oo
ly§ 1 < DR A/ 4 2p0) - k- (Ro/Rg1)’ + > (R*(1/4) pu+2p) - k- (Ro/Rg-1)°
g=1 q=t'+1

<R/ pn+2p) kY (Ro/Rg—)°
q=1

= (R*(1/4)" p+2p) k- 270D (since Ry, = C12" by p1) (24)
q=1

1 :
< . * T
1 . y
S Smroq° (R°E(1/4)" p+2p)

A

< (2/8) - (R*k(1/4)" p+2u)  (since ¢® —1 >z, and In2 > 1/2)
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This establishes (C), and we now turn to (A) and (B). By definition the signal y(r 1) is obtained from y( ")

by modifying the latter on S;. We need to bound the error introduced by head and tail elements of y(r ) to y(r )

(see (23))). We now bound both terms.
Proving (A) and (B): analyzing contribution from the tail ¢/*"'. By Lemma[B.2] (2), one has for every i € [n],
t=1,...,Tands=1,..., Ry

EHt,sﬂt,s [(egail(quS’ At sy l’))2:| < V2

for some v > 0 such that v = O(||zp, s|[3/Bt). By Jensen’s inequality we thus have

tail
EHt,s,at,5 |: @ (Ht Saat87x):| S v.

tail (

To upper bound E{y, 4, .} [| |e {His, a1} sepi:r» )1 ] we note that by conditioning on Epurtition We

§ 8 . . .
have | S| < k‘%Q 2070041 | etting U = k:%2 2(1 Y41 (6 simplify notation, we get that

E{Ht s,at,s} [Hemll({Ht sy At 5}86[1 ‘Ri]y T )||1} < E{Ht,sﬂt,s} [ch?%?}z(] | mll({Ht s> Qt s}se [1:Ry]> L z)|l1] (25)

We now recall that by (10) one has
egail({Ht,sa at,s}7 IIJ‘) = quanti/zsl,,,,,Rt tall(Ht 59 (t,sy IIJ'),
and apply Lemma[B.6l with v = 1/5, m = |S|,n = R, and
X; = m”(Hts,ats,x) forie Sands=1,..., Ry,

sothat Epy, , o, ,[X]] < vforeachi € S,s =1,..., R;. Note that Y; := quant,_ /5 R = el ({Hy s, a1}, 7)
is exactly the quantity that we are interested in. We thus have by Lemma[B.6]

E tail H —E Y.
{H¢,s,at,s} Qgg?\%ﬁgU H ({ t,s, Ot s}se[l ‘Re]» T )Hl {Ht,s,at,s} Qgg?\%ﬁgU gc:? ?

< U - (20ev) - (|S]/U)" /"

(26)

Since Ry = C,2" for every ', |S| = |So| < kand U = kg RO -2 20700 D41 _ g —20700D41-(1-1) e
have
(|S|/U)10/Rt — 91021 =D —14(¢-1))/(C12") < 910(1+(t—1)/2%)/C: < 920/C1 < 9

for all t > 1 as long as C; > 20. Substituting the above into 26]), we get

ail
Bt | s 8 (o0 ool < (400) -0 -,

and thus by 23)
E (a0t 166 (i 01 bacpings @)l | = O -v)

R o(1—8)(t—
_ O(2kR 0 R,2 2(1=8)(t=1) 11 . ||$[n}\5’||2/ /Cgk?)

t—1
t—1
1 ) (t—
&, §=0 (R§R02_2(1 8)( 1>+1/ /—02) '
R,



Since R; = (12! increases only exponentially, whereas the second multiplier decreases at a doubly exponential
rate, as long as C is larger than a constant, we get that §; < 1/10000 for all ¢ > 1 (formally, this follows by
Claim[A.2). By Markov’s inequality, for each ¢ > 1 we have

, 1 1
l
I ((Hrs . Yoepngs )l b < ik

with probability at least 1 — 1/(50R;—1) > 1 — 1/(50 - 2¢=1). Thus, by a union bound over all ¢ > 1 we have
with probability at least 1 — 1/25

. 1 1
!
||et,5[‘1Z ({Ht,sa at,s}se[lth}a$)||1 < %#th—l . (27)
Denote the success event above by Eail—noise-
Proving (A) and (B): analyzing contribution from the head ¢"“*?, By Lemma[3.1l we have
Y _ ,,t,
lelead({Hy Y semmg v ) < 20R|lys .- (28)

We now define the event &,,q; by letting E,4 := Esmaii—noise N Epartition- Note that Pr[&,,,;] > 1 —2/25by a
union bound, as required. We condition on &,,,; for the rest of the proof.

Proving (A) and (B): putting it together. We now use the bounds above to prove the result. By definition of y
above we have

ygnt) = 206?ead({Ht,s}56[1:Rt}ay(rl7tl)) + 2O€§ail({Ht,57 at,s}sE[l:Rt}7x) + n_Q(C)a
SO

t 74t . _
||Z/g; )||1 < Z <206?ead({Ht,S}se[l:Rt}7y(r ! )) + 20€§all({Ht7S7 at,s}sE[l:Rt]v"E) +n Q(C))
1€St

<400 - Ry - |y 1 + 20]|€8 ({Hy g, ars}, @)1 + n= O
We now substitute (24)) together with (27)) and (28)) into the last line above, and obtain
r — * r/ 1 —Q(c
95; Ml < 400 - B2 (2/8) - (R (1/4)" - 2p0)k + S5 b/ Ry 40~
/ 1 .
<400 - (2/0) - Ry® - (R*(1/4)" i+ 2u)k - (Ro/Ri—1)° + Ttk (Ro JRi—1)° +n~)  (since § € (0,1))

< [400 - (2/6) - C7° + %} (R (1/4) 42wk - (Ro/Ry—1)’ +n %

where we upper bounded 1—10,ul<:/Rt_1 by %uk - (Ro/Ry)° (which is justified since Ry > 1 and 6 € (0,1)) and
used the bound R;° = R;° - (Ro/R:)’.
We now conclude that as long as C; > (40000/6)/?, we have

T _ 1 N o ol
1yl < [400 (2/0) - C7° + 1—0] (R (1/4)" o+ 20k - (Ro/Ry—1)° + n~ )
< (R*(1/4)" '+ 2u)k - (Ro/Ry1)® + ).

This completes the proof of the inductive step for (A) and (B). It remains to prove (D).
Proving (D). Our main tool in arguing (D) is Lemma which we invoke with the set .S. By that lemma we
have for every i € S

|$i . XZ('T ) . X;| < 2quant;/5e?e“d(Ht,s, r— X(rgt/)) n 2quant1/5e§m‘l(Ht7s, ags, l’) + n—Q(C)’
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since supp x(""*) C S by the inductive hypothesis. This implies by definition of 3("*) that for every i € S,

i = X" = Xi| < 2quant}/e @ (Hy g,z — ")) + 2quantl/ P el (Hy g, ay,, ) + 0N

‘g . (29)

< 2Oquant;/5e?e“d(Ht,S, z— ") 4+ 20quant§/5e’;ml(Ht7s, aps,T) + n~He),

By part (D) of the inductive hypothesis we have z — x""*) <g y(™*) and thus by Lemma 2.13] together
with for every i € S,

|x; — XZ(-T/’t,) - x| < 20quanti/5e?ead(Ht,s, T — X(’",’t/)) + 20quanti/5e§ail(Ht7s, ats,T) + n )
< 20quant§/5e?md(Ht,s, yt)) 4 20quant§/5ef““(Ht7s, ats,T) + n~He)
(rst)

We thus have for every ¢ € Sy
*% t
i — % =i <y

Since yi(r’t) = ylgw’t/) fori ¢ Sy, XEM) = Xgrl’t,) fori ¢ Sy and x — ) < g 4t by the inductive hypothesis,
we get

2 — )y <y

as required. Since we only update elements of S, we have supp x") C supp X(’J’t/) Usupp X' € S. This
completes the proof of (D), and the proof of the induction.

To obtain the final result of the lemma, we note that by part (C) of the inductive claim for every r > C'log, R*
(for any C' > 1) one has

7T *
1yl < (2/0) - (R (1/4) ju+20) - b < (6/0) - k.

Now recall that by line 23 of Algorithm @l we have x = x (€184 £%T) which implies by part (D) of the inductive
claim, since (2 — (€184 B T)) < g 4y(Cloga BVT) hat

(C'log, R*\T)

Iz = Vsl = ll(@ = X8 D)g]) < [lyg [l < (6/6) - pk = O(uk),

as required.
O

4.3 Proof of Theorem [1.1]

We now give

Proof of Theorem [I.1: Recall that in this section we use the quantities e and €' defined with respect to the
set S. By Lemmal4. ]l we have that conditioned on a high probability event &,,,; (which occurs with probability
at least 1 — 2/25) the vector x computed in line 23 satisfies

head

(@ — Vsl = 0|z sll2VE) (30)

To complete the proof, we show that the output x” of the invocation of ESTIMATEVALUES in line 31, when
added to Y, yields guarantee claimed by the lemma. First, by Lemma[2. 11l with S one has for each i € S

I/ — (x —x)il <2~ quant,l,/5e£‘ead(Hr, xT—X)+2- quanti/Sef“il(Hr, ar,x) + n_Q(c), (31)

since suppx C S.
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Squaring both sides of (31), using the bound (a + b)? < 2a? + 2b? and taking expectations over the
randomness in measurements taken in lines 27-30, we get

E[|x! — (z - )2)2|2] < 8-E [(quanti/5e?ead(Hr,$ — )2)2] +8-E [(quant,l,/‘:’egail(Hr,ar,:n))2 +n~%9) | (32)

We now upper bound the expectation of (32)). By Lemma[B.3] (1) one has, letting Z"¢?? .= quantl/ b ehead ([, x—
X) to simplify notation,

2 2
E [(z7y2] = 0 ((gum ~slh ) ) ~0 ((ﬁum ~ sl ) ) — O(Elapp sl 3/(C2k)),

where we used that by conditioning on Ey,q; one has ||(z — X)s/[1 = O(||zupsll2VE) (by BO)).
By Lemmal[B.3] (2) with S one has, letting Z* := quant,l/ Pelail (. a, z) to simplify notation,

Z

E[(2")?| = O(l|(z = Q)pupsl13/B) = Oel|zpup sl 3/(C2k)),

where we used the fact that supp y C S.
Substituting these bounds into (32]) and summing over all 7 € S, we get

E[l|(z — x — X")s|I?] £ O(?[|appsl[3/C2) + Olellzpsll3/C2) < (6/1000)||z sl

as long as C5 is sufficiently large.

An application of Markov’s inequality then gives ||(z — X — x”)s||* < ]|z, s]|3 with probability at least
1 — 1/1000. By a union bound over this failure event and &,,,j, we conclude that the algorithm outputs the
correct answer with probability at least 1 — 3/25 > 4/5.

We now upper bound the sample complexity and runtime.

Sample complexity. The sample complexity of lines 6-11 is bounded by Zle Zf;l O(F-By) = Zthl Ry
O(F - k/R?) = O(k) - Y}_, 1/R; = O(k) by the choice of R; as geometrically increasing. The sample
complexity of lines 27-30 is upper bounded by O(F - B) = O(k/¢) by Lemma[2.1T]and choice of F = O(1).

Runtime. The runtime of HASHTOBINS in line 10 of Algorithm Rlis O(F - B;log B;) = O(Bylog B;) by
Lemma[2.8] the setting of F' = O(1) and the fact that the residual signal passed to the call is zero. Since this line
isexecuted fort =1,...,T and s = 1,..., Ry, the total runtime of the loop is

T R T
ZZ (B, log By) = <ZRt C’gk:/Rt)log(C’gk‘)> = O(klogk)- > 1/R, = O(klogk).

t=1 t=1

The runtime for construction of the partition S U S U ... U Sp in line 13 is O((X:zﬂ:1 Ry)|S|log |S|) =
O(Ryrk log k) by LemmaB.9land the fact that >_~_| R; = O(Ry). We now note that since T’ = £ log, log (k+
1) + O(1), then

Ry = €127 = €273 00 = 0(10gy/ 0 (1 + 1)) = O(logy ™ (k + 1)), (33)
where we used the fact that 1/(1 — ) < 14 2§ for § € (0,1/2). Thus, the runtime for construction of the
partition S; U Sy U ... U Sy in line 13 is O(k log2+25 k).

By Lemma each invocation of ESTIMATEVALUES takes time O((||x"||ologn + FB;logn) - R;) =
O(Riklogn + RyBylogn), as F = O(1) by choice of parameters in line 25 of Algorithm 2l The total runtime
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per iteration in lines 16-22 is thus

Z O(Riklogn + RyBilogn)
t=1

T T
=0 </<:RT logn + Z B:R; log n> (since Z R; = O(Ry), as R; grow geometrically)
t=1 t=1

T
= O(kRrlogn) + O <Z k/Rt> logn (since By = Cgk/Rf)

t=1

‘We now note that Zle k/Ry; = O(k) since R; grow geometrically, and thus the expression on the last line above
is O(kRylogn) = klog?*? n by (33). Since the loop in lines 16-22 proceeds over O(log n) iterations, the final
runtime bound is k& log3+25 n, as required (after rescaling 9).

Finally, lines 27-31 take O(2k log n) time for the invocation of HASHTOBINS by Lemmal2.8land O(1k log n)
time for ESTIMATEVALUES by Lemma 2.1l Putting the bounds above together, we obtain the runtime of
klog3t® n + O(1klogn), as required. O

S Sample efficient recovery

In this section we state our algorithm for sparse recovery from Fourier measurements that achieves O(k logn)
sample complexity in k logo(l) n runtime, give an outline of the analysis, and then present the formal proof. The
proof reuses the core primitives developed in Section [3] together with the idea of majorizing sequences used in
Section i4/to argue about correctness of our estimation primitive to analyze the performance of a natural iterative
recovery scheme.

5.1 Algorithm and outline of the analysis

Our algorithm (Algorithm [3]) contains three major components: it starts by taking measurements m of the signal x
(accessing the signal in Fourier domain, i.e. accessing Z), then uses these measurements to perform a sequence of
recovery steps that reduce the £; norm of the ‘heavy’ elements of x down to (essentially) noise level u. Finally, a
simple cleanup procedure (RECOVERATCONSTANTSNR) is run to achieve the ¢ /¢5 sparse recovery guarantees
(see ([3)). We reuse the location primitive from [Kap16] (LOCATESIGNAL, Algorithm [6)).

Measuring Z. All measurements that the algorithm takes are taken in lines 6-22. Two sets of measurements
are taken: one for location (LOCATESIGNAL), another for estimation purposes (calls to ESTIMATEVALUES in
line 32 of Algorithm [3). Location relies on a very structured set of measurements: the measurements are taken
over T = 15 log, log(k + 1) + O(1) rounds for small constant § € (0,1/2), where in round ¢ we are hashing
the signal into B; ~ k/R? buckets, where R; grows exponentially with . For each ¢ we perform R; independent
hashing experiments of this type. For each hashing H;,,t = 1,...,T,s = 1,..., R; we select a random set
A s € [n] x [n] that encodes the locations that our measurements access. Besides measurements used for
location we take a separate set of measurements to use in the call to ESTIMATEVALUES. These measurements
are quite unstructured: we simply make measurements using C'log n random hashings and evaluation points for
sufficiently large constant C' > 0. It is crucial that these measurements are independent of the measurements used
for location. Intuitively, the first set of measurements allows us to decode dominant coefficients of the residual
signal in sublinear time, whereas the second (unstructured) set of measurements allows us to prune false positives,
ensuring that no erroneous coefficients are introduced throughout the update process. The latter idea is similar
to the approach used in [IK14]], but is harder to implement in our setting as the number of possible trajectories
along which the decoding process can evolve is larger. We handle this issue by using the notion of majorizing
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sequences introduced in Section 2] (see Definition 2.12] and Lemma and used to analyze Algorithm 2] in
Section

Signal to noise ratio (SNR) reduction loop. Once the samples have been taken, Algorithm [3] proceeds to the
signal to noise (SNR) reduction loop (lines 25-36). The objective of this loop is to reduce the mass of the top
(about k) elements in the residual signal to roughly the noise level y - k, where p1 > ||\ (1] |2/ V'k. Specifically,
we define the set S of ‘head elements’ in the original signal = as

S={ie[n]:|x] > u} (34)

Note that we have |S| < 2k. Indeed, if |S| > 2k, more than k elements of S belong to the tail, amounting to
more than p? - k = Errz(x) tail mass. The quantities "?¢ and e!® (see (8) and (@) in Section ) used in this
section are defined with respect to this set S.

The SNR reduction loop of Algorithm [3] constructs a vector y supported only on .S such that

(@~ sl = O(uk) and suppx C S, (35)

i.e. the £1-SNR of the residual signal on the set S of heavy elements is reduced to a constant.

The main technical contribution lies in our SNR reduction loop, and our main technical result in this section
is
Theorem 5.1. For any § € (0,1/2), for any x € C", any integer k > 1, if u> > Erry(z)/k and R* >
||Z||00 /11, R* = nPW), the following conditions hold for the set S := {i € [n] : |z;| > p} C [n].

Then the SNR reduction loop of Algorithm 3 (lines 25-36) returns X such that

[[(x — X)s|lt = Os(uk)
suppx € S

with probability at least 1 — 3/25 over the internal randomness used by Algorithm 3l The sample complexity is
Os(klogn). The runtime is bounded by O;(klog**? n).

Recovery at constant /1-SNR and final result. Once (33) has been achieved, we run the RECOVERATCON-
STANTSNR primitive from [Kap16] on the residual signal. Adding the correction that it outputs to the output of
the SNR reduction loop gives the final output of the algorithm. Given Theorem the proof of the main result
is simple using

Lemma 5.2 (Lemma 3.4 of [Kap16]]). Foranye > 0, &,x € C", 2’ = x — x and any integer k > 1 if\]w’[zk]Hl <
2, the following conditions hold. If ||z||eo/pu = n°W), then

Ollzpwl2VE) and ||z, 13 < g n
the output X' of RECOVERATCONSTANTSNR(Z, X, 2k, €) satisfies ||z’ — X'||3 < (1 + O(€))||wp\pu|[3 with at
least 99/100 probability over its internal randomness. The sample complexity is O(gk‘ logn), and the runtime
complexity is at most O(%k log? n).

Theorem [1.2] (Restated) For any ¢ € (1/n,1),6 € (0,1/2), = € C" and any integer k > 1, if R* >
ll#lloo /1, B = nOW, 12 > |z |3/k 1 = O(||zmpw|l3/F), SPARSEFFT (2, k, €, R*, 1) (Algorithm 3)
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solves the o /ly sparse recovery problem using Og(klogn) + O(%k:log n) samples and 05( klog™ " n) time

with at least 4/5 success probability.

Proof. Let the set S C [n] be defined as in Theorem [5.1l By Theorem [5.1l one has that ||(z — X)s|l1 = Os(1)
and supp x C S with probability at least 1 — 3/25. Thus, the signal « — x satisfies preconditions of Lemma[5.2]
and we get ||z — x — X'||2 < (14 O(€)) Errg(z) with probability at least 99/100, resulting in success probability
atleast 1 — 3/25 — 1/100 > 4/5 overall.
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The sample complexity of the SNR reduction loop is O(k logn) by Theorem 5.1l The sample complexity of
RECOVERATCONSTANTSNR is O(%k‘ log n). The runtime of the SNR reduction loop is bounded by k log**?° n
by Theorem[5.1] and the runtime of RECOVERATCONSTANTSNR is at most O(%k log® n) by Lemma[5.2] so the
final runtime bound follows (after rescaling 9). ]

Algorithm 3 SPARSEFFT(z, k, €, R*, 1)
1: procedure SPARSEFFT(Z, k, e, R*, i1)
2 W< {0}, A « 2lzloslogan] N Allogan]

3: for ¢ = 1to logn N do
4: W+ WU{NA9}
5: end for
6: T «+ 5 logy log(k + 1) + O(1)
7: Ry« Cyp-2fort € [1:T] > C1 > 0 an absolute constant, § € (0,1/2) small constant
8: By« Cy-k/R?fort € [1:T] > Cy sufficiently large
9: Gy < filter with B, buckets and sharpness F' = 8.
10 fort =1toT do > Take samples to be used for location
11: for s = 1to R; do
12: Choose 0 € Mygqu.ar,let s < (0,0), Hy s == (w5, By, F)
13: Let A; s < C'loglogn elements of [n] X [n] v.a.r.
14: m(x, Hy s, + w - ) <~ HASHTOBINS (Z, 0, (Hy 5, « + W - 3)) for (o, B) € Ay 5, w €W
15: end for
16: end for
17: B+ k/a?, a € (0,1) smaller than a constant
18: fort =1to C'logn do
19: Choose 0 € Mg, q, 2z € [n] war, let ms « (o, q), HfS := (n§%!, B, F)
20: m(x, HES, z;) < HASHTOBINS(Z, 0, (Hf®, 21))
21: end for
220 Mt {(HE 2z o m(x, HE, 2,)) )08
23: x©00 0,y <0
24: '« 0,t' <0
25: forr=0,1,...,|log, R*| — 3 do
26: fort =1toT do
27: X8 x ) !
28: for s = 1to R; do > Invocation of LOCATESIGNAL below does not take any fresh samples
29: Ly < LOCATESIGNAL(X"), Hy s, {m(z, Hy 5,0 + W - B) }a,p)eArs wew)
30: end for
31 L+ Uf:tl L > Invocation of ESTIMATEVALUES below does not take any fresh samples
32: X < ESTIMATEVALUES (x "), L, Mest)
33: For all j € supp x let X < x; if [x;| > %R*,u(l/4)’" and X < 0 otherwise
34: et —t
35: end for

36: end for
37: X x4y

38: X" < RECOVERATCONSTANTSNR (%, X, 2k, €)
39: X~ x+x"
40: return y*

41: end procedure
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In the rest of this section we prove performance guarantees for the SNR reduction loop in Algorithm
(lines 23-35). These guarantees are formally stated in Theorem [5.1] our main result in the rest of the section. The
main tool in our analysis is the notion of a majorizing sequence for the intermediate residual signals that arise
in the SNR reduction loop: we show that with high probability over the measurements taken, the intermediate
residual signals that arise during the execution of the algorithm are (assuming perfect estimation) majorized by a
fixed sequence of signals 4™, constructed in section [5.3]

To prove that the residual signal is indeed with high probability majorized by this sequence y""), we use
the fact that our estimation primitive uses C log n random measurements and hence yields precise bounds for all
signals y(™) in the majorizing sequence. This means that estimates provided by ESTIMATEVALUES essentially
provide perfect estimation for our algorithm, and a simple inductive argument shows that y("*) majorizes z—y (™!
at each iteration indeed, and no false positives are created. This argument crucially relies on the definition of a
majorant (see Definition 2.12) and a monotonicity property of e°?® (Lemma [Z.13). We first state notation
relevant to bounding the effect of tail noise on location in section Then the construction of the majorizing
sequence is given in section and then section 5.4 proves Theorem [3.11

5.2 Notation for bounding tail noise in location

Our location algorithm (presented in Appendix [C) uses several values of (o, 3) € A, C [n] x [n] to perform
location, a more robust version of e!%!(H, ) will be useful. To that effect we let for any Z C [n]

e (H, Z,2) = quant,[7 |G 1y - Y Gz (36)
JEMN\S

Note that our Sparse FFT algorithm (Algorithm [3) at various iterations r, first selects sets A, C [n] x [n], and
then accesses the signal at locations Z = {a + W - B} (4 g)e4, for various w € W. It should also be noted here
that in the definition above the quantile is taken over all values of z € Z for a fixed hashing H.

The definition of e!*!(H, {a + w - B}, z) for a fixed w € W above allows us to capture the amount of noise
that our measurements that use H suffer from for locating a specific set of bits of 4. Since the algorithm requires
all w € W to be not too noisy in order to succeed, the following quantity will be useful in analysis. We define

"W (H, A ) = 40ppi() + Y |l (H, {a + W B}apea ©) — O0umi(x) s 37
wew

where for any 1 € R one has |n|; = nifn > 0 and |n|; = 0 otherwise.

The following definition is useful for bounding the norm of elements ¢ € S that are not discovered by several
calls to LOCATESIGNAL on a sequence of hashings {H, }. For a sequence of measurement patterns { H,., A, }
we let

etail’w({Hr,Ar},x) = quanti/Sezail’W(Hr,Ar,w). (38)
We will use the following lemma, whose proof is given in Appendix [Ct

Lemma 5.3. For any integer rmq, > 1, for any sequence of rmay hashings H, = (m,., B,R),r € [1 : ryas] and

evaluation points A, C [n]|x[n], for every S C [n] and for every x,x € C", 2’ := x—, the following conditions
hold. If for each r € [1 : rypas| Ly C [n] denotes the output of LOCATESIGNAL(T, x, H,, {m(x, H,, o + W -
ﬁ)}(a,ﬁ)eAr,weW)» L =Jm" Ly, and the sets {5}(a,ﬁ)eAr are balanced r € [1 : Typqz), then

|2\ 1]l < 20][e&**({H,},2")]|1 + 20| el ({Hy, A}, )|l + S| - . @)
Furthermore, every element i € S such that
|| > 20(eld({H, },a') + ™" ({H,, A}, x)) +n~ O (**)

belongs to L.
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We will also use the following lemma, whose proof is given in Appendix

Lemma 5.4. For every C1 larger than an absolute constant, every integer k > 1 and every x € C", if the
parameter . satisfies (1 > ||\ xll2/ V'k, the following conditions hold. If hashings {{Ht,s}f:tl}g:l and
locations {{A; s}t | YI_, are selected as in AlgorithmB) lines 6-16, the sequence Ry, ..., Ry satisfies

ql Ry = C12 forallt > 0;
q2 B, = C»(2k)/R?,

wheret Cy > 0 is sufficiently large (as a function of C1), then there exists an event Egpali—noise (that depends on
H; s and Ay s) with Pr[Egpmaii—noise N Epartition] < 1/1000 (where Epartition is the success event for Lemmal3.8)
such that the following conditions hold conditioned on Espai1—noise N Epartition- For etail, W defined with respect

to S = {i €n]:|x;| > pn} one has for all t € [1 : T] simultaneously ||egltil’w({Ht73,At,s}se[lth],:E)||1 <

ﬁ | |$[n}\k| |2\/E/Rt_1.

5.3 Construction of a majorizing sequence

We now construct a sequence of vectors y'" € R[f}, where t = 1,...,T and r = 0,1,..., |logy R*| — 3,
which, as we show later, will majorize the actual sequence of residual signals that arise in the execution of our
algorithm on the set of head elements S assuming expected behaviour of our estimation primitive. These two
properties together will later ensure that the update vectors x"'*) that the SNR reduction loop computes are
always supported on S.

To define the majorizing sequence, we first let yi(070) = R*pforall i € S and ygo,o) = 0 otherwise. Note that
(%9 trivially majorizes every x with the property that ||z||oc < R*- 1 on S. The construction of 5™ proceeds
by induction on (r,t). Given ("), the next signal to be defined is "), where (r,t) = (#/,t' + 1) if ' < T
and (r,t) = (r' 4+ 1, 1) otherwise (note that this notation matches the notation in lines 23-35) of Algorithm[3] i.e.
the SNR reduction loop. We now define the signal (") by letting for each i € S,

(1/4)" R

(39)
and letting yl-(r’t) = ygr ) otherwise. Here 1~ corresponds to the (negligible) error term due to polynomial

precision of our computations. Note that there are two contributions to y("™): one coming from the previous
signal in the majorizing sequence, namely y("'*"), and the other coming from the tail of the signal z. Also, recall
that the quantities ehead and et (see (8) and (@) in Section 2)) used in this section are defined with respect to the

set S given by (34).
The ¢; norm of the majorizing sequence satisfies useful decay properties:

y" = max {2Oe?md({Ht,s}se[1;Rd,y(rl’t/)) + 20" W ({Hy s, Avs }seprgs @) +n ),

| =

Q(c)

Lemma 5.5. For every § € (0,1/2), every even F' > 6, every x € C", every integer k > 1, if p >
||m[n}\[k]||2/\/§ R* > ||z|loo/pts R* = n°W), and S = {i € [n] : |z5| > p}, then the following conditions
hold.

If elead et W qre defined with respect to S, hashings {Hy s}, sets {A; s} are defined as in Algorithm 3|
parameters R, B; satisfy

ql R; = C12t forall t > 0, Oy larger than a function of &;
q2 By = Cy(2k)/R2, where Cy is larger than a function of Cy and 9,

v

and the sequence y™) is defined as in (39), then there exists an event Emaj With Pr{ (HosYoemmg [Emaj]
3SSs g =

1 — 2/25 such that conditioned on Ey,q; the set S admits an isolating partition (as per Definition 3.7) S =
S1U Se U...U ST, and the following hold.
For every (r,t) € [1: T] x [0: [logy R*|] U {(0,0)}
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(A) forall g € [1: ] one has [[y§;" |1 < R*pe (1/4)1 - (28) - (Ro/Ry 1)

(B) forall g € [t+ 1 :T] one has Hyg;t)Hl < Rfp- (1/4)" - (2k) - (Ro/Ry-1)°;

© |lys |l < (2/68) - R*u(1/4)" - (2k)

Proof. By Lemma 3.8 applied to the set S (recall that |S| < 2k) we get that conditioned on an event Epgyrtition
that occurs with probability at least 1 — 1/25 there exists an isolating partition S = S; U. ..U S7. We condition
on Epartition in What follows, and the event &,,,; that we construct later will be a subset of Epqrition-

We prove the claims by induction on (r,¢). The base is provided by » = 0 and ¢t = 0. Indeed, by property
(1) of an isolating partition (see Definition [3.7)) and the fact that |S| < 2k we have for any ¢ € [1 : T

Ry

—2(1=8)(¢—1) *
2 T < Rk) - (Rof Ry
=

lylls, < B+ |Sql < R¥pu- (2K) -

since § € (0,1) by assumption of the lemma and 22" ~"“""+1 < 1 forall ¢ > 1.

We now prove the inductive step. There are two cases, depending on whether t € [1: T'— 1] ort = T. Let
t'=t—1,r=7"ift>1andt' =T, =r — 1 otherwise. If t = 1,7 = 0, then let ' = 0,7’ = 0. Note that
(r’,t') is the element preceding y(™?) in the majorizing sequence.

We start with an upper bound on the ¢; norm of y ', Using the inductive hypothesis for (r/,t'), we get

[ <ZR* - (1/4)" - (Ro/Rg-1)° Z Ry - (1/4)" - (Rg—1/Ro)™°

q=t'+1

8

< R'pu- (2k) - (1/4)" Y (Rg-1/Ro) ™

q=1

8

=R (2k) - (1/4)" > 270 (since Ry = C12" by pl) (40)

=1
e R (20) - (1/4)
1

S Smz_q° R*p(1/4)" - (2k)

<(2/8) - R*u(1/4)" - (2k)  (since ¢” —1 >z whenz < 1and In2 > 1/2)

L)

1

IN

By definition of the majorizing sequence (39) the signal y"*) is obtained from y(T/ t) by modifying the latter
on S;. We need to bound the error introduced by head and tail elements of y( ) to ys (see (B9). We now
bound both terms. By Lemma [5.4] conditioned on Egy,q11—noise N Epartition (defined in the lemma) we have

aill, /W
lleg”" ({Hes Absbsequirig )l < 200uk/Rt 1 (41)
By Lemma[3.1l we have
e ({Hu,sbaepiing v )l < 40R7 [y |l (42)

as long as S admits an isolating partition with respect to the hash functions {{ H; }}, which it does with proba-
bility at least 1 — 1/25 by Lemma[3.8] (the success event is denoted by Epartition). We now define the event &,
by letting £ = Esmaii—noise N Epartition- Note that Pr[&,,,;] > 1 — 2/25, as required. We condition on &,
for the rest of the proof.
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We now use the bounds above to prove the result. By definition of the majorizing sequence (39) we have

- (1/4)"R* }

OO|>—‘

yi(r,t) = max {QOE?ead({Ht,s}se[lth]vy(rl7tl)) + 20€§ail’w({ths, At,s}se[l;Rt},lL') + n_Q(c
so using the bound from @2) we get

15§01 < 7 (206 ({Hybaeqiomg 5" + 206 ({Hyyo, Avbae g @) + 0~
€St

1
+3 (1/4)"R*u>
<400 B |lyS N + < <<1/4> R*pn) - |Si] + 20] ™" ({Hy o, Ar s}, @)1 + 0™

We now substitute (@Q) together with (41) into the last line above, and use the bound |.S;| < 2k- %2—2(1*5)“*” + <

2k% (from the definition of an isolating partition, Definition [3.7) to obtain

Ry 1
k Q(c)
Rt— M JRi—1+n~

1 * r/ - C
+ 10> “R*u-k(1/4) -(Ro/Rt—1)6+n @

1

< ((2000/5) (Re/Bi1)™ - By + <

1
8

where we used the assumption that r < |log, R*|, so that R*j(1/4)"
We now note that for every ¢ > 1, since R; = (12! by assumption of the lemma, we have

(2000/3) - Ry° = (2000/6) - C7°
Thus, as long as C; > (2000 - 100 - §)'/9, the rhs is upper bounded by 1/100. Substituting this into (#3)), we get

< ((2000/5) RO + -+ 110> . R*,U . ]{7(1/4)7", X (RO/Rt—l)(S + n—Q(c),

100 8
This completes the proof of the inductive step. O

r, 11 . T, Al . y ot
v 1h < <—+ + 10>R k(1/4)" - (Ro/Ri-1)° +n~ M) < R*uk(1/4)" - (Ro/Ry—1)° +n =,

5.4 Proof of Theorem 5.1

We now prove the following lemma, which captures the correctness part of Theorem 5.1l We then put it together
with runtime and sample complexity estimates to obtain a proof of Theorem 3,11

Lemma 5.6. For every § € (0,1/2), every even F' > 6, every © € C" if the parameter | satisfies |1 >
iy l2/ VE, R* = ||#||eo/pt, R* = nPW), the following conditions hold for the SNR reduction loop in
Algorithm[3| If the hashings {H; s} and locations { A s} are chosen as in Algorithm 3| and parameters satisfy

ql R; = C12t forall t > 0, Oy larger than a function of &;
q2 B; = Cy(2k)/R?, where Cs larger than a function of Cy and 6,

then the following conditions hold. If S := {i € [n] : |z;| > u}, then the output X of the {1-SNR reduction loop
in Algorithm 3| satisfies

(@ = )5l = Os(||zpp w2 - VE),

and all intermediate XT’/’t, satisfy
suppx’ ' C S

with probability at least 1 — 3/25 over the randomness used in the measurements.
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Proof. We start with an outline of the proof. Throughout the proof we rely on the quantities "¢ and e?®¥
defined with respect to the set S = {i € [n] : |x;| > p} defined in the lemma. The proof is by induction on
the number of iterations of the SNR reduction loop. We will show that with high probability over the initial
measurements the residual signals 2 — x (™) are majorized on S by the sequence y(") defined in (39). This lets
us argue that (1) with high probability over the measurements used for ESTIMATEVALUES estimation error on the
signals y™) is small, and then (2) conclude that since = — x (") are majorized by y("") on S, ESTIMATEVALUES
gives precise estimates for all such residuals. This lets us argue that updates of the residual are always confined to
the set S, and the residual is still majorized appropriately at the next iteration, giving the inductive proof. In what
follows we condition on the event £,,,; defined in Lemmal[5.5] which occurs with probability at least 1 — 2/25.

Precision bounds for ESTIMATEVALUES. We first prove bounds on the precision of the estimates provided
by calls to ESTIMATEVALUES in the SNR reduction loop of Algorithm 3 (line 32). We have by Lemma 2.11]
(1a) applied to the signals y(™*) + Tp\s and the set S, that with probability 1 — n~2 over the choice of
measurements M (lines 17-21) of Algorithm [l for any x("") € C" such that supp ") C S and = —
x("!) is majorized by y("") on S (as per Definition [2.12)), one has that the estimates w; computed in the call
ESTIMATEVALUES (x ("), L, M) in line 32 satisfy

lwi — (z — x| < 2quant,1,/5ehe“d({Hr}, z—x) + 2quant71/5et““({Hr, ar},x)
So in particular by LemmaZ.13lif  — x (") <g y(™ and supp x"™? C S, we get
lwi — (z — x| < 2quant,1,/5ehe“d({Hr}, z—x) + 2quant71/5et“il({Hr, ar},x)
< 2quant711/5ehe“d({HT}, y(r’t)) + 2quanti/5et“il({Hr, ar},x).
By Lemma [B.3] (3) and (4) one has quanti/5ehe“d(Hr,y) = O(||ys||1/B) and quanti/set‘”’l(Hr, ar,x) =

O(||# 5|2/ v/B) with probability 1 — 9=UClogn) > 1 _ n=C/2 a5 Jong as the constant C is sufficiently largeJ
Since B = k/a? by our setting of parameters (line 17 of Algorithm 3), we have

1 1
O(llys|l1/B) < O(a) - gallyslll/k < gallyslll/k‘
and 1 1
O(||zppsll2/VB) < O(Va) - 5\/5\!96[74\5“2/\/% < 5\/5”90[11]\5\!2/\/%

as long as « is smaller than a constant, and in particular smaller than 6% (we will need to set o smaller than §2
below to offset the 2/4 factor in the upper bound on the ¢ norm of 3("*) in Lemma[5.3] (C)). We thus get that
the estimates computed in ESTIMATEVALUES (, L, M®") in line 32 satisify

1 r 1
i = (& = X"l < zally§” /& + 5 Vallaslla/ VE. (44)

We have by Lemma[3.3] (C), that y(T’t) 1 < (2/8)R*1 - (2k)(1/4)", and we have by definition of S that
Y S 2 Yy

zppsll3 < k- llzppsZo + eppmllz < ku® + |zpp w3 < 2u2k. Substituting these bounds into @), we

get by a union bound over all 7 € [n] and all sequences (") that if z — (") <g y(™, then for all i € [n] and

all (r,t) one has

. 1 " 1
fwi = (@ = X"l < callyg™ 11 /k + 5 llapnslla/ Vi

IA

1 1

=a(4/5)R - (1/4) + 5v/av2p #3)
< Vo (R u(1/4)" +p)

SNote that this is the place where we crucially use the notion of majorizing sequences: even though the actual residual signals that

arise throughout the update process depend on the measurements M°**, it suffices to invoke Lemma [B.5on the majorizing sequence y,
which is fixed and independent of M©5t.
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where we used the assumption that o < §2 to obtain the last inequality.
Equipped with the bounds on estimation quality in (43)), we now give the proof of the theorem. The proof is
by induction on (r,t). We prove that for every (r,t) € [1: T] x [0 : [log, R*|] U {(0,0)}

A) y("’t) majorizes r — X(T’t) on S;
(T’t _

The base is provided by (r,t) = (0,0), where y(O’O) = R*p fori € S and y(O’O) = 0 otherwise. Since

K3 K3

||#||oe < R*p by assumption of the lemma and x(®?) = 0 in Algorithm 3] the base of the induction holds. We
now prove the inductive step. Lett’ =t —1,r =7 ift > 1andt' = T,r' = r — 1 otherwise. If t = 1,7 = 0,
then let ¢ = 0,7’ = 0. Note that (,¢') is the element preceding y("*) in the majorizing sequence.

Since z — x"'*) <g ") and supp x"'*) C S by the inductive hypothesis, we have by @3),

fwi = (@ =Xl < Va (R4 4+ ). (46)

where « is smaller than an absolute constant (see line 17 of Algorithm [3).
We first prove part (B) of the inductive step. Since only elements with |w;| > (1/16)R*u(1/4)" are updated
(by the pruning step in line 33 of Algorithm [3)), for all such i we have by triangle inequality using that

(2 = x| = (1/16)R*pu(1/4)" = Ve (R*(1/4) ju+ 1) = (1/32) R u(1/4)", 47)

where we used the assumption that « is smaller than a sufficiently small absolute constant. Since the upper bound
for 7 in the SNR reduction loop is |log, R* | —3 in the SNR reduction loop, we have (1/32) R*u(1/4)" > 2u >
for all such 7. Since supp " *) C § by the inductive hypothesis, this means that the output x’ of the call to
ESTIMATEVALUES is such that any i € [n] with x; # 0 belongs to S. We have shown that supp Xt C
supp X(T’/’t,) Usupp X’ C S, proving part (B) of the inductive step.

We now prove part (A) of the inductive step, i.e. prove that z — x("t) = z — X(’J’t/) — X’ is majorized by
y(™) (defined by (39)).

Bounding elements reported in L. We first consider i € L N supp X/, i.e. elements that were reported in L
and estimated as being above the threshold. For such ¢ € L N supp X’ we have by

(2 = x")il = (@ = X" = X )il < Va (R (1/4) p+ p) < (1/32)R* p(1/4)".

At the same time for such elements (i € L Nsupp x’) we have by @7) |(x — x"*));| > (1/32)R*1(1/4)". This
means that for all 7 € L N supp x’ one has

(= x| < | — X)), (48)

as well as
(@ — X)) < (1/32)R*p(1/4)". (49)

At the same time for ¢ € [n] such that x; = 0 we have

[z = X" )il = (2 = XYl < (L/16)R* p(1/4)" + Va(R (1/4) p+ p) < (I/8)R*u(1/4)"  (50)

as long as « is smaller than an absolute constant.
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Bounding elements not reported in L. Let 2’ := z — x(""*) to simplify notation. If an element i € S is not
reported in any of the calls to LOCATESIGNAL (i.e. does not belong to L), then by Corollary [5.3]it satisfies
[@f] < 206f ! ({HsYoepnon) @) + 206" ({Hos, AvsYsepnimy) @) + 0

y B (51
< 20€?ead({Ht,s}se[1:Rt}7y(r7t)) + 206: l’W({Ht,& At,S}SE[I:Rt}a‘T) +n Q(C)7

where we used Lemma to upper bound error induced by head elements of 2’ by error induced by head
elements of y("*), which majorizes ' on S by the inductive hypothesis.

Putting it together. Recall that by the signal y(™") is defined by letting for each i € S,

yZ(r,t) — max {20€?ead({Ht,s}se[1:Rt}7y(w’t/)) + QOegail({Ht,S, At,s}se[lth]aw) + n—Q(C)7 . (1/4)7‘R*M}

(52)

| =

and letting ygr’t) = ygrl’t/) otherwise.

We now have that any element ¢ € S; that is not reported in any of the calls to LOCATESIGNAL z} sat-
isfies (31)), which is upper bounded by the first argument in the maximum above. By (30) together with (49))
we have (2’ — x')i| < (1/8)R*u(1/4)" for all i € Sy, which is upper bounded by the second term in the
maximum above. Finally, for any ¢ € [n] (not necessarily in S;) by @8) we have |(z' — )| < |}, so
(2" — x)il < |=}] < yi(rl’t/) = yi(r’t) for such 7 as well (note that we are also using the fact that i € S necessarily
for all ¢ with x; # 0, by part (B) of the inductive step, which we proved already). This completes the proof of
part (A) of the inductive step, and the proof of the lemma.

Note that we conditioned on the event &,,,; defined in Lemma which occurs with probability at least
1 — 2/25, as well as a high probability (1 — 1/poly(n)) success event for ESTIMATEVALUES. Thus, success
probability is at least 1 — 3/25 by a union bound, as required. O

We can now give a proof of Theorem the main technical result of this section. We restate the theorem
here for convenience of the reader:
Theorem B.1] (Restated) For any § € (0,1/2), for any x € C", any integer k > 1, if u> = Erri(x)/k and
R* > ||z|oo /1, R* = nPW), the following conditions hold for the set S := {i € [n] : x| > pu} C [n].

Then the SNR reduction loop of Algorithm 3] (lines 25-36) returns X such that

Iz = X)sll1 = Os(pk)
suppx € S

with probability at least 1 — 3/25 over the internal randomness used by Algorithm 3l The sample complexity is
Os(klogn). The runtime is bounded by Os(k log?t20 n).

Proof. Correctness follows by Lemma and setting of parameters in Algorithm [3l It remains to bound the
sample and runtime complexity. For each ¢ = 1,...,T we take B; measurements using a filter of sharpness
F = O(1), so the total sample complexity is

T T
ZO(Bt)’W’ JAs| - Ry = ZO(Bt)(log n/loglogn)(loglogn) - Ry
=1 t=1
< O(Cs)((2klogn)/R}) - Ry
T
= O(Csk)logn - ZRt = O(klogn),
=1
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where we used the fact that C is an absolute constant and C as prescribed by Lemma[3.8] as well as the setting
|Ass| = O(loglog n) and W = O(loga n) = O(logn/loglog n)) Algorithm 3]

Runtime. We start by bounding the runtime for the SNR reduction loop

e Each call to LOCATESIGNAL costs O(F By log? n + ||x||o log? n) by LemmalC3l

The total cost for calls to LOCATESIGNAL in a single iteration (i.e. one value of r) is hence bounded by
O Bylog?n + (mzix X" (|o) log? n)
71/’ !

T T
=0 Z RtBt> log?n + O(Z Riklog®n) (since supp X’J’t/ C S for all v/, ¢ by Lemmal[5.6)
t=1

T
= Z O(k/R¢)log®n 4+ O(Rr)||x|lolog?n  (since R; increase geometrically by setting of parameters in line 7)
=1

= O(klog®n) + ||xllo log®t2 n
= klog®t? n,
where we used the fact that

Ry = 127 = 1275 19218 F+00) — 0103/ =) ) = O(logh** k)

by setting of parameters in Algorithm [3and the fact that 1/(1 — 6) < 1 4 2§ for § € (0,1/2). Finally,
accounting for O(log n) iterations of the SNR reduction loop over r, we obtain a bound of & log4+25 n, as

claimed.

e Each call to ESTIMATEVALUES costs O(FB - logn - C'logn + (max,y ||[x" ' ||o) - logn - C'logn) by
Lemma The total runtime over O(log n) iterations of the SNR reduction loop is hence O(k log® n).

Summing the contributions, we get runtime k log**2°

success probability of Lemma[5.6]

n, as required. Success probability follows from the

O

A Proof of Lemma 3.8

We restate the lemma for convenience of the reader:
Lemma [3.8] (Restated) For every integer k > 1, every S C [n],|S| < k, every § € (0,1/2), if the parameters
By, Ry are selected to satisfy (pl) Ry = C1 - 2t and (p2) B; > Cy - k/R? for every t € [0 : T), where C1 is
a sufficiently large constant and Cs is sufficiently large as a function of C and 6, then the following conditions
hold.

With probability at least 1 — 1/25 over the choice of hashings {{Hy s} se[1: Rt]}thl Algorithm[ll terminates in
T = X5 log, log(k + 1) + O(1) steps. When the algorithm terminates, the output partition {S; };-F:l is isolating
as per Definition 3.8

We will use

Theorem A.1 (Chernoff bound). Let X1, ..., X,, be independent Bernoulli random variables, let ji := E[Y ;" | X;].
Then for any n) > 1 one has Pr[y ;| X; > (1 +n)p] < e—hm/3.

The following basic technical claim is crucial to our analysis (the short proof is given in Appendix [E):
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Claim A.2. For every C1,Cy > 0,0 € (0,1) there exists Cs such that for every Cy > Cs5 one has C%LZClt .
2-C22070 41 < gir ¢ > 0,

Equipped with the technical claim above, we can now argue that Algorithm [I] constructs an isolating partition
of any set S C [n] that satisfies |S| < k with at least high constant probability and prove Lemma[3.8]
Proof of Lemma[3.8t The proof proceeds in four steps. In Step (1) we state a set of inductive claims that we will
prove, then in Step (2) argue that the inductive claims imply that Algorithm [I]terminates in 7" = Tlé log, log(k+
1) + O(1) iterations, then in Step (3) argue that the inductive claims imply that output partition is isolating and
finally in Step (4) prove the inductive claims (this step corresponds to the bulk of the proof).

Step (1) Our argument proceeds inductively for ¢ = 1,2,..., and we think of sampling the hashings
{H;, S}fél independently at each step .
For each t > 1 let k; := |S}|. We show by induction on ¢ > 1 that there exists a sequence of nested events

E1 D& DO...suchthatforallt > 1

(1) event & depends only on the randomness up to time ¢;
t—1

@ Pr(&] > 1 135>0 77

(3) conditioned on &; one has k; < k - %2_2(176)“71)“.

Step (2) We now show that (3) implies that the algorithm terminates in 1" = 1Tl<5 log, log(k + 1) + O(1)
steps. Indeed, by (3) we have

R o(1=8)(T—1)
15T < k- —2L 272 +1,
Rr_4

Substituting T’ = 11 (log, logy (k + 1) + C), we get
|Szj:| <k- 2_2(176)(T71)+1 <k- _%2(176)T+1 <k- 2—%20~10g2(k+1)+1 < 4(1{7 n 1)1_2071 <1

as long as C' > 3.
Also, (2) implies that the algorithm terminates with probability at least

3 1
3 o 1
S
= 100201?
1
1 —
- 25

where we used the assumption that {.S; }?:1 satisfies property (1) of an isolating partition (see Definition [3.8]) as
well as R; = C1 - 2t and C is larger than an absolute constant.

Step (3) We now that given the inductive claims from Step (1), the returned partition S? U...u Sg: satisfies
the definition of a d-isolating partition (Definition [3.8]). We need to prove that

1-6)-(t—1
1 |SF <k- Rg_o—201-9)( >+1;
t Ry

Ry

2. no element of S7 is R; 3-crowded by S/ under any of { H; ;}% ;

3. no element of S R;-collides with a 6-bad element for S{ under any of { H;, S}f:tl.
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To prove the first property, we note that the sizes of sets Stt’ are non-increasing in ¢’ > t for every ¢, as
SY' D St (by line 7 of Algorithm[T). Conditional on &7 we thus have
STI <18t < b g 200
Ry
for all ¢ > 1, as required.

For the second property, note that no element of Sf“ is Ry 3_crowded by S! under any {Hm}f;l by con-
struction of S+ (line 7 of Algorithm ). Since S{™ C S, this means that no element of S{ ™ is R; 3-crowded
by S+ under any {Ht S |, and since S{ C S!™! this also means that no element of S is R; ®-crowded by
ST under any { H; s}, so property 2 is satisfied.

For the third property, note that no element of Sf“ Ry-collides with a §-bad element for S! under any
{H;, s}fél by construction of ¢ (line 7 of Algorithm [I). Since S C ST, this means that no element of S}’
Ry-collides with a d-bad element for S} under any {H;, S}fél. Finally, note that since S{ C S}, any element
that is d-bad for S7 is also §-bad for S} by Definition This shows that no element of S R;-collides with a
§-bad element for S/ under any {H,, 5}5;1 and establishes property 3 above. This completes the proof that the
constructed partition {S } is isolating.

Step (4) In what follows we construct the events &,t = 1,...,7T and prove properties (1)-(3) above by
induction on ¢t = 1,..., 7. The proof is by induction on .

Base:t =1 Welet S} := S, so that the base is trivial (we let & be the trivial event that occurs with probability
1.

Inductive step: ¢t — ¢ + 1 Suppose that |S}| = k; < k - RO -2 20790741 We first bound the expected size
of Uy and V; conditional on &, and then put these bounds together to obtain a proof of the inductive step.

Bounding the number of crowded elements in Sf (size of V;) For each element i € [n] and every scale ¢ > 0
we have, letting H := H; 4, m := m 5 and h := hy 5 to simplify notation (recall that i (i) = round((B/n)m(i));
see section 2.1)),

a

where we used the fact that |S!| < k; by the inductive hypothesis, as well as Lemma[2.3] Thus by Markov’s
inequality for every A > 0

m(SF\ (i) N B(r(i), 5-27)

] <4-298}|/B; < 4-29k;/B, (53)

Pl‘H |:

(S {iH)NB <7T(z'), B%zq)

>\ 2ZQ} < 4XT1279% /By

By a union bound over all scales ¢ > 0 (i.e. summing the rhs of the bound above over all scales ¢ > 0) we
conclude that

Pry[i is A\-crowded under hashing H] < Z ANT1279, /By = 8\ ky /By (54)
q>0

We thus have for every ¢ € [n] and a random hashing hashing H = (m, B, G)

Pry[iis Ry 3-crowded] < 8(R}) - k¢/B;  (by (54) with A = R;®)
8 Ry _9(1=8)(t=1) 11 (55)
— 2
C (Rt) Rt—l )
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k RO 2 2(1=8)(t— 1)+1

where we used the bound k; < provided by the inductive hypothesis and the assumption

that B; > Cy - k/R? by assumption p2 of the lemma to go from the first line to the second.
We thus have by a union bound over R; hashings {H; s} se[1:R,)> forevery i € St

Prom, 3ociiry [ieVy]= Prog, 3ocpny [i is R; 3-crowded under at least one H,

R 1-6)(t—1
8 6 0 o—21-8)t-1) 41 : :
<5 (R)) - o 2 (by a union bound applied to (53))) (56)
16C 8y (b
< C ! (R?) . 2_2(1 VD41 (since R; = Cy - 2! by pl)
2

Using the upper bound on the size of S? given by the inductive hypothesis again, we obtain

E¢u,, sYse[l:Ry] [IVel] < Z Priy, s}tsell:Ry] [i € Vi

SH
< |SY “Prig, 3o, [i € V4] (for any i € SY)
< <]<; . ;12_2(15)@1)“) Prog, ociing [i € V] (by the inductive hypothesis)
t—1 moeEl
R —65)(t— 16C &) (t—
< <I<: Rt012_2<1 5)(t 1>+1> 021 . Rop-200 (by &)
<k 32C1R0R§‘ '2_2(1—6)(t—1)+1+1
Cy- Ry
é kj 64CEROR? . 2_2(175)t+6+1

64(le0ng1 2_2(175)“_1 ' 2_(25_1)2(175#

k-
_2(176)t+1 )
< 1003t ) S

IN

IN

(57)

where 6 <
640001R0Rt ) 2_(26_1)2(176)t < 640001 26t ) 2_52(176)t’

t= Cy - (s
where we used the assumption that R; = C12! for a constant C; > 0, and the bound e* — 1 > z for all x > 0.

It remains to note that for every § > 0, if C is sufficiently large (depending on C'; and §), we get that & < 1
for all ¢ > 1. Formally this follows by Claim[A.2]

Bounding the number of bad elements (Bad;). Recall (Definition that an element a of S is bad for S;
with respect to a partition S = S;US2U. ..US7 and hashings {{ H, s}fil}g;l if a participates in an R;-collision
with at least one element of S; under more than a R, % fraction of hashings H; 1, ..., H; r,. We now upper bound
the probability that a given 7 is bad.

For any i € [n] the probability that i R;-collides with a given element j € S under a random hashing H is
upper bounded as follows. First recall that that 7(:) = o (i — ¢) for all i € [n], so

(i) = 7(j)lo < (n/Bi) Ry
o(i = j)lo < (n/By)Ri] < 4R/ By,

Pr[i and j participate in an R;-collision] = Pr,|

|
= Pr,||

where we used Lemma[2.3]to obtain the last bound.
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A union bound over all j € S! then gives that for every i € S
Pry;[i Rs-collides with at least one element of S} under H] < 4R;(k;/By). (58)

Foreach s = 1,..., R; let X; = 1 if ¢ R;-collides with an element of Sf under hashing H; ; and X, = 0
otherwise. We first bound E[X], and then apply Chernoff bounds to X := Zf;l X to bound the number
of bad elements in S with respect to S! at step ¢. In order to bound the expected number of bad elements, it
would be sufficient to bound Pr[X > Rt1_5]. Instead, we will upper bound a slightly larger quantity that will
be useful for upper bounding the expected number of elements that collide with a bad element (which is what
we need to bound ultimately). Specifically, for any s* € [1 : Ry we let X_¢ := 25;17 s+ Xs. Note that
Pr[X > R!™°] < Pr[X_, > R!~°] for any s*, and it is the latter quantity that we bound now. We now have for
every s* € [1: Ry]

Ry
EHt,s [X—S*] < Z EHt,s[XS]
s=1,s#s*
Ry
<> 4Ry (k/B;) (by (38) and definition of X)
s=1

< 4R} - (kt/By)

By the inductive hypothesis we have k; < k - %2_2(14)“71)“ and B, > Cy - k/R? by assumption p2 of
the lemma. Substituting these bounds on the last line of the equation above, we obtain

AR? - [k LR 2—2“‘”(”41] [Co-k/R2T

"R
_ 1 4—0R? Ry _2_2(175)@71)_’_1
10Rt 02 Rt—l
o1 @Rs L9207 (e Ry/Ryq = 277V < 1forall ¢ > 1)
~10R, |Cy ! 0/ fvt—1 > =
1
< 10R, (by Claim[A.2] as long as Cs is larger than a constant that may depend on C and 0).
t

Let u_g» :== E [ZRth#s* XS}, and note that by the bound on E[X;]| above we have p_g- < 1/10 (we

sS=
omit the subscript in y1_¢+ in what follows). Since the permutations H; ; were chosen independently, we have

by Chernoff bounds (Theorem for any n > 1 Pr [X_s* > Rt1_5] = Pr(X_s > (1+n)u] withn =
RI7%/p — 1. Since Ry ~° > 1 by assumption of the lemma and x < 1/10, we have R} %/ — 1 > RI % /(2u).
We thus have

Pr [X_S* > Rtl—ﬂ <R (59)

and by linearity of expectation
E _R176/6
Ha,e Hy Ry HBadt” < k-e ™ . (60)

Bounding the number of elements i € S} that R;-collide with Bad;. Consider i € S}. For fixed s € [1 :
Ry] let Q4(i) C S denote the set of elements that i R;-collides with under hashing H; ;. We have by (53)

Es, [10:()]] < En, [ } < 4. Ri(k/By) < (4R} /Cy)

. N
w(S\ {i}) NB(x(i). 75 - B1)
using assumption p2 of the lemma.
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For every j € Q(i) one has that j is bad only if j collides with S} under H; s for at least Rl 9 values of
s’ € [1: R\ {s}. This probability is bounded by Pr[X_, > R} %], where X_, are as defined above. We thus

have using (39) that Pr[j is bad|i collides with j under H; 5] < e~ R;~"/6 Note that this is where we crucially
use the fact that X_; does not depend on hashing H; . By a union bound over all j € Q,(¢) and all s € [1 : Ry]
that the probability that ¢ collides with a bad element is at most

Ry
ZEHHHQS(Z)H ’ 6_R%76/6 < CiRt . (4 . Rf) . e_R%76/6
- 2

< L4Rl‘€1 . e—R%ﬂs/G (61)
Co

_ _—R'7912
e t / ,

where we used the fact that the last inequality holds for all ¢ > 1 simultaneously as long as (5 is larger than a
constant that may depend on C; and §. Summing over all elements in S}, we get

Ept,, iy, U] < kee 8 /12 < g B2, (62)

Putting it together. Gathering bounds from (37)), (60) and (62)), we get, using the fact that Sfill = Bad,UU;UV;
by Algorithm [T] (line 7),

1 1 _sa-o  pl-s _ p1-s
Ep, ... H, g, USI-HH '<ﬁﬁ2 2 1y ~RIT/6 4 R /12>
t (63)

L. <1(1)0 R122_2(1—6)t+1 + 6_011762(176”/6 + 6_01162(16)t/12> ‘
t

We now show that for every 6 € (0,1/2) if C} is larger than an absolute constant, the first term in parentheses
on the last line above is at least as large as the other two for all £ > 1. We first note that 6—011 0209t /6 <
e C1 212 foral 0 > 0,6 € (0,1/2),t > 1, so it suffices to prove that

1 1 _2(1—6)t+1 _01—62(1,5” 12
100 72> ze / (64)

for all t > 1if C is larger than an absolute constant. Intuitively, this is true because the rths decays exponentially
in C] for all t > 0, while the lhs decays only polynomially in C';. More formally, taking the ratio of the two
quantities, we get, assuming that C; > 122,

—1
o Ci020-0t 12 (ﬁ%2—2(15)t+1> < VTR0 1242200 g0 p2
t

< o~ (VC1/12-1n2)20=9% 444 Cc24t
< exp (—(\/C1 /12 =1 2) - 20-9 4 (In4)t + 2111(10001))

We now show that the exponent above is non-positive for all ¢ > 1 as long as (' is larger than a constant. Indeed,
taking the derivative of the exponent with respect to ¢, we get

/
(—(\/01/12 —1n2)20-9¢ 4 (In2)t + ln(10001)> = —(\/C1/12 —1n2)(1 — §)In2 - 20-9 1 12,
which is nonpositive for all ¢ > 1 as long as (' is larger than an absolute constant. This means that

max[ (V€1 /12 — 12)20-9 4 (In2)t + In(100C;) } < —(v/C1/12 = 1n2)2'7% + In2 + In(100C}) <
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as long as C' is larger than an absolute constant (since /(] asympotitcally dominates In C4). This estab-
lishes (64).
Substituting this upper bound into (63)), we get

3 1 _ (1*5)t
E +1 2 1

HinooHy gy 151111 < K- m—22 +
‘Rt

By Markov’s inequality applied to the last expression above we have

i2_2(17(§)t+1 < i 1

Pr Sl > k- R
Hyy,...Hy R, ISt R, — 100 R;

(65)
Let & denote the intersection of £ _1 with the failure event in (63), we get, conditioned on &;
’St—i-l’ <. i2—2(1*5)t+1
t+11 = R,

This completes the inductive step and the proof of the lemma. [
Proof of Lemma First note that there exists a (simple) efficient data structure for answering queries of the
form ‘how many elements of a set 7" hash within circular distance A of a point x under hash function 7?’. Indeed,
it suffices to cut the circle into two halves and for each of the halves construct a binary search tree on 7', with
each node annotated with the number of nodes in its subtree. Then each query about neighbors in the circular
distance can be answered by answering at most two queries for the two data structure on the half-circles, for a
total time of O(log |7T'|). We now show how to use this data structure to implement Algorithm

For each ¢ at the beginning of the ¢-th iteration of Algorithm [Il for each s = 1,..., R; one constructs two
binary search trees on the permuted elements m; 5(S}) as described above. This takes time O(Ry|S}|log |S}]).
Equipped with this data structure, we can construct the set Bad; and the set V; in time O(R; - Slog|S!|). Then
construct a similar pair of augmented binary search trees for the set Bad, in time O(|S|log |S]). Using this data
structure the set U; can be constructed in time O(R;|S|log|S|). Summing over ¢ gives the final result. [

B Properties of ESTIMATEVALUES

In this section we describe the procedure ESTIMATEVALUES from [Kapl6] (see Algorithm M), which, given
access to a signal x in frequency domain (i.e. given T), a partially recovered signal y and a target list of locations
L C [n], estimates values of the elements in L, and outputs the elements that are above a threshold v in absolute
value. We need a slight strengthening of Lemma 9.1 from [Kap16|, which we state here.

We will use

Definition B.1. For any x € C" and any hashing H = (n, B, F) define the vector ,u%{(x) e R by letting for
every i € [n] uip ;(x) = |G, 3 [ 2 jepn iy 1271 G 1>

The following properties of HASHTOBINS will be using in the analysis of ESTIMATEVALUES:
Lemma B.2 (Lemma 2.9 of [Kapl6|). There exists a constant C' > 0 such that for any integer B > 1, any

z,x € CM o/ .= 2 —y, ifo,a € [n], o odd, are selected uniformly at random, the following conditions hold

for every q € [n].
Letm = (0,q), H = (7, B, F), where G is the filter with B buckets and sharpness F' as per Definition 2.3}

and let u = HASHTOBINS (&, x, (H, a)). Then if F' > 2, for any i € [n]
(1) For any H one has max ¢y ]G;%i)w_‘muh(i)—wﬂ < Go_i%i)'szS\{i} Go,(j)|@|. Furthermore, EH[G;%.)-

> ies\(iy o |75l] < Clla||1/B +n=9);
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Algorithm 4 ESTIMATEVALUES(x, L, {(H,, a,,m(x, Hy,a,)))} 75"
: procedure ESTIMATEVALUES(X, L, {(H,, a,, m(z, Hy,a,)))} m5" > H, are (m,, B, F')-hashings
for r = 1to 7,4, do >, = (0p,q) forr =1,... "max
Compute m;(x — x, Hy, a,) for j € [B] > Computation is done with polynomial precision,
> using HASHTOBINS as per Lemma[2.§]

1
2
3
4.
5: end for
6
7
8
9

fori c L do
forr =1to rmaz do > Note that 0; (i) implicitly depends on H,
w; — GO (i) o (i) (v —x, Hy,a,)w=ror > Estimate (z — x); from each measurement
end for
10: w; < median{w] } ™" > Median is taken coordinatewise
11: end for
12: return wy,

13: end procedure

(2) Eylug,;(a)] < Cll2"||3/B,
Furthermore,
(3) for any hashing H, if a is chosen uniformly at random from [n], one has
EaUG;b)w_muh(i) — 2] < pdp (@) + O,
Here ¢ > 0 is an absolute constant that can be chosen arbitrarily large at the expense of increasing runtime by a
factor of c.

We note that Lemma[B.2] was proved in [Kap16] for a slightly different choice of filter G and for a uniformly
random ¢, but the proof carries over directly to our setting.
Lemma 2.11] (Restated; bounds on estimation quality for Algorithm M) For every x,x € C™, every L C [n],
every set S C [n] the following conditions hold for functions ehead and e are defined with respect to S
(see @) and ). If Tmaz is larger than an absolute constant, then for every sequence H,.,v = 1,... ,Tmaz Of
(7, B, F') hashings the output w of

ESTIMATEVALUES (X, L, {(Hy, ay, m(z, Hy, a;))) };74")
satisfies, for each i € L
lwi — (2 — X)i| < 2- quant®el*U(H, & — x) + 2 - quant/>e!“ (H,, a,,x — x) +n~ 4.

The sample complexity is bounded by O(F Btz ). The runtime is bounded by O((F - B -logn + ||x||o log n +
IL]) - Tmaa)-
Proof. We have by definition of the measurements m; (see Definition for every hashing H and a € [n]
M) = Y oyl = x)j0",
j€[n]
SO

G oMW " = (& = X)i D Gl —x)jwi,
Y e
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We thus have by triangle inequality, splitting the rhs into the contribution of the ‘head’ elements (i.e., elements
in S) and ‘tail’ elements (i.e. elements in [n] \ .S), that

|Go_ib)mh(i)w—acri _ (33 _ X)2| S o (z Z Gol ) ao(j—1i)
JER\{i}

<|Goly Do Gola —x)w?V™)
jes\{i}

Gy D Gagyl@ =)W
JElmN\SULi})

<SG D Gopll@=x)l+G | D Gopyla—x)w V™
jes\{i} JEmMN\(SU{i})

+ 1A/ B)-h()|
= e;“Uo — x, H) + e} (x — x, H,a) + | A (/)4
We now use the bound above to obtain the conclusion of the lemma. Recall that for each ¢+ € L the final

estimate w; is computed as a median of w;’s along real and imaginary axes in line 9 of Algorithm Let
r" € [1: rymaz) and 7”7 € [1: 7pq.] be such that

1

w; = Re(w]) + Im(w] ) - i.
We have
Re(w] — (z = x)i)| < |wf = (= x)il < " (Hy,z —x) + el (Hpr a2 = X), (66)
and since 7’ is the result of taking the median of the list {Re(w] )}, we have
Re(w] — (z — x);)| < quant'/®el**(H, z — x) + quant’/°e!*(H,, a,, 2z — x).

Indeed, at most a 2/5 fraction of the error terms on the rhs of (66), namely e°*¢(H,.., z—x)+el® (H,, a,, z—
X), are larger than quant,/ ehead(H, x — x) + quantT/ et (H,,a,,r — x). These error terms correspond to
either the bottom or the top of the list {Re(w} )}, and since 2/5 < 1/2, the median estimate satisfies the upper
bound above.

A similar argument for the imaginary part shows that

IIm(w] — (z — x):)| < quant’/®ehd(H,. 2 — x) + quant'/®el® (H,, a,,z — ).
Putting the two estimates together and using the bound |a + b - i| < |a| + |b], we get for each i € L
lw; — (z — x)i| < 2-quant’/®ef?(H, & — x) +2 - quant'/®e!" (H,, a,,z — x) +n "4

as required.
The sample complexity follows by Lemma[2.8]
The runtime analysis is as follows:

e Computing m;(x — x, Hy,a,) for j € [Bland r = 1,. .., ryq, takes O((FBlog B + ||x||o log n)rmaz)
time Lemma 2.8l
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e Computing estimates for each ¢ € L. This takes time |L| - 7,4, since median can be found in linear time.
O

Theorem B.3 (Chernoff bound). Let X1, ..., X, be independent 0/1 Bernoulli random variables with ;. | E[X;] =
pt. Then for any § > 0 one has Pr[3 1 | X; > (1 + 6)u] < 0=+ In(1+3)n,

We will use

Lemma B4. Let Xy,...,X,, > 0 be independent random variables with E[X;] < p for eachi = 1,...,n
Then for any v € (0,1) if Y < quant”(X1,...,X,,), then

M E[Y —4pu/v],] < (u/v) - 2790
@ E[IY —dp/y[3] < (n/v)? - 2720,
3) Pr[Y >4u/v] < 2—(n).

(4) Foreveryt > 1 one has
Pr[Y > tp /] < (0.99t/e) "%

Proof. For any t > 1 by Markov’s inequality Pr[X; > tu/~v] < v/t. Define indicator random variables Z; by
letting Z; = 1if X; > tu/~ and Z; = 0 otherwise. Note that

E[Zi] <~/t

for each i. Then since Y is bounded above by the yn-th largest of {X;}" ;, we have Pr[Y > tu/y] <
Pr(>" | Z; > yn]. Letv := Y " | E[Z;]. We now apply the Chernoff bound (Theorem[B.3) with § = v'n/v—1,
7' = 0.99, to the sequence Z;,i = 1,...,n. Note that by our setting of § we have (1 + §)v = v'n, so

Pr

> Zi> 7'7%] <exp ((vn/v —1—(v'n/v)In(y'n/v))v)
i=1

=exp (Yn — v —+'nln(v'n/v))

<exp (v'n(1 —In(y'n/v)))

(

(

< exp (v'n(1 — In(( 7 /7) )))  (since v < ny/t)
=" D
We thus get

Pr

zn:ZiE’Yn] <Pr

i=1

> Zi> ’y'n] < (0.99t /e)~0-99m, (67)

i=1
This proves (4). Letting ¢ = 4 in the bound above proves (3).
For (1) we have, as long as n is sufficiently large (depending on ),

EY - 1ysg,] < / b PE[Y > £ pu/ldt
4
< / t16(0.99t /€) =099 gy (by (€7D)
4

ge—W‘*/ £11(0.99t /e) "I/ 4 dt
4

= O(Iu . e_'\/n/4)‘
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For (2) we have, as long as n is sufficiently large (depending on 7),
o
E[Y - 1y>qp,] < / t2p? - Pr(Y >t - p/y)dt
4
o
< / t212(0.99t /) 70997 gy (by (€2))
! o0
< e‘”"/‘l/ 211(0.99¢ /e) =4 dt
4

02 ey,

as required.

We also have

Lemma B.5. For every x € C", every S C [n], every i € [n], every integer rpqa, larger than an absolute
constant, integers B, F' with B a power of two and F' > 2, the following conditions are satisfied for a sequence
of random hashings H, = (., B, F'), and random evaluation points a,, r = 1,2, ... T'imaz-

If Zhead = ehead(f{ .} 7) = quant}n/Se?md(Hr,w) (as per ®)) and 7' .= e ({H, a,},x) =
quant,l,/ b eﬁ““(Hr, ar,x) (as per [IQ)), where €“* and '™ are defined with respect to the set S, one has

M Eqy [(2792] = 0 ((llwslh)®):

@ Eg, o) [(2)?] = Ol s13/B);

3) PI’{HT.} [Zhead >0 (%H%‘Hl)} _ 2—Q(rmaz);

@ Prisy |27 > Ol sl|2/VB) | = 2700,

Proof. We have Z"¢ed < |zhead _ goE[Zhead]|, + 40E[Z"¢%9), so, since (a + b)? < 2a? +2b? for all a, b € R,
E |:(Zhead)2] < 9E {(’Zhead _ 40E[Zhead”+)2} I 2(4OE[Zhead])2'

By Lemma[B.4] (2) we have E [(|Z"¢4 — 40E[Z"°4]| )?] = O((E[Z"°29])?) as long as ryqq is larger than an

absolute constant, as assumed by the lemma. An application of Lemma[B.2] (1) now gives the first bound. The

proof of the second claim is analogous using Lemma[B.2] (2).
Claims (3) and (4) follow similarly using Lemma [B.4] O

B.1 Properties of HASHTOBINS

Algorithm 5 Hashing using Fourier samples (analyzed in Lemma [2.8])
1: procedure HASHTOBINS(Z, x, (H, a)) > Hashing H = (7, B, F'), a € [n]
2 Compute y = G- Pyqq( — x), for some X’ with | — X'[loe < [[xl2 - 77¢ > Using Lemma[ETlwith
§=n"2¢>2
3: Compute u; = \/ﬁ}"_l(y’)(n/B).j for j € [B]
4: return u
5: end procedure
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The main lemma about the performance of HASHTOBINS is
Lemma 2.8 (Restated) HASHTOBINS(Z, X, (H, a)), where H = (7, B, F), computes uw € CP such that for
any i € [n], upay = Apgy + 225 Goy(j) (@ — X);w?7, where G is the filter defined in section 2} and for all
i € [n] we have that A7 ni) < | XH2 n~¢ is a negligible error term (and ¢ > 0 is an absolute constant that
governs the precision that semi-equispaced FFT, i.e. LemmalEZ]) is invoked with). It takes O(BF') samples, and
O(F - Blog B + ||x||o log n) time.

Proof. The first step (line 2) in HASHTOBINS is to compute
y—G Paaqx_X—G Paaqx +G PaaqX X7

for an approximation X’ to X obtained using LemmalE.Tl (b). We now verify the runtime and precision guarantees.
Recall that supp G C [~O(FB), O(FB)] by Lemma24l This means that it is sufficient to compute {; on the
set S C [n] definedas S = {i € [n] : 0(i — a) € [-O(FB),O(FB)]}. By LemmalE.] (b), an approximation
X' to X can be computed in O(F - Blogn) time such that

2c

X = Xil < lIxll2-n”

for all such i. Since |G|, < v7||Gll2 = v7l|Gll2 < n]|Gllos < n and G is 0 outside S, this implies that

|G+ Praq(x = X)l2 < IGl max X = Xl < llxllz -t (68)

Define A by A = /nG - Pma,q(x/—\x’).
The second step (line 3) in HASHTOBINS is to compute u € CP" such that for all 4,

= VIF Y ) /Byn) = VAF T W) /B)w6) + Dw/B)he),

fory =G - P, qaj X- This computation takes O(||y/||o + Blog B) = O(F Blogn) time (alias ¢’ to length B
and compute a length B FFT). We have by the convolution theorem (see (81))) that
() = VIF NG - Poag(® = X)) (n/B)00) + Dinys)nt)
= (G * F N (Prag® = X)) m/B)nG) + Dw/B)ni)

= Y Gumni i) F " Prag@ = X)Dr() + Bin/pyn
()]

=Y G0 W% 4 A B)n(i)

J€ln]

where the last step is the definition of 0;(j) and Lemma[2.2]
Finally, we note that

Aw/B)hi| < 1Az = 1Al = VallG - Prag(x = X)llz2 < [xllan®?72 < [Ixll2n™,
where we used (68)) and the assumption that ¢ > 2 in the last step. This completes the proof. O

The following lemma is analogous to Lemma 9.4 of [IKP14], but does not make the assumption that the
number of repetitions involved in the quantile operation is a constant. The proof is essentially the same, but is
given below for completeness.
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. 1
Lemma B.6. For every v € (0,1), integers m,n > 1 such that n > 4/~, every sequence X~,..., X" € R

of random variables with non-negative entries such that X7 € R" are independent, E[XZJ | < v for every
i=1,....m,j=1,...,nand v > 0, the following conditions hold. If for everyi =1,...,m

Y; = quant” (X*,..., X"),

then for every U between 1 and m

E max Y;| <U- (4ev - (m/U 2/(yn)
QC[WLIQKU% (4ev/7) - (m/U)

Note that the lemma assumes that X7 € R} are independent, but allows for the coordinates of each X J to be
arbitrarily correlated.

Proof. First fixi € {1,2,...,m}. By Lemma[B.4] (4) we have for every ¢ > 1
Pr[Y > tv /4] < (0.99t/e) "9 < (¢/(2¢))77/2,

We thus have fort > 1
E[[{i:Y; > tv/v}] <m- (t/(2e)""/2, (69)

and hence for every threshold 6 > 0 one has

E max Y;| <E max Y; (since Y; > 0 for all 7)
QC[’”LQ<U§ ‘ QC[m]7|Q|:qu:2 v i

—5 | [ win(©: i > )

< /000 min(U,E [[{i : Y; > n}|])dn  (by convexity of min(U, x) as a function of x)
<U-0+ [ min(UE((i: > iy

<U-0+ /:O min(U, m - (ny/(2ev)) ™7™/ ?)dn (by (69), as long as 6 > v/~)
<0+ [ me(n/(2en)) 2y

U6+ m- (v)Q2er)) / 02

0
1

<7J. . —yn/2 __ +  p—yn/2+1

<U-0+m-(y/(2ev)) 771/2_19

<U-0+m-(0-~v/(2e))" 2.0 (since yn /2 > 2 by assumption)

(70)
We now let @ = (2ev/7) - (m/U)* ™) > v /4, so that
- (0 (2ev) 2 = k,
and substituting into (ZQ), we get
E max Y| <2U-0=U- (dev/v) - (m/U)* O™,
QQ[mLIQISUgC; = Wev/1) - (m/U)

as required. O

45



C Signal location primitive and its analysis

We reuse the location primitive from [Kapl6] (LOCATESIGNAL, see Algorithm [6)), but present it here with
simplified notation adapted to the 1d setting (thus obviating the need for the x operation). As in [Kap16]], we will
use

Definition C.1 (Balanced set of points). For an integer A > 2 we say that a (multi)set Z C [n] is A-balanced if
foreveryr =1,...,A —1at least 49/100 fraction of elements in the set {w*}.c z belong to the left halfplane
{u € C: Re(u) < 0} in the complex plane, where wa = e*™/2 is the A-th root of unity.

We will also need

Claim C.2 (Claim 2.14 of [Kapl6]). There exists a constant C' > 0 such that for any A a power of two,
A = 10g°WM n, and n a power of 2 the following holds if A < n. If elements of a (multi)set A C [n] x [n] of
size C'loglogn are chosen uniformly at random with replacement from [n] x [n], then with probability at least
1 — 1/log* n one has that the set {B}(a,8)cA is A-balanced.

Since we only use one value of A in the paper (see line 4 in Algorithm [6), we will usually say that a set is
simply ‘balanced’ to denote the A-balanced property for this value of A. Before we state the algorithm and give
the analysis, we need to introduce notation for bounding the influence of tail noise on the location process. We
do this in the next section.

C.1 Analysis of LOCATESIGNAL

Algorithm 6 Location primitive: given a set of measurements corresponding to a single hash function, returns a
list of elements in [n], one per each hash bucket

1: procedure LOCATESIGNAL(x, H, {m(x, H,o + W - 8} (0 g)c A wew) > H = (m,B,F)
2: Let 2’ := 2 — x. Compute {m(2', H,a« + W - ) }(a,8)c.A wew using HASHTOBINS, as per Lemma[2.8|
3 L+0

4 A « 9l3logylogyn]

5 N « Allogan] > Extend Z implicitly to CV periodically
6: for j € [B] do > Loop over all hash buckets, indexed by j € [B]
7 f<0

8 for g = 1to loga N do

9: w < NA™Y > Note that w € W
10: If there exists a unique r € [0 : A — 1] such that

11: ‘wgrﬂ cwT (AT % — 1] < 1/3 for at least 3/5 fraction of («, 5) € A

12: then f «+ f + A9~ .p

13: end for

14: L+ LU {0‘1f . %} > Add recovered element to output list
15: end for

16: return L

17: end procedure

Equipped with the definitions above, we now prove the following lemma, which yields sufficient conditions for
recovery of elements i € S in LOCATESIGNAL in terms of ¢"¢?? and e*®.
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Lemma C.3. Let H = (m, B, F') be a hashing, and let A C [n] x [n]. Then for every S C [n] and for every
z,x € C" and 2’ = x — vy, the following conditions hold. Let L denote the output of

LOCATESIGNAL(x, H,{m(x, H,oo + w - 5)}(%5)647‘,‘,@/\;).

—) | if there exists r € [1: rimae] such that

Then for any i € S such that |z}| > n
1. elead(H 2"y < |t|/20;
2. el (H {a+w- B}, 2") < |2}]/20 for all w € W;
3. the set {B}(a,p)c. is balanced (as per Definition[C.1),
then i € L. The time taken by the invocation of LOCATESIGNAL is O(F Blog? n + ||x||o log? n).

Proof. Let ¢ = o1t for convenience. We show by induction on g = 1,...,loga N that after the g-th iteration of
lines 9-12 of Algorithm [6] we have that f coincides with q on the bottom ¢ - log, A bits, i.e. f —q =0 mod AY
(note that we trivially have f < AY after iteration g).

The base of the induction is trivial and is provided by ¢ = 1. We now show the inductive step. Assume by
the inductive hypothesis that f — q = 0 mod A9~ 1, so that q = f + A9~ (rg + Ary + A?ry + ...) for some

sequence 79,71, ..., 0 < r; < A. Thus, (rg,r1,...) is the expansion of (q — f)/A9~! base A, and ry is the
least significant digit. We now show that 7 is the unique value of r that satisfies the conditions of lines 10-11 of
Algorithm [6l

First, we have by (6) together with (7)) and (9)) one has for each (o, ) € Aand w € W
Gty (@' Ho o w - ) — i @09 < el o) 4 " (Hoa+ w - Bra) + 00,

Let j := h(i). We will show that ¢ is recovered from bucket j. The bounds above imply that

mj(2',Ha+w-B) alwetwhay g

= 71
mj(a’, H, o) xiwed + E" 1)

for some E', B satisfying |E'| < efd(H,2") + ! (H,oc +w - B,2) + n~¥%) and |E"| < elevd(H, ') +
et (H, o) 4 n~ ). For all but 1/5 fraction of (, 3) € A we have by definition of ¢! (see (36)) that both

el H o+ w- B,2) < el“V(H, {o+w-B},z) < |2/]/20 (72)

and
eﬁ‘”l(H,a,w) < 6§ail(H7 {a},x) < ‘.Z';’/20 (73)

In particular, we can rewrite (Z1)) as

m;(x', Hya+w-f)  alwletwiha g

mj(a’, H, o) a ziwed + B
(at+w-B)q 1+ w(etwBap /.
L w ' B w x;
T Loq § where § = 14+ w_(a)qE”/;p;. (74)
— plotwpfla—aq ¢

=wWha. ¢

Let A* C A denote the set of values of («, 3) € A that satisfy the bounds (72)) and above. We thus have
for (o, B) € A*, combining with assumptions 1-2 of the lemma, that

|E'| /) < (2/20) +n~H) < 1/8 and |E"|/2} < (2/20) + n~) < 1/8 (75)
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for sufficiently large n, where O(c) is the word precision of our semi-equispaced Fourier transform computation.
Note that we used the assumption that |2}| > n =),

Writing (v, 3) € [n] x [n], we have by (Z4) that % = wWBa. ¢ and since wq = nA~9q when
J s 4Ly
w = NA79 (as in line 8 of Algorithm [6]), we get

mj(z', H, o+ w - 3)

— . wphq ¢ _ nATIBq ¢ _  nATIBq nATIBae 1Y)
A R R

We analyze the first term now, and will show later that the second term is small. Since q = f + A9~ (rq+ Ary +
A2ry + ...) by the inductive hypothesis, we have, substituting the first term above into the expression in line 10
of Algorithm [6]
ng'ﬁ . w—nAfgf-B . wnA’ng — ng'ﬁ . wnA’g(q—f)ﬂ
_ B, wnA’g(Ag’l(7’0+A7’1+A2r2+...))~5

B (/D) (ro+Ari+ A%+ )

We used the fact that w™ 2 = 2mi(n/A)/n — 27/A — )\ and (wa)® = 1. Thus, we have

_ - (2, Hya+w- ) _ : _ .

w T"Bw—(n2 9f).8 m; (1' , 11, _ (=r+7r0)-B + w( r+r0)B s 1). 76
A m;(«', H, ) A A €-1) (76)
We now consider two cases. First suppose that 7 = rg. Then w(A_Ter)'ﬁ = 1, and it remains to note that

by (73) we have [ — 1| < }ﬂ;g —1 < 2/7 < 1/3. Thus every (o, ) € A* passes the test in line 11 of
Algorithm[6l Since |A*| > (3/5)|.A] by the argument above, we have that 7 passes the test in line 11. It remains
to show that r( is the unique element in 0, ..., A — 1 that passes this test.

Now suppose that 7 # ro. Then by the assumption that {3 }(m 8)e. is balanced (assumption 3 of the lemma)

at least 49/100 fraction of w(A_HTO)'B have negative real part. This means that for at least 49/100 of («, 5) € A
we have using triangle inequality

‘ [W(A—T"i‘?“o)'ﬁ + w(A—T’-i-ro)'B(S _ 1)] _ 1‘ > ‘w(A—r-H’o)'B _ 1‘ _ ‘W(A—T’-i-ro)'ﬁ(f —1)
>li—-1-1/3
>V2-1/3>1/3,

and hence the condition in line 11 of Algorithm [ is not satisfied for any r # r. This shows that location is
successful and completes the proof of correctness.

Runtime. We perform |A| - WW| = O(logn) invocations of HASHTOBINS in line 1 of the algorithm.
Each invocation costs O(F B log B + ||x||o logn) by Lemma [2.8] for a total runtime of O(F B log Blogn +
||x|o log? n) for line 1.

After this for each of B buckets the algorithm performs decoding in blocks of log A bits, amounting to
O(log n) iterations. The decoding of each block requires looping over A possibilities, and testing each against
the evaluation points in 4. Since |A] = O(loglogn). Thus the total runtime is O(logan - |A| - A) =
O(Alogn) = O(log? n), as log A = O(loglogn) and A = O(logn). The total runtime is thus O(F B log® n +
l|x|lo log? ), as claimed. O
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We also get an immediate corollary of Lemmal[C.3
Lemma (Restated from section For any integer rpq, > 1, for any sequence of vy, hashings H, =
(mr, B,R),r € [l : Tyae] and evaluation points A, C [n] x [n], for every S C [n] and for every x,x €
Cll 2! .= x — x, the following conditions hold. If for each v € [1 : Tyaz] Ly C [n] denotes the output of
LOCATESIGNAL(Z, X, Hy, {m(x, Hr,a +W - B)} o g)ed, ,wew) L = U,24" Ly, and the sets {3} (q g)ca, are
balanced r € [1 : 4z, then

gl < 20[1€5 Y ({H}, 2l [+ 20[leg™ ({Hy, A, )1 + 8]0, *)
Furthermore, every element i € S such that
2] > 20(ef ! ({Hr}, ') + € ({Hy, A}, ) + 07O (%)
belongs to L.

Proof. Suppose that ¢ € S fails to be located in any of the R calls, and |z}| > n~). By LemmalC3land the
assumption that the sets {3} 8)c.4, are balanced for all € [1 : 7,,4,] this means that for at least one half of
values 7 € [1 : 1y, either (A) e?ead(Hr, x') > |z]/20 or (B) eﬁ“”(HT, {a+w:B}apea,r) > || /20 for
at least one w € WW. We consider these two cases separately.

Case (A). In this case we have e/*¢(Hg, 2') > |2}|/20 for at least one half of 7 € [1 : 7yn44], SO in particular

epead({H,},a') > quanty eled(H,, a') > |af]/20.

Case (B). Suppose that e} (H,., {a+ w - B}(a,8)ea, ) > |}]/20 for some w = w(r) € WV for at least one
half of r € [1 : 7,4, (denote this set by @ C [1 : r4,]). We then have

e;“il’w({Hr,Ar},x) = quanti/5 el (H,, Ay, x)

€l:rmaz] (

1/5 ai
= quant!? [40uHr,i<x> + ZW et (Hy, {a+ W - B ppea, @) — 40uHT,,-<x>(+]
we

> min [40;11{“@(33) + e (Hyp, {a +w(r) - BYapea, T) — 40MHT,2'(!E)H

> Iggg e?ail(Hr’ {Oé + W(T) : 5}(&,5)6& ) :E)

> [}]/20

as required. This completes the proof of (¥) as well as (¥%). |

D Proof of Lemma (tail noise error bounds)

We will use

Lemma D.1 (Lemma 6.6 of [Kapl16])). For any constant C' > 0 there exists an absolute constant C' > 0 such
that for any x € C", any integer k > 1 and S C [n] such that ||z,)\slloc < C'||pu\|l/VE, if B > 1, then the
following conditions hold for e®"YV defined with respect to S.

If hashings H, = (7., B, F), F > 2 and sets A,,|A;| > Cmaz forr = 1,..., rmaq are chosen at random,

then for every i € [n] one has E(s, 4,y [ ({H, Ay}, 2)] < C(40 4+ WI2=Cnes)) oy, 12/ VB.

2
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tail tail,W)

Note that this lemma was stated in [Kap16] with slightly different notation (¢**** instead of e
Proof of Lemma[5.4: First recall that by Lemma[D.Ilfor every ¢t € [1: T], s € [1 : R;] and i € S one has

2

tail W 2
EHt,s,At,s |:€- (Ht,s,At,Sv"E)] =Vr,

where 12 < C'||z,)\s]l2/v/By for an absolute constant C” > 0 (we used the fact that [W| = O(log N) and
|A| = C"loglog N for a sufficiently large absolute constant C”').

To upper bound E{, | 4, 3 [| |etml W ({Hs, At s}, )] |1} , we note that by conditioning on Ep4yition, We have

S| < 2k RO -27 2070041 | etting U = 2k - RO -27 207907041 (6 simplify notation, we get that

B,y |16 (Hys, Av, )] < E [ o lleg™” (His Avss2)lly (77)

We now recall that by (38)

e ({Hys, Ars} @) i= quant)y eV (Hy Ay, ),
and apply Lemma[B.6l with v = 1/5, m = |S|,n = R; and
X7 = ezail’W(HMAt,s,x) forie Sands=1,...,R;,

(2

sothat Egy, | 4, [X7] < vforeachi € S,s=1,..., R;. NotethatY; := quantl/5 LR = el ({Hy g, 25}, )
is exactly the quantity that we are interested in. We thus have by Lemma[B.6]

E tail,W H E
{H¢,s,At,s } Qggll%}TSU | |6Q ( t,s5 At,& 33)| |1 {Hzt,s,At,s} QC%TBT<U (78)
(20ev) - (|S|/U) IO/Rt

Since Ry = C12" forevery ¢/, |S| = |So| < 2k and U = 2k RO -2~ UL  9ppg—2070 V1~ (1-1)

we have
(|S]/T)10/Re — 910@I=DED 14 (=1)/(C12") < 9lO(1+(=1)/2)/C1 < 920/C1 < o

for all t > 0 as long as C > 20. Substituting the above into (Z8)), we get

E tail HS, ste < (40e) - U - v.
[Qgg}%ﬁgUH ({Hy,s, at,s }sef1:R,]» T )Hl} < (40e) v

We thus get by combining the above with (77)
Erree |16 (Hyss Avs, @)1 | = (40eC)U oy i 2/ v/ B

We now use assumption q2 of the lemma to upper bound

(40eC")U/\/B; < 4Oec'< fo

1 -2—2“‘”“”“) /) Ca2k/ R2
t—

- Vi 1 <(8060’) R (16>(t1>+1>
R 1 Ry V2C (79)
_ vk i <(80€C )Cl 920 o 9(1—8)(t— 1)+1>
R Ry V2C
JLVE L
T2R Ry
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! 112 — —
(80602)062' C3 22t2—2(1 8)(t—1) <1

for all ¢ > 1; see Claim [A.2]). Substituting this bound into the upper bound on the expectation above yields
Efn, a0 [Hem”W({Ht,S,At,S},w)Hl] < R% . Hw[n}\[k}Hg\/E/Rt_l for every t > 1. It now follows by
Markov’s inequality that for every ¢ > 1

as long as C5 is sufficiently large as a function of C’ and C (to ensure that

Pei [Il W ((H, o, Arsd, @)1 > %Haz[n wll2VE/ Ry 1} < 200/R,.

By a union bound overt = 1,...,7T we have

ail,
Pr{{Hté}.selRt]}t 1 [Het W({Hm,-At,S}J)Hl 200“95 [\ k] \lgf/Rt tforallt=1,. T}

T
>1-— Z200/Rt >1-)200/(C12") > 1-0(1/CY),
=1 t=1

which gives the result as long as (1 is larger than a constant, as required. Letting Egai1—noise denote the
intersection of the success events above completes the proof. [

E Semi-equispaced Fourier transform

One of the steps of our algorithm is to take the Fourier transform of our current estimate of x, so that it can
be subtracted off in frequency domain and we can work with the residual. The semi-equispaced FFT provides
an efficient method for doing this, and is based on the application of the standard inverse FFT to a filtered and
downsampled signal. The following guarantee, which we rely on, was given in [IKP14| Sec. 12]:

Lemma E.1. [IKP14, Lemma 12.1, Cor. 12.2] (a) Fix a power of two n and a constant § > 0. For every x € C"
the procedure SEMIEQUIFFT(x,k,§) returns a set of values {y;} <k /2 in time O(||z||olog(1/0) + klog k),
satisfying
75 — 5] < 0|2
for every j.|j| < k/2.
(b) Given two additional parameters o, A € [n] with o odd, it is possible to compute a set of values {y;} for
all j equaling oj' + A for some j' with |j'| < k/2, with the same running time and approximation guarantee.

Remark E.2. We note that Corollary 12.2 is not stated in this form, but rather for the special case when the
sparsity of the signal that we are working with is comparable with the length of the interval. The more general
bounds stated above follow immediately from their proof.

We will also use

Lemma E.3. [IKP14, Lemma 12.3] Fix a power of two n and a constant § > 0. For every integer k > 1, every
S C [n], |S| = k, every T € C" such that supp(Z) C [—k, k| it is possible to compute a set of values {y;}jecs in
time O(klog(n/d)) satisfying

ly; — x5 < ofx|2.

F Basic theorems

F.1 Basic identities involving the Fourier transform

Recall that we use the following normalization of the Fourier transform (as per (4)):

Ty = \/_ Zw x; and x; = T Z wjf (80)

i€[n] feln]
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We also use F and ! to denote the forward and inverse Fourier transforms respectively. Covolution is denoted
by (zxy); =Y, jeln] Ti—jVj- With this normalization of the Fourier transform the convolution theorem takes
form

" et
1 1
f YW Y wypw I
f€n] i z”E[n] @81)
7 SIS SIOEE
i, €n] fE [n]
Z Zfryi—i

3\

f’e[n

F.2 Proof of Claim[A.2]

We restate the claim here for convenience of the reader:
Claim [A.2] For every C1,Cy > 0,0 € (0,1) there exists C3 such that for every Cy > C5 one has o L oCit .

9=C220 V1 i1t > 0,

-5 -5 . . .
Proof. One has 201t . 2=C22 701 9C1t=Ca207'41 4 it quffices to note that since § < 1 by assumption of

the claim,
r£1>ax(201t - C'(l o)t )

is a constant(that may depend on C'1, Cs and §. Thus, the claim follows for sufficiently large C3 (as a function of
017 027 5)
O
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